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This fourth edition of Clinical Management of Poisoning 
and Drug Overdose, is re-titled to include the name of its 
creators, Lester Haddad and Jim Winchester. While neither 
of them was formally trained in medical toxicology, 
Lester and Jim were visionary in recognizing the need for 
a comprehensive toxicology textbook. From the first 
edition in 1983 to the 3rd edition in 1998, Haddad and 
Winchester compiled the key information that clinicians 
who manage poisoned patients would need; they were 
successful in their goal of providing a resource that was 
clear, succinct, and evidence-based, without expansive 
discussions of underlying molecular biology or exhaustive 
literature reviews. Equally important, with each edition, 
Haddad and Winchester recruited medical toxicologists 
as authors, in order to present recommendations from 
those who were recognized experts in the field. With 
plans to write a fourth edition, Drs. Haddad and 
Winchester entrusted us to continue their vision for this 
textbook. We are honored to assume this responsibility 
and hope that we have been successful in maintaining its 
value. As with previous editions, we write Haddad and 
Winchester’s Clinical Management of Poisoning and Drug 
Overdose for emergency physicians, pediatricians, internists, 
occupational/environmental medicine physicians, and 
public health officials, as well as medical toxicology 
fellows, house officers, and medical students. 

The subspecialty of medical toxicology continues to 
evolve rapidly. For example, since the last edition of the 
textbook, no less than 4 new antidotes have entered 
clinical practice. The number of board certified medical 
toxicologists now exceeds 300 with these experts providing 
consultation to poison centers, academic medical centers, 
emergency departments, laboratories, and government 
agencies. With the growth of medical toxicology as a 
subspecialty has also come the same maturation that all 
new clinical fields undergo. Included in the process of 
maturation is greater rigor in medical toxicology research, 
the development of basic science research niches by 
medical toxicologists, and success with receiving extra- 
mural funding from NIH and other agencies that support 
the principles of high-quality research that advances 
human health. 

The establishment of medical toxicology as a distinct 
clinical subspecialty has greatly benefited poisoned 
patients. Gone is the era in which there was debate about 


whether there was a well-defined body of knowledge 
about poisonings that called for the creation of a distinct 
subspecialty; medical toxicologists are now recognized as 
possessing expertise that truly makes a difference in 
patient outcome after a poisoning. The U.S. Department 
of Health and Human Services, in acknowledgement of 
the importance of poison centers and the medical 
toxicologists who direct them, has begun to fund poison 
centers as a vital part of public health. 

In order to meet the needs of clinicians, this 4th 
edition of Haddad and Winchester’s Clinical Management of 
Poisoning and Drug Overdose has added several new 
features. First, to make this edition as authoritative as 
possible, we recruited practicing toxicologists to write 
each chapter. Parenthetically, this is also the first edition 
in which all the editors are medical toxicologists, who 
have primary practices in pediatrics, emergency medicine, 
and occupational/environmental medicine. Second, along 
with Elsevier, we have attempted to create a textbook with 
international appeal and value. Contributors to this 
edition include medical toxicologists in England, 
Australia, and elsewhere. Our hope is that clinicians 
from all countries will find each chapter useful and 
relevant to their practice. Finally, in an era of frequent 
acts of terrorism and other disasters, we have created a 
new section, Disasters and Terrorism. New chapters, 
including Principles of Children’s Environmental Health, Ill- 
Defined Toxic Syndromes and Performance Enhancers, reflect 
new medical issues that clinicians regularly face. 

The three of us thank our superb group of contrib- 
utors who provided their thorough and conscientious 
expertise in each chapter. We thank the supportive staff 
of Elsevier, particularly Todd Hummel, who helped us 
navigate the project from beginning to end. We thank 
our families and loved ones, who permitted us to devote 
the many hours needed to create a work such as this. 
Finally, we extend to our readers the hope that this text 
will benefit them in their pursuit of knowledge about 
principles of poison management and in the care of 
their patients. 


MICHAEL W. SHANNON, MD, MPH 
STEPHEN W. BORRON, MD, MS 
MICHAEL J. BURNS, MD 
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The History of Toxicology 


MICHAEL W. SHANNON, MD, MPH 


Although it is difficult to provide a strict definition of 
poison, in its broadest definition the term denotes any 
substance that has the ability to harm a living organism 
from either the plant or animal kingdom. However, in 
the discipline of clinical toxicology, poison generally 
refers to any agent that can kill, injure, or impair normal 
physiologic function in humans. !* 

The history of toxicology, including its writers, poisons, 
and poisoners, is extensive and colorful; the field can 
clearly claim a lineage that traces back more than 10,000 
years. Over these millennia, the science (and art) of 
poisons and poisoning has been punctuated by events 
that provide a useful perspective. This chapter provides 
an overview of select events that have shaped the practice 
of medical toxicology. 


HISTORICAL TIMELINE 


Ancient Times 


Throughout these early years of recorded history, the use 
of poisons was well described. The Sumerians of 
Mesopotamia are given credit for chronicling (circa 1400 
BC) the world of poisons in their descriptions of the spirit 
Gula, who was “the mistress of charms and spells.” The 
ancient Greeks were familiar with the toxicities of metals, 
particularly arsenic, and the poisonous plant hemlock 
(Conium maculatum). Developed as a tool for capital 
punishment, hemlock was used to execute Socrates in 
402 Bc. The ancient Romans also developed and utilized 
poisons; homicide with agents including amygdalin 
(cyanide) and belladonna were favored. Papyri from the 
period around 300 Bc provide evidence that ancient 
Egyptians understood and exploited the toxic properties 
of arsenic, copper, lead, and antimony. Dioscorides (AD 
40-90), a physician and pharmacologist, is credited with 
creating the first treatise of toxicology, the Matena Medica 
(Fig. 1-1).° In his text, which remained an authoritative 
reference for the next 15 centuries, he created a 


classification scheme for poisons, distinguishing between 
those of plant, animal, and mineral origin. Another 
important figure of this era was Mithradates VI, King 
of Turkey during the period 114-63 Bc (Fig. 1-2). 
Mithradates lived in constant fear of being poisoned.* He 
therefore studied antidotes extensively and can be 
considered a pioneer in the development of antidotal 
therapy. Mithradatum was the name given to one of his 
famous antidotes. 


The Medieval Era 


This period of clinical toxicology also contains unique 
chapters. During this time, apothecaries, corresponding 
to modern-day pharmacists, provided both “potions and 
poisons.” Commonly used poisons of this era included 
arsenic and other heavy metals, amygdalin, strychnine, 
belladonna, and aconite. 


The Renaissance 


By the Middle Ages, toxicology had reached great promi- 
nence. Italian alchemists often devoted their careers to 





FIGURE 1-1 Dioscorides. (From Wikipedia: Pedanius Dioscorides.) 
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FIGURE 1-2 King Mithradates. (From Anonymous: C. Julius Caesar.) 


developing lethal agents. Famous names during this 
period were the Borgias, a family of reputed poisoners, 
and Paracelsus. Born Theophrast von Hohenheim, 
Paracelsus (1493-1541) was an alchemist, physician, and 
astrologer (Fig. 1-3). He is considered one of the “fathers 
of toxicology.” A committed student of toxicology, 
Paracelsus is credited with making the famous statement, 
“All things are poison and nothing is without poison; 
only the dose makes that a thing which [sic] is no 
poison.” One of the most important publications of the 
era was Neopoliani Magioe Naturalis, written in 1589 by 
Giovanni Battista Porta. This book described different 
methods of poisoning the unsuspecting. 


The 16th through 18th Centuries 


Throughout the 16th century, the development of 
poisoning techniques spread rampantly across Europe as 
Italian alchemists migrated to France. Catherine de 





FIGURE 1-3 Paracelsus, painted by a student of Rubens. (From 
The Alchemy Web Site: Paracelsus.) 





FIGURE 1-4 Catherine De Medici. (From Anonymous: Who's 
Who in Tudor history.) 


Médici is credited with bringing many of the Italian 
techniques of poisoning to France (Fig. 1-4). During 
this era, the French School of Poisoners became hugely 
popular. In an effort to contain the growing epidemic of 
poisoning, King Louis XIV began to limit the availability 
of toxic agents; for example, he forbade apothecaries 
from selling arsenic and required purchasers to sign a 
register. The king ultimately created the Chambre 
Ardente, a council that was responsible for investigating 
poisonings. Many members of nobility (e.g., Queen 
Elizabeth) appointed food tasters to ensure that no 
poison had been surreptitiously placed in their food. By 
the 17th century, poisoning had become a scientific 
discipline; schools of toxicology were established in both 
Venice and Rome.’ 


The 19th through 21st Centuries 


During these centuries, toxicology took several new 
paths. First, during the Victorian period (19th century), 
forensic toxicology was developed in an effort to appre- 
hend poisoners. Important techniques of investigation, 
including postmortem analysis, began to appear. This 
was also a period of remarkable drug discovery and 
development, with many pharmaceutical agents proving, 
as Paracelsus said, to be both beneficial and harmful. 
Many infamous drugs were developed during this era, 
including ipecac, cocaine, opium (laudanum), and 
barbiturates. While all had great therapeutic value, their 
toxicity was at the same time discovered and eventually 
feared. 

Another important aspect of this period was, in parallel 
with the industrial revolution, the birth of occupational 
toxicology. As many valuable but toxic consumer 
products were developed, the need to protect workers 
from toxicologic threats ushered in a new scientific and 
public health field. One of the most important figures of 
this period was Dr. Alice Hamilton (Fig. 1-5).°9 Dr. 
Hamilton (1869-1970) was the first U.S. physician to 





FIGURE 1-5 Alice Hamilton, MD. 


devote herself to research in industrial medicine. Writing 
her first article on the topic in 1908, she went on to 
become the first woman on the faculty of Harvard 
University. 

The 20th and 2lst centuries have been filled with 
many more events and accomplishments in medical 
toxicology. Perhaps the most important of these has been 
the development of a mammoth pharmaceutical 
industry, which can be credited with creating new drugs 
at a remarkable pace. With the development and use of 
many drugs has come, often tragically, the discovery of 
unanticipated toxicities. The study of drug toxicity has 
also led to important new principles of pharmacology 
(e.g., drug interactions). Finally, in the current “era of 
the gene,” pharmacology has added the disciplines of 
pharmacogenomics, which explores the ways in which an 
individual’s genetic makeup predetermines how he or 
she will respond to a medication or even a toxin (e.g., 
both lead and mercury toxicity are now known to be 
modulated by several key genes). 

Another important aspect of 20th and 21st century 
toxicology has been the focus on poisoning management. 
Over the past 50 years, poison centers have been created 
around the world, assisting clinicians and the public in 
poisoning management; prevention has become an 
equally important part of the poison control mission. 


FAMOUS POISONERS, POISONS, AND 
POISONINGS 


Poisoners 


A 17th century Neapolitan woman known simply as 
Toffana (1653-1723) invented an arsenic-based face paint 
called Acqua Toffana. This potion was primarily marketed 
as a cosmetic; female customers would consult with 
Toffana to learn the proper uses of the makeup. 
Reportedly, many women became rich widows after 
wearing the cosmetic on their cheeks when in the 
presence of their spouses. Because of her dread of being 
revealed as a poisoner, Toffana continually changed her 
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name and residence. Authorities eventually discovered 
her and accused her of being an accomplice to more 
than 600 homicides. She was arrested and ultimately 
tortured and strangled in prison. 

Mary Ann Cotton (1832-1873) is considered one of 
the most prolific serial killers in English history (Fig. 
1-6).!° She is suspected of murdering more than 21 
unsuspecting victims before she was caught, convicted, 
and hanged. Victims of Mary Cotton usually succumbed 
to a severe gastrointestinal disorder (“gastric fever”), 
ultimately traced to her penchant for using arsenic to 
poison her victims. 

Harold Shipman (1946-2004) was one of the most 
prolific serial killers in modern history (Fig. 1-7). A 
British physician, he is estimated to have killed 250 
patients between 1970 and 1988. Dr. Shipman’s modus 
operandi was to prey on the elderly, particularly elderly 
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FIGURE 1-6 Mary Ann Cotton. 
poisoners—Mary Ann Cotton.) 


(From Anonymous: The 





FIGURE 1-7 Dr. Harold Shipman. (From British Broadcasting 
Corporation: Shipman Draws 7.3M viewers.) 
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women. During home visits he would inject his victims 
with morphine, giving the appearance that they died 
from the complications of their advanced years; he was 
also usually the signatory on the victims’ death 
certificates. Dr. Shipman was ultimately arrested and 
convicted of killing 15 men and women. In 2004, while 
imprisoned, he committed suicide. 

Shoko Asahara (born Chizuo Matsumoto [1955-]) 
was the founder of the religious group Aum Shinrikyo 
(Fig. 1-8).!! In March 1995, on a Monday morning 
(intentionally timed to produce the greatest number of 
casualties), he and his followers orchestrated the release 
of the nerve agent sarin in multiple subway cars carrying 
Tokyo commuters. In the process, he became the architect 
of one of the most important events of domestic terrorism 
in history. Asahara’s apocalyptic efforts actually began 
in 1994, when his cult first released sarin in a small 
residential area within the city of Matsumoto; this 
resulted in injury to more than 600 residents; 7 died in 
that incident.!*!° In the sarin release in 1995, however, 
multiple cult members effectively coordinated the wide- 
spread release of the poison. Victims developed cholin- 
ergic toxicity that was sometimes severe, consisting of 
miosis, vomiting, abdominal pain, respiratory distress, 
seizures, and respiratory failure. Ultimately 5500 casualties 
were produced, of which 984 were moderately affected; 
at least a dozen victims died.!* 


Poisons 
ARSENIC 


As a poison, arsenic has a long and infamous history. 
Ancient documents suggest this heavy metal was 
recognized as early as 500 BG; its first use as a poison is 
thought to date back to the 8th century. While arsenic 
was used medicinally (e.g., Fowler’s solution was a widely 
used 18th and 19th century medication prescribed for 
dermatitis and for asthma), its primary use was as a 
poison. Stories of homicidal arsenic poisoning are found 





FIGURE 1-8 Shoko Asahara. (From Wikipedia: Profile: Shoko 
Asahara.) 


throughout history. The metal’s toxicity was exploited 
during World War II with development of the arsenic- 
based chemical weapon lewisite. The Allies, working 
diligently, were able to develop an antidote against 
lewisite, British anti-lewisite (BAL) .'* BAL, also known as 
dimercaprol, proved to be a very valuable chelator; it is 
still used to treat poisoning by arsenic, lead, and other 
metals. Other details of arsenic’s history are found in 
Chapter 74. 


COCAINE 

The alkaloid derived from erythroxylon coca is a toxic 
medicinal that has also enjoyed a long and illustrious 
history. Coca chewing dates back to 3000 BC; cocaine was 
isolated and used as a medication in the 19th century. A 
popular substance, it was added to wine and other 
beverages, well into the 20th century.!* As a therapeutic 
agent, cocaine was unique because (1) it had great 
therapeutic value; (2) it had a very narrow therapeutic 
window, with toxicity, sometimes life-threatening, appear- 
ing even in those who were taking it in appropriate doses; 
and (3) it was highly addictive. A long list of individuals, 
including Sigmund Freud, Robert Louis Stevenson, and 
the legendary American surgeon William Halstead, 
became addicted to cocaine during their careers. In the 
1980s, cocaine alkaloid (first known as “free-base” and 
then “crack”) appeared, creating an even more addictive 
drug. Through the 1990s, crack use in the United States 
became epidemic, producing an extraordinarily large 
population of cocaine abusers. Cocaine remains one of 
the most widely abused drugs in the world. Chapter 42 
describes cocaine and its history in greater detail. 


OPIUM (LAUDANUM) 

The discovery of opium dates back to ancient civilization; 
Hippocrates wrote of the virtues of poppy wine for 
medicinal purposes. In the 15th century, Paracelsus 
mixed it with alcohol, producing “tincture of laudanum.” 
Through the 17th and 18th centuries, use of opium by 
people of all socioeconomic strata spread quickly. Like 
cocaine, the drug was found to have remarkable 
therapeutic value, which often came at the cost of 
hopeless addiction. In much of the 19th and early 20th 
centuries, the opium derivative known as laudanum was 
widely used to treat a range of illnesses. Heroin succeeded 
laudanum and equally addicted historical figures such as 
Elizabeth Barrett Browning, Lenny Bruce, Charlie 
Parker, William Borroughs, and Janis Joplin. 


CYANIDE 

The toxicity of bitter almonds, ground peach pits, and 
cassava were known well before cyanide was specifically 
identified in 1782. Once isolated and synthesized, the 
toxin, being a potent pesticide, was a boon to the 
agriculture industry. However, its lethal effects on those 
who were inadvertently exposed after improper handling 
were also quickly discovered. Cyanide’s greatest infamy, 
however, is associated with its use during the Hitler 
regime when, as part of his ethnic cleansing campaign 
(“The Final Solution”), millions were executed with 
Zyklon-B, a cyanide-based substance used in the gas 
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FIGURE 1-9 Zyklon B, a cyanide-containing substance used 
during the Holocaust. (From Anonymous: Judaism.) 


chambers of occupation camps (Fig. 1-9). Cyanide con- 
tinues to be used as a homicidal agent, in gas chamber 
executions that are part of capital punishment. The 
agent is discussed further in Chapter 88. 


Poisonings 


History records many poisoning events made infamous 
by the large number of individuals affected. Large scale 
poisonings have included: 


War-related events (e.g., the use of chemical weapons 
during both World Wars) 

Industrial catastrophes (e.g., Minamata Bay, Japan, 
and Bhopal, India) 

Climactic/geological events (e.g., the London smog 
and Lake Nyos “eruption”) 

Pharmaceutical disasters (e.g., eosinophilia-myalgia syn- 
drome, gasping baby syndrome, and thalidomide 
disasters) 

Food-borne poisonings (e.g., “St. Anthony’s fire” and 
aflatoxin epidemics) 

Domestic terrorism (e.g., sarin release in Tokyo subways) 


A brief description of several of these events is 
described below. 


EOSINOPHILIA-MYALGIA SYNDROME 

In 1989, an illness appeared in the United States, charac- 
terized by the onset of myalgia, arthralgia, weakness, 
rash, and scleroderma-like skin changes. Associated 
laboratory findings included evidence of rhabdomyolysis 
and a striking eosinophilia.'©!7 Known as eosinophilia- 
myalgia syndrome (EMS), the disease rapidly spread 
throughout the United States. Epidemiologic investigation 
quickly traced the disease to use of the dietary supple- 
ment L-tryptophan, which had become a popular remedy 
for insomnia, premenstrual syndrome, depression, and 
other maladies. Further investigation linked the devel- 
opment of EMS to use of L-tryptophan from specific 
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manufacturing lots.'*'!9 By March 1990, the Centers for 
Disease Control and Prevention (CDC) had identified 
almost 1500 cases of EMS with at least 38 deaths. 
Ultimately, the L-tryptophan produced by a single 
manufacturer was incriminated.?°*' Careful inspection 
of the manufacturing site revealed that a significant 
production change had recently occurred; the former 
technique, in which tryptophan was produced by a 
fermentation process involving the bacterium Bacillus 
amyloliquefaciens, was altered by the introduction of a new 
strain of B. amyloliquefaciens. As a result, there appeared 
to be increased synthesis of several tryptophan inter- 
mediates. A specific chemical contaminant, di-tryptophan 
aminal of acetaldehyde (DTAA) was specifically incrimi- 
nated (Fig. 1-10) in the development of EMS.***° Closure 
and immediate changes in the manufacturing process 
led to the disappearance of this disorder as quickly as it 
began. However, many victims were left with enduring 
health problems.” 


GASPING BABY SYNDROME 

In spring 1981, an unusual illness appeared in neonatal 
intensive care units (NICUs). NICU staff noted that 
newborns who had been clinically stable would suddenly 
develop multisystem disease, severe metabolic acidosis, 
and a haunting gasp, which signaled their death. Known 
as gasping baby syndrome, the illness spread across NICUs 
nationally. In June 1981, a New Orleans neonatologist, 
Dr. Juan Gershanik, noted in a postmortem urine 
analysis for organic acids that large amounts of hippuric 
acid, a known metabolite of benzyl alcohol, were found. 
Noticing that vials of bacteriostatic water containing 
0.9% benzyl alcohol were present throughout the 
NICU, Dr. Gershanik reported his suspicion that 
gasping baby syndrome was the result of excessive benzyl 
alcohol administration secondary to the liberal use of 
bacteriostatic saline.*? Other pediatricians began to 
report similar suspicions.*®?7 The Food and Drug 
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FIGURE 1-10 Di-tryptophan aminal of acetaldehyde (DTAA), 
incriminated in the etiology of the eosinophilia-myalgia 
syndrome. Original (A) and revised (B) structures are shown. 
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Administration and American Academy of Pediatrics 
soon recommended that bacteriostatic saline no longer 
be used in NICUs. When this occurred, neonatal mortality 
rates around the country fell dramatically; reports of 
mortality rates falling from 50% to 2% appeared.**** 
There was also a noticeable fall in the incidence of 
kernicterus and intraventricular hemorrhage among ill 
neonates.**°" Ultimately, conservative estimates were 
that benzyl alcohol was responsible for more than 300 
neonatal deaths and thousands of permanent neurologic 
disabilities. 


THE THALIDOMIDE DISASTER 

Thalidomide was developed as a sedative-hypnotic; it 
became popular soon after it was first marketed in 1957. 
Known as Contergan in Germany, Distaval in England, 
and Kevadon in Canada, thalidomide quickly became 
the third-largest selling drug in Europe; by 1960, it was 
being sold around the world. Its reported efficacy in the 
treatment of hyperemesis gravidarum led to even greater 
use of the drug by pregnant women. However, when the 
Merrell Company of Cincinnati submitted a New Drug 
Application to market Kevadon in the United States on 
September 12, 1960, a young, new FDA scientist, Dr. 
Frances O. Kelsey, was assigned to perform the review 
(Fig. 1-11). Dr. Kelsey was dissatisfied with the safety data 
submitted for thalidomide and denied approval of the 
drug.’! In the midst of FDA battles with Merrell, in 
November 1961, McBride and Lenz, working indepen- 
dently of each other, both published reports suggesting a 
link between the use of thalidomide and development of 
phocomelia and other limb abnormalities (Fig. 1-12).°* 
As little as one dose of thalidomide, taken during a 
critical period of gestation, was found to produce a range 
of devastating birth defects. The drug was withdrawn in 
1962, but not before it had produced more than 10,000 





FIGURE 1-11 Food and Drug Administration scientist Frances O. 
Kelsey, credited with preventing the sale of thalidomide in the 
United States. 
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FIGURE 1-12 Thalidomide-associated phocomelia. 


children with limb abnormalities. Dr. Kelsey, credited 
with preventing the thalidomide disaster from occurring 
in the United States, was awarded the Gold Medal Award 
for Distinguished Federal Civilian Service by President 
John F. Kennedy. 


MINAMATA BAY 

From 1932 to 1968, the Chisso Corporation near 
Minamata Bay, Japan, dumped an estimated 27 tons of 
mercury compounds into Minamata Bay. In 1956, four 
inhabitants of Minamata Bay were noted to have an 
unusual neurologic disease, thought initially to be 
infectious.!? Investigation quickly led to the discovery 
that many people of the region had similar symptoms of 
diffuse numbness, slurred speech, and tunnel vision. 
Ultimately more than 50,000 were affected, with more 
than 2000 unequivocally having what became known as 
Minamata disease. The range of symptoms in adults 
included tingling sensations, muscle weakness, ataxia, 
tunnel vision, slurred speech, hearing loss, and abnormal 
behavior. Approximately 30 offspring of the inhabitants 
were born with severe, devastating neurologic disease, 
which included spasticity, mental retardation, seizures, 
and visual disturbances (Fig. 1-13).°° 





FIGURE 1-13 Childhood victim of Minamata disease. (Photo by 
W. Eugene Smith. From McCann HG: Mercury found in midwest 
rain.) 


LONDON SMOG 

On December 4, 1952, an unusual temperature inversion 
struck London. This climatic event trapped the polluted 
air that was being regularly discharged from the millions 
of coal fires that burned daily.°* For the subsequent 
week, concentrations of smog became so thick, visibility 
fell to a few yards; concentrations of ambient particulate 
matter were as high as 400 ug/m’*.** Thousands of 
Londoners developed respiratory ailments, including 
pneumonia, bronchitis, and asthma. An estimated 12,000 
citizens died from respiratory problems produced. by 
“The Great London Smog” (Fig. 1-14). 


LAKE NYOS 

On August 21, 1986, Lake Nyos, a large volcanic lake 
located in Cameroon, released a massive cloud of carbon 
dioxide. Being heavier than air, the carbon dioxide 
descended on the villages located in a valley 250 m 
below. Witnesses described loud rumbling sounds made 
by the lake followed by the appearance of an enormous 
white cloud; an estimated 10° m° of volcanic gas was 
released.!? Victims succumbed quickly to the anesthetic 
effects of high-concentration carbon dioxide. Upon 
arrival of the medical teams, 1700 humans and all animal 
and insect life in the region were dead.!? 


BHOPAL 

One of the most significant industrial disasters in history 
occurred on the morning of December 3, 1984, at a large 
chemical plant in Bhopal, India. The plant, owned by 
Union Carbide, contained large storage tanks of methyl 
isocyanate gas (the compound was used as a precursor to 
the pesticide carbaryl). Without warning, during the 
dark hours of early morning, a methyl isocyanate tank 
ruptured, spreading the toxic gas across the streets of 
Bhopal. Wakened by suffocation, large numbers of 
victims arrived to local hospitals with sudden blindness 
and respiratory distress. More than 200,000 were affected 
by the gas; the death toll was estimated to be approxi- 
mately 2500.'* Many Bhopal survivors were left with 
chronic, disabling lung disease.*°*° 


JONESTOWN, GUYANA 

The Reverend Jim Jones was a religious zealot who in 
1977, after creating the People’s Temple in San Francisco, 
created the township of Jonestown in Guyana, South 
America, bringing with him more than 1000 followers 
(Fig. 1-15). Initial reports from Jonestown indicated that 





FIGURE 1-14 London smog, 1952. (From National Public Radio: 
London during the killer smog.) 
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FIGURE 1-15 Reverend Jim Jones. 


Jones’s disciples lived in apparent happiness. However, 
when several residents sent reports of cruel treatment, 
coercion, and bondage to relatives in the United States, 
Congressman Leo Ryan went to Jonestown to investigate 
abuse allegations, bringing with him an 18-member party 
of officials, reporters, and members of “Concerned 
Relatives of Peoples Temple Members.” Arriving in 
Jonestown in November 1978, Congressman Ryan was 
prevented from interviewing inhabitants and carrying 
out his planned investigation. When he attempted to 
leave Jonestown, he was gunned down at an airstrip by 
Jones disciples. On November 18, 1978, fearing that 
additional authorities would soon come and possibly 
close Jonestown, Reverend Jones called for the mass 
suicide of his disciples. All drank or were forced to drink 
a grape flavored beverage that contained Valium and 
cyanide. The 276 children were killed first; a total of 914 
died, including Reverend Jones, who died of a self- 
inflicted gunshot wound (Fig. 1-16).>” 





FIGURE 1-16 The mass suicide at Jonestown, Guyana, 1978. 
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ST. ANTHONY'S FIRE 

Described by a 9th century writer, St. Anthony’s fire, 
which has appeared several times in history, was the 
popular name for epidemic ergotism that resulted from 
the ingestion of rye that had been contaminated with the 
fungus Claviceps purpurea. Also referred to as “dancing 
mania,” outbreaks of St. Anthony’s fire appeared repeat- 
edly between the 13th and 16th centuries. It was not until 
the 17th century that its cause was identified. The last 
reported outbreak occurred in France in 1951.°° There 
are also beliefs that women accused of witchcraft in the 
Salem trials of 1692 had ergot-induced psychosis and 
seizures.°? Victims of St. Anthony’s fire would typically 
develop burning pain and gangrene of the extremities, 
convulsions, hallucinations, and psychosis; death would 
often ensue. Ergot’s powerful vasocontrictive properties 
were responsible for the severe extremity vasospasm that 
produced pain and gangrene. Central nervous system 
effects were the apparent result of the alkaloid’s effects 
on serotonin receptors. Interestingly, the study of ergot 
alkaloids led to the development of the hallucinogen 
lysergic acid diethylamide (LSD), as well as therapeutic 
agents including ergotamine, dihydroergotamine, methy- 
sergide, and others. 


THE DEVELOPMENT OF MEDICAL 
TOXICOLOGY 


Since the early 20th century, organized efforts in poi- 
soning management and prevention have led to the 
development of medical toxicology as a clinical discipline 
that is distinct from other medical subspecialties. Key 
events in this process were the establishment of poison 
control centers, followed by the creation of important 
supporting organizations. 


Poison Control Centers 


By the 1930s, childhood poisoning had become a common 
cause of unintentional injury to children, accounting for 
almost 50% of significant childhood accidents. Household 
products (e.g., lye) were a particularly common source 
of severe and often fatal poisoning. However, there was 
little information on the toxicity of household products 
that could be used in prompt and effective management 
of childhood poisoning. In the 1930s, Dr. Jay Arena, a 
pediatrician at Duke University, began to compile data 
on the household products, providing advice to local 
clinicians. Dr. Arena is credited with writing one of the 
first modern textbooks on poisoning management. 
Prior to the 1950s, there was no formal system for 
poisoning treatment in the United States.*° By this time, 
there were well over 250,000 different brand name 
products on the market. Health care professionals 
presented with cases of acute poisoning usually had little 
knowledge of what ingredients were contained in these 
new products, making it difficult to treat these patients. 
A Chicago pharmacist, Louis Gdalman, began recording 
information on the toxicity of various products on small 
cards; he also developed a data collection form that he 


would use when he provided consultations. In November 
1953, he helped to establish the first poison center in the 
United States at Presbyterian-St Luke’s Hospital. In 1958, 
the American Association of Poison Control Centers 
(AAPCC) was formed. From here, poison centers prolif- 
erated: By 1970, there were almost 600 centers nationally. 
At the same time, poisoning fatalities in children dropped 
dramatically. The AAPCC was instrumental in creating 
multiple preventive efforts, including the establishment 
of National Poison Prevention Week and enactment of 
the Poison Prevention Packaging Act. As poison centers 
increasingly served the function of a public health 
agency, the AAPCC developed a means for monitoring 
and reporting epidemiologic data, known as the Toxic 
Exposure Surveillance System (TESS). Annual data from 
TESS are now published by the AAPCC for use by those 
who are interested in tracking the epidemiology of 
poisoning (www.aapcc.org). In 2002, a universal telephone 
number for access to poison control centers (800-222- 
1222) was established, simplifying access to poison 
centers. 


The Subspecialty of Medical Toxicology 


As principles of poisoning management and prevention 
established themselves, several organizations were 
created to support the clinicians who provided this care. 
In 1968, the American Academy of Clinical Toxicology 
(AACT) was formed. Consisting of physicians, pharmacists, 
scientists, and veterinarians, the AACT began to expand 
the focus of poisoning beyond childhood exposures 
to adult poisonings, including intentional exposures 
(attempted suicides), workplace exposures, drug inter- 
actions, envenomations, and environmental toxicology. 
Around the world, similar organizations were established, 
including the European Association of Poison Centres 
and Clinical Toxicologists (EAPCCT), the Canadian 
Association of Poison Control Centers (CAPCC), and 
the Australian Society of Clinical and Experimental 
Pharmacologist and Toxicologist (ASCEPT). 

As these efforts evolved, it became clear that toxicology 
had evolved into a well-defined medical specialty. As such, 
standards for training and certification were needed. In 
1974 the AACT created the American Board of Medi- 
cal Toxicology (ABMT), a physician-only organization 
responsible for establishing fellowship training guidelines 
and creating a certifying examination. Medical toxicology 
fellowships began to appear; the first board examination 
in medical toxicology was given in 1974. However, the 
field of medical toxicology suffered from ABMT’s 
position as an independent certifying organization, 
rather than a member of the American Board of Medical 
Specialties (ABMS) which, by this time, had established 
itself as an umbrella organization that housed the 
specialties and subspecialties recognized by the American 
Medical Association. The ABMT and medical toxicology 
therefore struggled to gain the same stature as ABMS 
specialties and subspecialties. This led to efforts by 
ABMT leaders to find parent organizations within the 
ABMS who would sponsor medical toxicology as a new, 
defined clinical subspecialty. These efforts culminated in 


1992 with three ABMS boards—the American Board of 
Pediatrics, the American Board of Emergency Medicine, 
and the American Board of Preventive Medicine— 
agreeing to make medical toxicology a jointly supported 
subspecialty. The Subboard in Medical Toxicology was 
formed, providing the first ABMS certifying examination 
in 1994. Simultaneously, the ABMT was reestablished as 
the American College of Medical Toxicology (ACMT), 
with the goal of being a scientific organization that 
provides support to the medical toxicology community. 

Currently, there are approximately 300 practicing, 
board-certified medical toxicologists, indicating the 
relative youth of the field. These individuals have vital 
roles in medicine and public health, being in federal 
agencies (e.g., the Food and Drug Administration, and 
Centers for Disease Control), medical directors of 
poison control centers (a requirement for poison center 
certification), directors of occupational health programs, 
and physician-scientists. 


CONCLUSION 


Throughout recorded time, toxicology has been part of 
the fabric of society. While its history has been dark 
at times, the evolving clinical specialty of poisoning 
management/prevention and the establishment of 
medical toxicology as a subspecialty have provided 
important public health advances. The science of 
toxicology will undoubtedly continue to provide both 
important discoveries and other memorable events in 
future years. 
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Emergency Management of Poisoning 


A General Approach to Poisoning 


MICHAEL W. SHANNON, MD, MPH 


Medical toxicology is one of the most important and 
dynamic fields in medicine today, since the practicing 
physician is continually faced with the management of 
poisoning, drug overdose, and adverse drug effects. The 
abuse of both prescription and illicit drugs in the United 
States continues unabated. Because the process of drug 
approval is more rapid, it is often not until the agent has 
been in use for some time, during the postmarketing 
period, before its toxicity is fully appreciated. 

Defining the incidence of human poisoning is not 
easy. There are multiple sources of data on drug overdose 
and substance abuse. The Toxic Exposure Surveillance 
System (TESS) of the American Association of Poison 
Control Centers tabulates referrals for human poisoning 
called into the nation’s poison centers. In 2004, it recorded 
2,395,582 exposures, with 1106 deaths; analgesics 
were the most common cause of a fatal outcome.! The 
National Institute of Drug Abuse surveys emergency 
department visits through its Drug Abuse Warning 
Network (DAWN), and in 2002 reported that a total of 
4427 deaths resulted from drug abuse, with cocaine 
being the most commonly implicated agent. !* 

However, these sources vastly underestimate the 
number of toxic events in humans. For example, reports 
of intoxicated patients who die from trauma, drowning, 
and fires are not consistently included in any national 
data set, nor are those of patients with medical 
complications from therapy, such as chemotherapy or 
anesthetics. Morbidity that results from chronic abuse 
(e.g., heart disease from cocaine or nicotine abuse and 
cirrhosis from alcohol abuse) or industrial exposures, 
and the long-term effects of environmental hazards, is 
not rigorously compiled and is probably impossible to 
quantify. 

The most common causes of poisoning-related death 
in the United States have been carbon monoxide 
poisoning, cocaine use, and tricyclic antidepressant 
overdose.'! Poisoning with analgesics, aspirin, and 
acetaminophen also remains a leading cause of death. 
Calcium channel blocker overdose has surpassed digitalis 
overdose as the most common cause of cardiovascular 
drug-related death. 


DEFINITION 


To poison means to injure or kill with a substance that 
is known or discovered to be harmful. Thus, the term 
poisoning connotes clinical symptomatology. It also 


implies that the toxic exposure is unintentional (e.g., in 
the case of an elderly patient who misreads a drug label). 
In contrast, the term overdose implies intentional toxic 
exposure, either in the form of a suicide attempt or as 
inadvertent harm secondary to purposeful drug abuse. 
The terms poisoning and drug overdose often are used 
interchangeably, especially when prescription drugs are 
the agents, even though by definition a drug overdose does 
not produce poisoning unless it causes clinical symptoms. 

Poisoning has a bimodal incidence, occurring most 
commonly in children who are | to 5 years of age and in 
the elderly. Overdose, whether motivated by suicidal 
intent or the result of abuse, occurs through adulthood. 
Toxic exposure in those between the ages of 6 and 
12 years is uncommon; when it occurs, the patient must 
be assessed carefully to ensure that psychiatric follow-up 
is provided when indicated.! 


THE GENERAL APPROACH TO 
POISONING 


The general approach to the poisoned patient can be 
divided into six phases: (1) stabilization; (2) laboratory 
assessment; (3) decontamination of the gastrointestinal 
tract, skin, or eyes; (4) administration of an antidote; 
(5) elimination enhancement of the toxin; and (6) 
observation and disposition. 


Emergency Management 


Because overdose patients are often clinically unstable 
when discovered, resuscitation with establishment of 
the airway, adequate support of ventilation and per- 
fusion, and maintenance of all vital signs (including 
temperature) must be accomplished first. Continuous 
cardiac and pulse oximetry monitoring is essential. 
Rapid-sequence intubation (RSI) may be indicated in 
patients with an airway in jeopardy. Naloxone, 2 mg 
intravenously (IV); thiamine, 100 mg intravenously (IV); 
and 50% dextrose, 50 mL IV (if patients are shown on 
Dextrostix testing to be hypoglycemic) are generally 
given to all adults in coma, once an IV line has been 
established and appropriate blood studies have been 
performed.** Maintenance of blood pressure and tissue 
perfusion may require the provision of volume, 
correction of acid-base disturbance, administration of 
pressor agents, and antidotal therapy. Table 2A-1 lists 
the common emergency antidotes. 


13 





CONCEPTS IN MEDICAL TOXICOLOGY 


Common Emergency Antidotes 


POISON 


Acetaminophen 


Atropine, anticholinergics 


Benzodiazepines 


B blockers 


Calcium channel 
blockers 


Carbon monoxide 
Cyanide 


Digitalis 


Hydrofluoric acid 


Iron 


Metals 

Mercury 
Arsenic 
Gold 

Lead 


Methanol 


Nitrites (and other 
methemoglobin 
formers) 


ANTIDOTE 


N-acetylcysteine 


Physostigmine 


Flumazenil 


Glucagon 


Calcium chloride 10% 


Insulin/glucose 


Oxygen 

Amyl nitrite, then sodium 
nitrite, then sodium 
thiosulfate 


Digoxin antibody 
fragments 


Calcium 


Deferoxamine mesylate 


British antilewisite (BAL), 
also known as 
dimercaprol 

DMSA (succimer), 

CaNa, EDTA 


Ethyl alcohol 


Fomepizole 


Methylene blue 


DOSE* COMMENTS 


140 mg/kg initial oral dose, followed Most effective within 16-24 hr; may 
by 70 mg/kg every 4 hr x 17 doses be useful after chronic intoxication 

or 

intravenously as 150 mg/kg x 15 
minutes then 50 mg/kg x 4 hr 
then 100 mg/kg x 16 hr 

Initial dose 0.5-2 mg (IV); children, 
0.02 mg/kg 

0.2 mg (2 mL) (IV) over 15 sec; 
repeat 0.2 mg (IV) as necessary; 
initial dose not to exceed 1 mg 

Adult: 5-10 mg (IV) initially 

Child: 50-150 ug/kg (IV) initially 

Continuous infusion as needed 

1 g (10 mL) (IV) over 5 min as initial 
dose; repeat as necessary in critical 
patients; doses up to 10 g may be 
necessary to restore blood pressure 

0.5-1.0 U/kg initially then 
0.5-1.0 U/kg/hr as needed to 
maintain systolic blood pressure 

1-3 atmospheres 

Administer pearls every 2 min 

Adult: 10 mL of 3% solution over 
3 min (IV) 

Child: 0.33 mL (10 mg of 3% 
solution)/kg over 10 minutes 

Adult: 25% solution, 50 mL (IV) 
over 10 minutes 

Child: 25% solution, 1.65 mL/kg 

Varies by patient weight, serum 
digoxin concentration, and/or 
dose ingested 

Topical exposure: Apply calcium 
gluconate gel; if pain is not 
relieved, administer 10% calcium 
gluconate 10 mL in 40 mL D,W 
via IV (Bier block) infusion; if pain 
is not relieved, administer calcium 
gluconate by intra-arterial 
infusion over 4 hr 

Ingestion: 10% calcium gluconate (IV) 

Initial dose: 40-90 mg/kg (IV or IM), 
not to exceed 1 g; 

Infusion: 15 mg/kg hr (IV) 


Can produce convulsions, bradycardia 


Limited indications; recommended 
only for reversal of pure 
benzodiazepine sedation 

Stimulates cAMP synthesis, increasing 
myocardial contractility 


Avoid extravasation; tissue destructive 


Monitor serum potassium and glucose 


Hyperbaric oxygen may be indicated 


Monitor for hypocalcemia; treat 
electrolyte disturbances 
aggressively 


Higher infusion doses may be needed 
in severe overdose to achieve 
chelant excess; monitor and treat 
hypotension 

Contraindicated if patient has a 
peanut allergy or G6PD 
deficiency 

Monitor liver function tests, add BAL 
if lead level > 70 ug/dL in children, 
> 100 ug/dL in adults 


4-6 mg/kg IM, every 4-8 hr 


10 mg/kg/dose, bid x 28 days 
35-50 mg/kg/day (maximum 
1.0-1.5g), bid or as a continuous 
infusion 

500 mg/kg of 10% ethanol, then 
continuous infusion of 
100 mg/kg/hr 


Watch for hypoglycemia, 
hypothermia, and lethargy in 
children; solution is hyperosmolar, 
requiring central venous catheter in 
children; maintain serum ethanol 
concentration at 100 mg/dL 

15 mg/kg loading dose, 10 mg/kg Significantly safer than ethanol 
every 12 hr IV 

1-2 mg/kg of 1% solution 
(IV) over 5 min 


Can produce hemolysis in high dose; 
give no more than 7 mg/kg/day in 
adults, 4 mg/kg/day in children; 
severe or resistant cases may 
require exchange transfusion 





Continued 
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Common Emergency Antidotes (Cont’d) 


Child: 0.01-0.1 mg/kg (IV or IM) 
Adult: 1 mg (IV) 


Adults: 0.4-2.0 mg (IV or IM) 


COMMENTS 


Larger doses may be necessary after 
severe overdose or overdose of 
synthetic agent, e.g., propoxyphene 


Child: 0.25 ug/kg (IV) 


POISON ANTIDOTE DOSE* 
Opiates and opioids Naloxone 

Nalmafene 
Organophosphates, Atropine 


nerve agents 
Carbamates (severe 
exposure) 
Pralidoxime (2-PAM) 


Adult: 0.5-2 mg IV 
Child: 0.05 mg/kg 
Child: 0.05 mg/kg 


Adult: 1 g (IV) then 500-1000 mg/hr 
as needed 


Enormous doses of atropine 
may be needed in severe cases 


Must be added to atropine if nicotinic 
or central symptoms are present 


Child 15-40 mg/kg then 
15-40 mg/kg/hr 


Tricyclic antidepressants Sodium bicarbonate 


Sodium bicarbonate 1-2 ampules 
(IV), bolus or infusion 


Administer if QRS interval is > 100 
msec; maintain serum pH at 
7.45-7.55; avoid severe alkalosis 


cAMP, cyclic adenosine monophosphate; DMSA, dimercaptosuccinic acid; EDTA, ethylenediaminetetraacetic acid; G6PD, glucose-6-phosphate deficiency; 


IM, intramuscularly; IV, intravenously. 


*Dosage listed may require modification or adjunctive therapy according to specific clinical conditions; see each specific chapter for details. 





BOX 2A-1 





Corrosive ingestion (sodium hydroxide, sulfuric acid) 

Corrosive inhalation (ammonia, chlorine) 

Envenomation (hymenoptera, crotalid) 

Anaphylaxis (hymenoptera) 

Pulmonary edema (opioids, chemical weapons [e.g., choking 
agents]) 

Bronchorrhea (organophosphates or nerve agents) 

Severe central nervous system (CNS) depression (ethanol, opioids, 
barbiturates) 

Cerebrovascular accident (cocaine) 

Seizures (isoniazid, theophylline) 

Aspiration (hydrocarbons) 

Hypercarbia (CNS depressants, nerve agents, botulism) 


ADVANCED AIRWAY MANAGEMENT 

In addition to basic airway management, many victims of 
poisoning require advanced management that includes 
endotracheal intubation. Clinical situations in which 
endotracheal intubation may be necessary in poisoned 
patients are numerous (Box 2A-1). Intubation offers the 
advantages of complete airway control, protection from 
aspiration of gastric contents, provision of a route for 
suctioning of secretions, and a means of optimizing both 
oxygenation and ventilation. However, the process of 
intubating an awake patient is difficult and is associated 
with potential adverse effects, including coughing, 
gagging, vomiting, tachycardia or bradycardia, hyper- 
tension, hypoxia, and increased intracranial pressure. 
Moreover, emergency intubation can be challenged by 
vocal cords that are obscured by secretions, unusual 
airway anatomy, a full stomach, or active vomiting. 


Therefore, this task requires a thorough understanding 
of advanced airway management principles and of their 
application in a manner that prevents worsening of the 
clinical situation. RSI is a method of rapidly obtaining 
airway control with minimal physiologic disturbance. 
The process of RSI involves a patterned sequence of 
preparation, drug administration, intubation, and 
postintubation management.>” 

In the emergency department, RSI has historically 
had its greatest role in the patient with severe head 
trauma in whom intubation could exacerbate already 
increased intracranial pressure. However, because it is 
designed to blunt or prevent all adverse responses 
associated with endotracheal intubation, RSI is the ideal 
method of intubation in the poisoned patient. With 
the use of drugs having a short duration of action, RSI 
also is advantageous because it is a measure that permits 
temporary airway control for the patient with mildly 
compromised airway reflexes who requires gastro- 
intestinal decontamination (lavage followed by activated 
charcoal administration) but who does not require 
prolonged intubation. RSI requires several essential 
steps that include the use of pharmacologic agents 
(Table 2A-2). To be performed safely, RSI must occur in 
the following sequence. 


Evaluation 

The clinician must first evaluate the patient’s airway 
to determine the necessary equipment and the best 
technique for safe intubation. Particular attention 
should be directed to abnormalities in the cervical spine 
and temporomandibular joint because these will sig- 
nificantly impede rapid and uncomplicated intubation. 
If there is any question about the stability of the cervical 
spine, immobilization must be maintained. The oral 
cavity should be closely examined for the presence 
of foreign bodies. 
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Pharmacotherapy Used in Rapid Sequence 





Intubation 

AGENT DOSE* 

Pretreatment Agents 

Atropine 0.01-0.02 mg/kg (minimum, 
0.1 mg; maximum, 1.0 mg) 

Lidocaine 1-2 mg/kg 


Sedatives and Anesthetics 


BARBITURATES 

Sodium thiopental 3-5 mg/kg 
Methohexital 1 mg/kg 
BENZODIAZEPINES 

Midazolam 0.1 mg/kg 
ETOMIDATE 0.1-0.3 mg/kg 
KETAMINE 1-2 mg/kg 
OPIOIDS 

Fentanyl 2-5 pg/kg 
PROPOFOL 2-4 mg/kg 
Skeletal Muscle Relaxants 
DEPOLARIZING AGENTS 

Succinylcholine 1-2 mg/kg 


NONDEPOLARIZING AGENTS 
DEFASCICULATING 


DOSE FULL DOSE 
Pancuronium 0.01-0.05 mg/kg 0.1 mg/kg 
Vecuronium 0.01-0.05 mg/kg 0.1-0.2 mg/kg 
Atracurium 0.5 mg/kg 
Rocuronium 0.5-1.0 mg/kg 


*Doses listed are for intravenous administration. 





Preparation 

Before intubation, all necessary equipment must be 
present so that serious delays or unforeseen compli- 
cations can be prevented. An IV line should be 
established and the patient connected to a cardiac 
monitor and pulse oximeter. The equipment necessary 
for endotracheal intubation is outlined in Box 2A-2. 
The proper functioning of all equipment should be 
ensured before it is used. Appropriate endotracheal 
tube size also should be determined (Table 2A-3). 
Unanticipated difficulties with intubation are common; 
“difficult airway?” equipment (e.g., illuminated or 
fiberoptic-directed endotracheal tubes) should be kept 
close at hand. 


Preoxygenation 

Oxygen should be administered for 2 to 3 minutes 
before intubation; this produces a washout of nitrogen 
from the lungs, replacing this gas with an oxygen 
reservoir. The oxygen reservoir allows several minutes 
of apnea during which intubation can be performed 
without the risk of producing hypoxia. Assisted 
ventilation with bag-valve-mask apparatus should only be 












BOX 2A-2 


EQUIPMENT NE 
INTUBATION 


Syringe for endotracheal cuff inflation 
100% oxygen 

Face mask 

Bag-valve apparatus 

Suction equipment 

Catheter 

Yankauer suction tube 

Stylet 

Magill forceps 

Oral airway 

Nasopharyngeal airway (“trumpet”) 
Laryngoscope handle and blades 
Endotracheal tubes 

Tongue depressors 

Syringe for endotracheal cuff inflation 
Tape 

Tincture of benzoin 





Age-Specific Endotracheal Tube Sizes 


AGE INTERNAL DIAMETER (mm) 
Infant 

Premature 2.5 

Full term 3.0 

1-6 mo 3.5 
6-12 mo 4.0 
Child 

2 yr 45 

4 yr 5.0 

6 yr 5.5 

8 yr 6.5 

10 yr 7.0 
Adolescent and Adult 

12 yr 7.5 
>14 yr 8.0-9.0 


Accompanying principles: 

1. Small sizes are necessary for nasotracheal intubation. 

2. Endotracheal tubes two sizes smaller than age appropriate should 
be immediately available. 





provided if the patients own respiratory efforts are 
inadequate because it risks inflation of the stomach, 
which increases the likelihood of vomiting. Patients 
who are breathing spontaneously should be given 100% 
oxygen by face mask for several minutes before 
intubation. 


Pretreatment 

Pretreatment involves the administration of phar- 
macologic agents that prevent adverse physiologic 
changes that may occur during intubation. Agents 
included in this category are lidocaine and atropine. 

IV administration of the anesthetic lidocaine appears 
to blunt the increase in intracranial pressure that 
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accompanies intubation. Although scientific proof of 
lidocaine’s efficacy is sparse, it is appropriate— 
particularly in the patient with suspected intracranial 
hypertension—to administer lidocaine, 1.0 to 2.0 mg/kg 
IV, 3 to 4 minutes before intubation.®!° 

Bradycardia can accompany RSI in two circumstances. 
In young children, both posterior pharyngeal stimu- 
lation and administration of succinylcholine can result 
in severe bradycardia. Therefore, in children younger 
than 5 years, atropine should be administered before 
induction. The dose of atropine is 0.01 to 0.02 mg/kg 
(maximum, 1.0 mg). No less than 0.1 mg of atropine 
should be administered because smaller doses can 
produce paradoxical bradycardia. 

Severe bradycardia can also occur in patients of any 
age who have been exposed to medications or toxins 
with negative chronotropic actions. For example, in 
patients who have ingested B antagonists (e.g., pro- 
pranolol), calcium channel blockers, and digoxin, RSI 
can produce an abrupt decrease in heart rate or frank 
cardiac arrest. Therefore, in patients who are under- 
going RSI after exposure to these agents, atropine 
should either be administered prophylactically or kept 
immediately available should emergency administration 
become necessary. 


Induction 

Induction consists of two components: administration 
of a sedative/anesthetic agent to produce unconscious- 
ness, and the subsequent administration of an agent 
that produces complete skeletal muscle relaxation 
(paralysis); both actions facilitate intubation. Because 
administration of these drugs leads to apnea and 
paralysis, it is essential that induction proceed quickly 
and efficiently; this underscores the importance of 
having all intubation equipment immediately available 
and in working order. 

A number of medications of different pharmacologic 
classes are used to produce sedation before skeletal 
muscle relaxation (see Table 2A-2). These drugs include 
benzodiazepines, opioids, barbiturates, propofol, etomi- 
date, and ketamine. Among the benzodiazepines, 
midazolam, when given in a dose of 0.1 mg/kg IV (up 
to a range of 5 to 6 mg in an adult), is ideal because its 
effects are rapid in onset and short in duration. The drug 
also offers the advantage of producing muscle relaxation 
and amnesia. Opioids are another class of drugs that can 
be used; however, many opioids, such as morphine, may 
prompt histamine release, with resultant hemodynamic 
changes. Fentanyl in a dose of 2 to 5 Ug/kg is highly 
effective at producing rapid sedation and relaxation with 
minimal cardiovascular change. Several barbiturates can 
produce rapid sedation and relaxation. The most po- 
pular of these is sodium thiopental (dose 3 to 5 mg/kg). 
Equally effective but with a shorter duration of action are 
methohexital, propofol, and etomidate. Finally, ketamine 
is a dissociative anesthetic that can produce rapid onset 
of a state in which the patient is insensitive to pain but 
maintains an awake appearance and continues to have 
protective airway reflexes. The typical IV induction dose 
of ketamine is 1 to 2 mg/kg. Unlike other sedatives/ 





anesthetics, ketamine can produce significant elevations 
in pulse, blood pressure, intracranial pressure, and myo- 
cardial oxygen consumption, and such an increase in any 
of these could worsen the patient’s clinical condition. 
Because ketamine has a potent bronchodilating effect, it 
retains its important role as an induction agent in the 
patient with severe bronchospasm.!"!° 

After administration of a sedative /anesthetic, skeletal 
muscle relaxation is performed. Skeletal muscle 
relaxants, all of which interrupt acetylcholine function 
at the myoneural junction, are typically divided into 
depolarizing and nondepolarizing categories. Depo- 
larizing agents, of which succinylcholine is the model 
drug, produce muscle depolarization before paralysis; 
this results in initial generalized muscle fasciculation. 
Nondepolarizing relaxants produce paralysis without 
initial depolarization. The nondepolarizing skeletal 
muscle relaxants include pancuronium, vecuronium, 
atracurium, and rocuronium. 

Succinylcholine is the most popular muscle relaxant 
because it has several desirable properties, including 
a rapid onset of action (less than 1 minute) and an 
extremely short duration of action. Customary paralyzing 
doses of succinylcholine are 1 to 2 mg/kg IV. 

Despite its efficacy and popularity, succinylcholine can 
produce several adverse effects. These include hyper- 
kalemia, prolonged paralysis, malignant hyperthermia, 
and hemodynamic changes. Hyperkalemia, which can 
be severe, has been most commonly associated with 
administration of succinylcholine to those with burns, 
crush injuries, select neuropathies (e.g., Guillain-Barré 
syndrome), and myopathies (e.g., childhood muscular 
dystrophies). Prolonged paralysis can occur in those who 
have a genetic deficiency in serum cholinesterase, the 
enzyme that inactivates the drug. Prolonged paralysis 
may also occur in patients with liver disease, the elderly, 
and those who have ingested anticholinesterase insec- 
ticides (carbamates or organophosphates). Malignant 
hyperthermia is a syndrome characterized by muscle 
rigidity, hyperthermia, autonomic disturbances, acidosis, 
rhabdomyolysis, myoglobinuria, renal failure, and 
coagulopathy. Occurring in genetically predisposed 
individuals, malignant hyperthermia may appear without 
warning in those who are given inhalation anesthetics 
or succinylcholine. The mortality rate associated with 
this syndrome is approximately 5% to 10%. A malignant 
hyperthermia-like picture can also occur in children with 
skeletal muscular disorders (e.g., muscular dystrophy) 
who are given succinylcholine. Finally, succinylcholine- 
induced muscle depolarization can lead to transient 
increases in intracranial and intra-abdominal pressure, 
with accompanying changes in cardiac output.'* Because 
of these potential adverse effects, nondepolarizing 
muscle relaxants are often recommended as adjuncts to 
or substitutes for succinylcholine use. As adjuncts, non- 
depolarizing agents, when given before succinylcholine, 
can prevent muscle fasciculation and its attendant 
physiologic effects. The so-called “defasciculating dose” 
of a nondepolarizing agent is approximately one tenth 
the full dose of that agent. For example, pancuronium 
can be given in a dose of 0.01 mg/kg IV before the 
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administration of succinylcholine to prevent fasciculation. 
Nondepolarizing agents can also be used solely for 
skeletal muscle relaxation. However, they generally have 
a much slower onset of action (as long as 3 to 5 minutes) 
and produce a longer duration of paralysis. Also, many 
nondepolarizing agents stimulate histamine release, 
producing significant hemodynamic changes. Therefore, 
they are not ideal agents for RSI. Rocuronium appears 
to have the most rapid onset of all nondepolarizing 
agents, approaching that of succinylcholine with regard 
to time to complete muscle relaxation in the less than 
ideal conditions generally found during emergency 
intubation.’ Significant warnings to succinylcholine use 
in the pediatric population have been recently added, 
based on the possibility of life-threatening cardiac 
arrhythmias. According to these new warnings, children 
with undiagnosed myopathies (e.g., a muscular dystrophy) 
could develop hyperkalemia sufficient to produce a 
cardiac disturbance.'® 


Intubation 

Suction must be immediately available when intubation 
is performed. The patient undergoing emergency 
intubation often has a full stomach; the risk for vomiting 
and aspiration is therefore significant. This risk is 
minimized both by the RSI technique and by the direct 
application of pressure on the cricoid cartilage (Sellick’s 
maneuver), which occludes the esophagus. Adequate 
preoxygenation and limiting the duration of the 
intubation attempt to less than 20 to 30 seconds should 
prevent significant hypoxia. 

The differences between the airway of the child and 
that of the adult have important implications for 
endotracheal intubation. 


1. The child has a relatively large tongue; this makes 
direct visualization of the larynx difficult. 

2. The child has larger tonsils, which also obscure 
visualization. 

3. The infant’s larynx is located more cephalad than 
that of the adult. As a result, the angle between the 
tongue and the glottis is more acute, and visuali- 
zation of the larynx is impaired. 

4. The subglottic area of the infant is the narrowest 
part of the larynx and may impede the passage of an 
endotracheal tube passed through the vocal cords. 


Postintubation Management 

Immediately after successful endotracheal intubation, 
placement of the endotracheal tube must be confirmed 
by detection of bilateral equal breath sounds on chest 
auscultation, end-tidal carbon dioxide monitoring, or 
chest radiography; of these, chest auscultation is the least 
sensitive method and should never be used in isolation 
to confirm endotracheal tube placement. After confir- 
mation, the tube should be secured either with a strap 
or with benzoin and adhesive tape. Inflation of the endo- 
tracheal tube cuff should be performed to minimize 
aspiration of gastric contents (although aspiration of 
activated charcoal around cuffed endotracheal tubes is a 


frequent occurrence). Until recently, because the airway 
of the young child has an area of narrowing 
(“physiologic cuffing”), cuffed endotracheal tubes were 
not used in the pediatric patient. Pediatric cuffed tubes 
are now available; their use is encouraged in most 
circumstances. If long-term intubation is necessary, 
sedatives/anesthetics and nondepolarizing muscle 
relaxants should continue to be administered. 

In unskilled or unprepared hands, emergency endo- 
tracheal intubation can have disastrous consequences. 
Even when performed by the most experienced hands, 
this complex procedure can have complications that 
should be anticipated so that they can be quickly 
recognized and treated. These complications include: 


Dental or oral cavity trauma 
Gagging and vomiting 
Hypoxia 

Hypercarbia 

Bradycardia 

Tachycardia 

Hypertension 

Hypotension 

Increased intracranial pressure 
Pneumomediastinum 
Pneumothorax 

Cardiac arrhythmias 
Myocardial ischemia or infarction 
Aspiration 

Laryngospasm 

Esophageal intubation 
Tracheal injury 


Circulatory Support 


Poisoned patients often present to the emergency 
department with hypotension or frank shock. Provision 
of circulatory support through interventions that may 
include volume expansion, vasopressor therapy, antidote 
administration, and correction of electrolyte and acid- 
base disturbances is essential in initial management. 
Many medications and toxins produce hypotension 
(Box 2A-3). Depending on the ingested substance, 
the low blood pressure may have a number of causes. 
For example, blood pressure depressions may occur 
from direct depression of myocardial contractility (e.g., 
quinidine), disturbances of central nervous system 
cardiorespiratory centers (e.g., clonidine), severe gastro- 
intestinal fluid losses (e.g., acetaminophen, iron, arsenic, 
ricin, mushrooms), peripheral vasodilation (e.g., angio- 
tensin-converting enzyme inhibitors), or a combination 
of these effects (e.g., theophylline, calcium channel 
blockers, tricyclic antidepressants). Hypotension also can 
result from the secondary effects of toxins (e.g., cocaine- 
induced myocardial infarction). Finally, blood pressure 
disturbances in the poisoned patient may represent 
accompanying trauma (e.g., severe spinal cord injury or 
internal hemorrhage). With the multitude of possible 
causes, the clinician, on the basis of the known patho- 
physiology of a particular drug and after having performed 
a thorough physical assessment, should determine, if at 
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BOX 2A-3 


Pharmaceuticals 


œ Antagonists 
Angiotensin-converting enzyme (ACE) inhibitors 
Barbiturates 

B Blockers 

Calcium-channel blockers 
Clonidine 

Digoxin 

Monoamine oxidase inhibitors 
Opioids 

Phenothiazines 

Quinidine 

Theophylline 

Tricyclic antidepressants 


Metals and Minerals 
Arsenic 
lron 


Envenomations 


Marine (scombroid, ciguatera, coelenterates) 
Reptile (crotalid) 
Hymenoptera 


Chemical Weapons 
Ricin 





all possible, the probable cause of hypotension if he or 
she is to provide a specific intervention. 


VOLUME EXPANSION 

Appropriate cardiac output relies on the adequacy of 
intravascular volume. After poisoning, intravascular 
volume may decrease abruptly. This decrease can be 
absolute, occurring as a result of a direct loss of intra- 
vascular volume (e.g., pulmonary edema, gastrointestinal 
pooling), or relative, resulting from severe peripheral 
vasodilation (e.g., angiotensin-converting enzyme inhibitor 
or O-antagonist overdose). In either case, hypotension 
should first be treated with the administration of volume- 
expanding agents.!” 

Many fluids are acceptable for emergency volume 
expansion. Normal saline and lactated Ringer’s solution 
are generally the most readily available isotonic agents. 
Adults should receive up to 500- to 1000-mL boluses of 
isotonic fluid while blood pressure is monitored; 
children should be given 10 to 40 mL/kg. After the 
administration of each bolus, the patient should be 
reassessed for improvements in cardiac output. 

Alternative fluids that can be used for volume 
expansion in the poisoned patient include albumin 
and whole blood. Each of these fluids has a role that is 
best determined by the pathophysiologic mechanism 
responsible for the hypotension. Being colloid rather 
than crystalloid in nature, these fluids in theory maintain 
intravascular volume better than saline solutions do. In 
clinical situations in which a “leaky capillary syndrome” 





is mechanistically the source of intravascular volume loss, 
the use of colloid solutions may be preferred. Whole 
blood is most valuable in situations in which there is 
frank blood loss. With severe hemolysis (e.g., after arsine 
or stibine exposure), exchange transfusion with whole 
blood may be necessary. 

Usually, the adequacy of volume expansion is deter- 
mined clinically by an increase in blood pressure. Other 
clinical signs of improved cardiac output include 
resolution of cyanosis and normalization of capillary 
refill time. Central venous pressure and Swan-Ganz 
catheter monitoring, although invasive, provide the best 
evidence of appropriate intravascular volume. 

Fluid overload is a potential complication of volume 
expansion. This is most likely to occur in patients who 
receive excess fluids over a short period of time. Also, 
after an overdose of a myocardial depressant such as 
tricyclic antidepressants or quinidine, a fluid bolus that 
could be tolerated by a healthy individual can produce 
pulmonary edema in the overdose patient. Therefore, 
administration of modest boluses of fluid is generally 
recommended; if cardiac output remains inadequate 
after fluids have been given, vasopressor therapy should 
be initiated. 


VASOPRESSOR THERAPY 

In the patient with severe hypotension, vasopressor 
therapy is necessary if blood pressure is not satisfactorily 
improved after volume expansion. Vasopressors are 
drugs that can be administered to maintain cardiac 
output. These agents have specific effects on the heart 
or blood vessels, augmenting myocardial function or 
increasing vasomotor tone, or both. With rare exception, 
vasopressors used in the acute management of hypo- 
tension are short-acting drugs that must be given by 
continuous IV infusion.!” 

Vasopressors generally act at adrenergic (œ and B), D 
(dopamine), or glucagon receptors (Table 2A-4). The 
adrenergic system has been further defined with the 
recognition of two major O-adrenergic receptor subtypes 
(œ; and ,) and three B-adrenergic receptor subtypes 
(Bi, Bo, and Bs). Coupled with intracellular G proteins, 
these membrane-bound receptors effect an intracellular 
chain of events that includes changes in the activity of 
adenylate cyclase. This action goes on to modulate the 
level of intracellular cyclic adenosine monophosphate 
(cAMP), which in turn alters phospholipase activity or 
opens gated calcium channels. Although the cellular 
mechanisms of this system have become much better 
defined, the general principles of vasopressor action 
remain unchanged. For example, o-adrenergic receptor 
agonists produce vascular smooth muscle contraction. 
B,-Adrenergic receptor agonists produce increased heart 
rate and contractility, whereas B.-adrenergic receptor 
agonists promote generalized smooth muscle relaxation 
(including bronchial and vascular). Vasopressor therapy 
is designed to improve cardiac output through manipu- 
lation of the specific receptor most appropriate for the 
clinical situation. A number of vasopressors can be used 
to provide blood pressure support (see Table 2A-4). The 


a 
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Common Vasopressors by Dose Range and Mechanism of Action 


RECEPTOR TYPE 
AGENT o-ADRENERGIC B,-ADRENERGIC B.-ADRENERGIC DOPAMINERGIC 
Epinephrine (0.1-0.5 ug/kg/min) 
Low-dose +++ +++ 
Moderate-dose + +++ +++ 
High-dose +++ ++ 
Norepinephrine (0.1-0.5 ug/kg/min) +++ ++ 
Dopamine (2-20 ug/kg/min) 
Low-dose +++ 
Moderate-dose +++ 
High-dose +++ 
Dobutamine (2-20 ug/kg/min) + +++ + 
Phenylephrine (0.1-0.5 g/kg/min) +++ 


Nonadrenergic agents 
Amrinone (5-15 g/kg/min) 
Glucagon (50-150 ug/kg/hr) 
Calcium chloride 


+, Mild effect; ++, moderate effect; +++, major effect. 





indications for the use of these drugs vary slightly, 
depending on the clinical circumstance. 


Epinephrine 

Epinephrine elevates blood pressure primarily through 
its &-adrenergic-stimulating properties. This effect also is 
valuable in improving myocardial and cerebral blood 
flow. Because it also has prominent -adrenergic agonist 
effects, epinephrine is variably effective at producing 
marked increases in blood pressure. Epinephrine therapy 
is initiated at a dose of 0.1 to 0.5 Ug/kg/min. Epinephrine 
is particularly effective in intoxications associated with 
hypotension and bronchospasm (e.g., Hymenoptera 
envenomation and anaphylactic reactions). 


Norepinephrine 

Norepinephrine stimulates both o- and ßB-adrenergic 
receptors, with slightly greater stimulation of O-adrenergic 
receptors. The effect is improved vasomotor tone in 
conjunction with increased myocardial chronotropy and 
inotropy. Norepinephrine infusions are typically initiated 
in a dose of 0.1 to 0.5 ug/kg/min. 


Dopamine 

Dopamine is a precursor of norepinephrine. The 
most popular of vasopressors, dopamine appears to have 
at least three mechanisms of action: (1) promotion of 
norepinephrine synthesis, (2) a tyramine-like effect that 
stimulates release of preformed norepinephrine, and (3) 
direct stimulation of vascular dopamine receptors. 

The cardiovascular effects of dopamine are variable, 
depending on the infusion rate. At relatively low doses 
(1 to 2 ug/kg/min), the drug dilates renal and 
mesenteric vessels without marked increases in heart 
rate or blood pressure. At doses of 2 to 10 ug/kg/min, 
B-adrenergic receptor stimulation predominates, pro- 
ducing significant increases in cardiac output. Finally, at 
doses greater than 10 Ug/kg/min, O-adrenergic receptor 
stimulation is the primary action, resulting in marked 


peripheral vasoconstriction. The general dose range for 
dopamine infusion is 2 to 20 Ug/kg/min. 

Dopamine is safe and effective for any type of drug- 
induced hypotension. In the past, there have been 
theoretic concerns that dopamine’s B-adrenergic effect in 
the face of phenothiazine or tricyclic antidepressant 
intoxication would increase the peripheral vasodilatation 
associated with overdose, exacerbating hypotension. 
However, experimental data and clinical experience have 
failed to confirm this adverse effect from dopamine use. 
Also, with hypotension after monoamine oxidase inhibitor 
overdose, dopamine’s effects are somewhat unpredictable; 
it may be relatively ineffective (owing to the lack of pre- 
formed norepinephrine), or it can produce an exagger- 
ated response (because of its tyramine-like action). 


Dobutamine 

Dobutamine is a synthetic catecholamine with almost 
exclusive B-adrenergic receptor-stimulating effects. Its 
primary mechanism of blood pressure improvement 
is direct myocardial inotropy; thus, reflex peripheral 
vasodilation may occur with its use. Unlike dopamine, 
dobutamine does not release preformed norepinephrine. 
The usual dosage range for dobutamine is 2 to 
20 ug/kg/min, although doses as high as 40 Ug/kg/min 
have been used. High-dose infusions often increase 
myocardial oxygen demands, which, if unmet, can result 
in myocardial ischemia. Nonetheless, dobutamine is 
extremely effective in syndromes of heart failure. 


Phenylephrine 

Phenylephrine has both o- and B-adrenergic receptor- 
stimulating properties, although its oO-adrenergic 
receptor actions predominate. Phenylephrine is a potent 
stimulator of vasomotor tone; it is therefore very effective 
in patients in hypotensive states resulting from severe 
peripheral vasodilation (e.g., following overdose with an 
a-adrenergic antagonist, such as prazocin or a phenothi- 
azine neuroleptic, e.g., chlorpromazine). Phenylephrine 
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infusions are given in a typical dose range of 0.1 to 


0.5 Ug/kg/min. 


Amrinone 

Amrinone is a novel, nonadrenergic cardiac stimulant 
that improves myocardial contractility while inducing 
vasodilation. Its mechanism of action appears to be 
direct inhibition of phosphodiesterase; the result of this 
is increased intracellular cAMP activity, an action that 
increases transmembrane calcium flux, potentiating 
cardiac chronotropy and inotropy. Amrinone’s effects 
have been compared with those of dobutamine and 
nitroprusside combination therapy. Amrinone may be 
particularly valuable in the treatment of calcium channel 
blocker intoxication; its inhibition of cAMP breakdown 
results in greater phosphorylation of L-type calcium 
channels, potentially increasing their permeability. 
Experimental data support its role in this specific 
poisoning.'®? Amrinone can be used to treat syndromes 
of left ventricular failure but should not be administered 
in the presence of myocardial ischemia; like dobu- 
tamine, it may increase myocardial demands, resulting in 
infarction. Because of its potent vasodilating action, 
amrinone may cause a hypotensive response in those 
with low intravascular volume. The usual dosage range 
for this agent is 5 to 15 Ug/kg/min; the total daily dose 
should not exceed 10 mg/kg per day. 


Glucagon 

Glucagon is a single-chain pancreatic polypeptide that 
is an effective inotropic and chronotropic agent. Its 
mechanism of action is direct stimulation of myocardial 
glucagon receptors; these receptors, when stimulated, 
increase the formation of myocardial cAMP. The resultant 
effect is positive inotropy and, to a lesser degree, positive 
chronotropy. Glucagon is theoretically most effective 
after B blocker overdose, in which decreased f-adrenergic 
receptor activation leads to diminished cAMP production. 
The hormone may also provide therapeutic benefit in 
hypotension after calcium channel blocker overdose.'® 
Glucagon is given in an initial dose of 1 to 10 mg (50 to 
150 ug/kg in children). If effective in augmenting blood 
pressure, it can be given as a continuous infusion of 
5 to 10 mg/hr (100 Ug/kg/hr in children). Some pre- 
parations of glucagon are marketed as a lyophilized 
compound with a 0.2% phenol-based diluent for 
reconstitution. While single doses of such a product can 
be given after standard reconstitution, glucagon for 
continuous infusion should be reconstituted with saline 
to prevent phenol toxicity. Adverse effects from glucagon 
include hyperglycemia, nausea, vomiting, and ileus. 


Calcium 

Calcium plays a key role in regulating cardiac inotropy 
through its binding to troponin G, an action that permits 
interaction between actin and myosin. Although most of 
the calcium that produces this change resides in an 
intracellular calcium pool, extracellular calcium does 
diffuse into cells and contributes to increased contrac- 
tility. Although diffusion of calcium into the myocardium 
is “gated”—that is, it is tightly controlled—high con- 





centrations of extracellular calcium, particularly in the 
face of channel blockade (e.g., after overdose of calcium- 
channel blockers), sometimes improve contractility. 
Administration of IV calcium chloride is indicated in 
the management of hypotension resulting from calcium 
channel blocker overdose (see Table 2A-1), hyperkalemia, 
and hypocalcemia. 


Clinical Evaluation 


A thorough history taking and physical examination are 
essential to the diagnosis of the toxic patient. Poisoning 
should be suspected in any patient who presents 
with multisystem disturbance until proven otherwise. 
Although the initial manifestations of poisoning are 
myriad, a patient with acute poisoning often presents 
with coma, cardiac arrhythmia, seizures, metabolic 
acidosis, or gastrointestinal disturbance, either together 
as symptom complexes or as isolated events. Symptom 
complexes, or toxidromes (Table 2A-5), may give clues 
to an unknown poisoning. For example, a patient with 
a history of depression who presents with coma, seizures, 
a widened ORS complex or evidence of dysrhythmia on 
electrocardiography, and dilated pupils has likely taken 
a tricyclic antidepressant. Hepatic, renal, respiratory, and 
hematologic disturbances are generally delayed 
manifestations of poisoning. 

The clinical evaluation, in addition to the history 
taking and physical examination, includes an assessment 
of major signs of toxicity presented by the patient and 
evaluation of the laboratory data. 


HISTORY 

When one suspects poisoning or drug overdose, the 
primary goal of history taking is identification of the 
toxic agent. Sometimes diagnosis is easy, as in the case of 
the toddler who ingests iron tablets in the mother’s 
presence. Sometimes it is difficult, as in the case of the 
patient who is hiding a history of drug abuse and passes 
out at work or who has an unexpected seizure. Prior 
medical or psychiatric history, current medications, and 
allergies should be obtained from family or friends if the 
patient is unable to relate the information. The following 
questions may be revealing: 


What other medicines are in the house? 

What was the patient doing that day? 

Does the patient live alone, did he or she just lose a 
job, or have there been recent emotionally traumatic 
events? 

Is the patient eating a special diet or taking a new 
health food, alternative medication, or performance 
enhancer? 

Could the patient inadvertently have taken too much 
of a prescribed medication? 

If it can be identified, is the substance nontoxic? (See 
Box 2A-4.) 


PHYSICAL EXAMINATION 
The physical examination can help in determining the 
extent of poisoning and may reveal the presence of a 
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Examples of Symptom Complexes, or Toxidromes 





TOXIDROME OR POSSIBLE TOXIC 
COMPLEX CONSCIOUSNESS RESPIRATIONS PUPILS OTHER AGENT/MECHANISM 
Cholinergic Coma det Pinpoint Fasciculations Organophosphate 
Incontinence insecticides, carbamates, 
Salivation nicotine 
Wheezing 
Lacrimation 
Bradycardia 
Anticholinergic Agitation, hallucinations, T Dilated Fever, flushing Anticholinergics (atropine, 
or coma Dry skin and mucous Jimson weed, 
membranes antihistamines) 
Urinary retention 
Opioid Coma T Pinpoint Track marks Opiates, opioids 


Hypothermia 
Hypotension 


Extrapyramidal Wakefulness T — Torsion of head/neck Phenothiazines, haloperidol 
risperidol 
Tricyclic antidepressant Coma (initially, agitation) a Dilated Cardiac arrhythmia Tricyclic antidepressants 


Convulsions 
Hypotension 
Prolonged QRS interval 


Sedative/hypnotic Coma Lh Midsize or Hypothermia Sedatives, barbiturates 
small Decreased reflexes 
Hypotension 
Salicylates Agitation or lethargy T Midsize or Diaphoresis Aspirin, oil of wintergreen 
small Tinnitus 


Alkalosis (early) 
Acidosis (late) 


Sympathomimetic Agitation, hallucinations i Dilated Seizures Cocaine 
Tachycardia Theophylline 
Hypertension Amphetamines 
Diaphoresis Caffeine 
Metabolic acidosis 
Tremor 


Hyperreflexia 











ty) e7 Z NONTOXIC INGESTIONS 











Abrasives Elmer's glue Petroleum jelly (Vaseline) 
Adhesives Fabric softeners Play-Doh 

Antacids Fish bowl additives Polaroid picture coating fluid 
Antibiotics Glues and pastes Putty (less than 2 02) 

Baby product cosmetics Hand lotions and creams Rubber cement 

Ballpoint pen inks 3% hydrogen peroxide Sachets (essential oils, powder) 
Bath oil (castor oil and perfume) Incense Shampoos (liquid) 

Bathtub floating toys Indelible markers Shaving creams and lotions 

Birth control pills Ink (black, blue) Soap and soap products 

Bleach (<5% sodium hypochlorite) lodophil disinfectant Spackles 

Body conditioners Laxatives Suntan preparations 

Bubble bath soaps (detergents) Lipstick Sweetening agents (aspartame) 
Calamine lotion Lubricant Teething rings 

Candles (beeswax or paraffin) Magic Markers Thermometers (mercury) 

Chalk (calcium carbonate) Makeup (eye, liquid, facial) Toothpaste with or without fluoride 
Colognes Matches Toy pistol caps (potassium chlorate) 
Cosmetics Mineral oil Vitamins with or without fluoride 
Crayons marked AP, CP Modeling clay Watercolors 

Dehumidifying packets (silica or charcoal) Newspaper Zinc oxide 

Deodorants Pencil (graphite lead, coloring) Zirconium oxide 

Deodorizers, spray and refrigerator Perfumes 


Nontoxic is defined as producing little to no toxicity when ingested in small amounts. 
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Important Clues on Physical Examination 


CLINICAL FINDING DIAGNOSTIC EXAMPLE 


Needle tracks 

Characteristic odor of breath 

Destruction of nasal 
mucosa/cartilage 

New significant heart murmur 

Pulmonary edema 

Boardlike abdomen 

Salivation and lacrimation 

"Boiled lobster” skin 


Intravenous drug abuse 
Gasoline 
Cocaine abuse 


Infective endocarditis 
Heroin abuse 

Black widow spider bite 
Organophosphates 
Boric acid poisoning 





toxic syndrome, of any underlying disease, or concomitant 
trauma. Repeated assessment, especially of vital signs and 
of cardiac, pulmonary, and neurologic status, is critical to 
proper management of the toxicologic patient. The 
physical examination also can provide valuable clues as 
to the particular toxin involved (Table 2A-6). 


Vital Signs 

As part of the initial evaluation, complete deter- 
mination of vital signs, including measurement of body 
temperature initially and throughout the emergency 
department assessment, is mandatory. Obtaining a 
core body temperature measurement may be necessary. 
Hyperthermia can occur with a number of ingestions 
and in infectious illness, but it is characteristic of 
poisoning with salicylates, anticholinergics, monoamine 
oxidase inhibitors, and dinitrophenol; it is occasionally 
also seen after intoxication with phencyclidine, LSD, or 
cocaine, especially following seizures. Life-threatening 
malignant hyperthermia following drug overdose may 
occur. Hypothermia is common and may occur because 
of exposure to cold, hypoglycemia, or overdose of a 
number of sedatives, especially barbiturates, ethanol, 
carbamazepine, narcotics, and phenothiazines. Brady- 
cardia can be seen with overdose of digitalis, cholinergic 
agents, B blockers, and calcium channel blockers, but 
it also may be seen with hypothermia or spinal cord 
trauma. Hypertension is characteristic of intoxication 
with cocaine, amphetamines, phencyclidine, and 
sympathomimetics. 


Skin 

The skin should be examined for needle tracks, burns, 
bruises, or lacerations. Needle tracks may be confined to 
the groin or other areas that are not readily visible. A 
“boiled lobster” appearance suggests ingestion of a boric 
acid—containing roach powder insecticide. Generalized 
flushing suggests an allergic reaction, niacin overdose, 
anticholinergic poisoning, scombroid fish poisoning, or 
an alcohol-disulfiram reaction. 

Diaphoresis suggests hypoglycemia, salicylate or 
organophosphate poisoning, hyperthyroidism, drug or 
alcohol withdrawal, or shock from cardiac or other 
etiology. Jaundice may follow overdose of acetaminophen, 
aspirin, iron, carbon tetrachloride, mushrooms, copper, 
or phosphorus. Petechiae and ecchymoses suggest 
coumadin overdose. Bullae may be secondary to skin 





hypoxia or prolonged pressure and are seen after sedative- 
hypnotic overdoses (especially barbiturate overdose), 
carbon monoxide poisoning, and thermal burns. Bullae 
may also follow rattlesnake envenomation. Bullous 
lesions or soft tissue swelling should prompt evaluation 
for rhabdomyolysis, an occasional finding in patients 
following prolonged coma or severe hyperthermia, such 
as in cocaine abuse. 


Breath 

It is important to smell the patient’s breath. Alcohol is 
the most common odor detected on the breath of an 
intoxicated patient in the emergency department. The 
accurate identification of other odors varies greatly 
among physicians. A fruity odor may be detectable in the 
patient with diabetic ketoacidosis. Cyanide poisoning 
can be associated with the smell of almonds. The smell of 
cleaning fluid suggests carbon tetrachloride poisoning. 
Gasoline, camphor, hydrogen sulfide, ether, turpentine, 
methyl salicylate, paraldehyde, phenol, and organo- 
phosphate insecticides all have characteristic odors. 
Arsenic and tellurium intoxication is associated with the 
odor of garlic. 


Ear, Nose, and Throat 

A nasal examination may reveal chronic insufflation 
of cocaine. An edematous, often elongated uvula may be 
seen with marijuana use or exposure to corrosive agents. 


Lungs 

Auscultation of the lungs may provide diagnostic 
clues. In narcotic or tricyclic antidepressant overdose, 
pulmonary edema may be a complication, leading to the 
appearance of adventitious noises. In all overdose 
patients, aspiration pneumonitis, the result of a depressed 
gag reflex, is a possibility. Inhalation of toxic gases may 
produce wheezing and pulmonary compromise. Pneu- 
mothorax may be detected in patients who smoke cocaine, 
methamphetamine, or any other heated, impure sub- 
stance. Mediastinal emphysema from marijuana or crack 
cocaine smoking also may be detected by auscultation. 


Heart 

Examination of the heart may reveal a new murmur, 
which in an intravenous drug abuser suggests endo- 
carditis. Bradycardia is common after the overdose of 
four classes of cardiac agents: calcium channel blocker, 
B blocking agents, digitalis preparations, and central O% 
antagonists (e.g., clonidine or guanfacine). A ventricular 
arrhythmia on electrocardiography in a young patient 
suggests cocaine toxicity. An irregularly irregular 
heartbeat that is new in a patient on an alcoholic binge 
suggests atrial fibrillation—the so-called “holiday heart” 
syndrome. 


Abdomen 

A boardlike abdomen in a patient with a history of 
spider bite is characteristic of black widow envenom- 
ation. Examination of the abdomen in an overdose 
patient often reveals an adynamic ileus. In patients 
with abdominal pain, a surgical abdomen must be ruled 
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out. Hepatomegaly suggests liver congestion (e.g., with 
pyrrolizidine toxicity). 


Neurologic Assessment 

All patients should undergo a careful neurologic 
examination. Issues of major concern are concomitant 
head trauma and spinal cord trauma in comatose 
patients. Serial neurologic examinations are key to 
proper assessment (see discussion of coma in section on 
Level of Consciousness). 


Extremities 

The extremities should be evaluated to detect throm- 
bophlebitis, fracture or dislocation, or vascular insuff- 
ciency. Rhabdomyolysis and the compartment syndrome 
are definite concerns in overdose patients, especially in 
those with prolonged coma or underlying trauma. 


ASSESSMENT OF MAJOR SIGNS OF TOXICITY 

The toxicologic patient presenting in the acute setting 
often exhibits the following, either alone or in com- 
bination: coma, cardiac arrhythmia, metabolic acidosis, 
gastrointestinal disturbance, and seizures. 


Level of Consciousness 

Consciousness is defined as an awareness of self and 
the environment. Coma is unarousable unresponsiveness. 
Wakefulness implies the ability to be aroused. These 
three functional states are mediated by the ascending 
reticular activating system, a tract that courses through 
the diencephalon, midbrain, and pons. Diseases produce 
coma either by diffusely affecting the brain or by en- 
croaching upon the brainstem. Coma may be produced 
by (1) a supratentorial mass lesion, such as a subdural 
hematoma; (2) a brainstem lesion (uncommon); or (3) 
metabolic disorders that widely depress or interrupt 
brain function. 

One of the most common manifestations of acute 
poisoning is coma. The principles of coma management 
are relatively straightforward. Patients in coma must 
be stabilized initially by establishment of an airway, 
proper oxygenation with continuous pulse oximetry, 
insertion of an IV line with normal saline, and resus- 
citation, if necessary (see earlier section on Emergency 
Management). The clinical evaluation of the comatose 
patient is invaluable not only in determining the depth 
of coma and assessing for trauma, but also in providing a 
baseline for repeated clinical assessment. Coma can be 
assessed either using the simple AVPU (Alert, responsive 
only to Verbal stimuli, responsive only to Painful stimuli, 
Unresponsive) or Glascow coma scales. 

The major causes of coma in patients seen in the 
emergency department include poisoning (e.g., carbon 
monoxide poisoning), drug overdose, head trauma, cere- 
brovascular accident, anoxia, infection (e.g., meningitis), 
and diabetes and other systemic disorders such as renal 
failure, hepatic coma, and cardiac arrhythmia. The 
physician must rule out each condition before estab- 
lishing the diagnosis of poisoning. 

Supratentorial structural lesions are suggested by 
a rapid progression of signs, including changes in 


respiratory pattern, disconjugate gaze, lateralizing signs, 
or loss of doll’s eyes movements. 

A metabolic cause of coma may be indicated by the 
persistence of the pupillary light reflex; a depression of 
respiration and consciousness more pronounced than 
other neurologic signs; preceding altered mental states; 
asterixis or fasciculations, or both; the presence of a 
ciliospinal reflex; and extracranial signs, such as jaundice. 
Repeated assessment of the comatose patient is critical to 
proper management of poisoning. 


Pupils 

Evaluation of the patient’s pupils is most helpful. 
Midpoint fixed pupils or a unilateral dilated pupil suggests 
a structural lesion. Pinpoint pupils suggest overdose of 
opiates, clonidine, organophosphate insecticides, nerve 
agents (e.g., sarin), chloral hydrate, phenothiazines, or 
nicotine. Dilated pupils are nonspecific. 


Ocular Movements 

A disturbance of ocular movements (e.g., loss of doll’s 
eyes movements) suggests a structural lesion. Nystagmus 
suggests intoxication with phenytoin, phencyclidine, 
carbamazepine, and, occasionally, ethanol. 


Respirations 

It is important to note abnormal patterns of breathing. 
Posthyperventilation apnea, Cheyne-Stokes respirations, 
and apneustic breathing strongly suggest that a structural 
lesion is the cause of the patient’s coma. Central 
neurogenic hyperventilation is a classic presentation of 
brainstem injury. Kussmaul breathing can occur after 
salicylate or dinitrophenol poisoning. Compensatory 
hyperventilation may accompany methanol or ethylene 
glycol poisoning or other toxin-producing metabolic 
acidosis. Respiratory arrest is a common presentation in 
the patient who has taken a central nervous system 
depressant and may lead to multisystemic dysfunction 
resulting from severe hypoxic injury. 


Motor Function 

Decorticate and decerebrate posturing suggests a 
structural lesion. It is important to realize that patients 
with poisoning or drug overdose (e.g., tetrodotoxin 
intoxication) may appear brain dead; have fixed, dilated 
pupils; be in an unresponsive coma; and lack the cold 
caloric response, yet recover fully in time. 


CARDIAC ARRHYTHMIA 

A 12-lead electrocardiogram and continuous cardiac 
monitoring are essential for any patient with significant 
poisoning. Evidence of an arrhythmia or other important 
diagnostic clues may be present on electrocardiography, 
such as a widened ORS complex in cyclic antidepressant 
overdose or a prolonged QT interval in trazadone or 
arsenic poisoning overdose. Box 2A-5 lists common toxic 
causes of cardiac arrhythmia. 

The patient with life-threatening cardiac arrhythmia 
or cardiac arrest should be managed on the basis of the 
general principles of resuscitation and the American 
Heart Association’s advanced cardiac life support 
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BOX 2A-5 


Conduction Disturbances 


Prolonged PR Interval 
Digoxin and other digitalis compounds 
Lithium 


Prolonged QRS Interval 

Chloroquine, quinine, quinidine, and related compounds 
Diphenhydramine 

Plant cardiac glycosides (e.g., lily of the valley) 

Tricyclic antidepressants 


Prolonged QT Interval 
Arsenic 

Cisapride 

Disopyramide 
Droperidol 

Erythromycin 
Haloperidol 
Hypocalcemia (after hydrofluoric acid exposure) 
Pentamidine 
Phenothiazines 

Sotalol 

Thioridazine 


Rhythm Disturbances (Ventricular or Supraventricular) 


B blockers 

Calcium channel blockers 
Carbon monoxide 
Clonidine 

Cocaine 

Theophylline 





(ACLS) guidelines. If cyclic antidepressant overdose is 
suspected, administration of IV sodium bicarbonate is 
indicated for correction of ventricular arrhythmia or 
conduction disturbances. Sodium bicarbonate may also 
be effective in the treatment of other overdose by other 
agents associated with prolongation of the QRS interval, 
including diphenhydramine and cocaine. Administration 
of IV calcium chloride is the primary therapeutic 
measure for calcium channel blocker overdose. Use of 
digoxin antibody fragments is indicated for digitalis 
poisoning, and glucagon for B blocker overdose (see 
Table 2A-1). In referred patients who have already been 
hospitalized elsewhere, ventricular arrhythmia may be 
due to hyperkalemia because renal failure may have 
ensued; in such patients, IV sodium bicarbonate, 
glucose/insulin, and, if necessary, calcium chloride 
administration may be warranted. Magnesium has a 
singular role in the treatment of drug-induced prolong- 
ation of the QT interval, a conduction disturbance that 
is often the prelude to torsades de pointes and other life- 
threatening disturbances.!* In all intoxicated patients, 
correction of hypoxia, metabolic acidosis, and fluid and 
electrolyte disturbance serves to reduce the incidence of 
cardiac arrhythmias. 





BOX 2A-6 


Alcoholic ketoacidosis 
Cyanide 

Diabetic ketoacidosis 
Ethylene glycol 


Iron 

Isoniazid 
Lactic acidosis 
Metformin 
Methanol 
Salicylates 
Uremia 





METABOLIC ACIDOSIS AND DISTURBANCES IN 
SERUM OSMOLALITY 
Causes of a high-anion gap metabolic acidosis are listed 
in Box 2A-6. The assessment of metabolic acidosis 
includes not only arterial (or, less ideally, venous) blood 
gas analysis, but also studies of serum sodium, potassium, 
chloride, carbon dioxide, blood urea nitrogen (BUN), 
creatinine, glucose, acetone, serum osmolality, and urine 
pH, as well as urinalysis. Determination of the anion gap 
is helpful in the diagnosis and management of poisoning. 
The clinician can measure serum osmolality either 
directly by determining the freezing point (osmometry) 
or by calculation. The formula for calculating osmolality is 


Serum osmolality = 2 x Na* (mEq/L) + BUN (mg/dL)/2.8 + 
Glucose (mg/dL) /18 


When laboratory data are expressed in international (SI) 
units, the formula for calculation of serum osmolality 
simply equals 2 x Na + BUN + glucose. The normal 
serum osmolality is 280 to 295 mOsm/L. An osmometer 
measurement indicating a serum osmolality that is more 
than 10 mOsm /L greater than the calculated osmolality 
is termed an osmolar gap; it suggests the presence of an 
osmotically active substance that is not accounted for by 
the calculated osmolality. Causes of an osmolar gap are 
listed in Box 2A-7. The most common cause of an 
osmolar gap is consumption of an alcohol. The osmolar 
gap can be used to estimate the serum concentration of 
an alcohol, based on that alcohol’s molecular weight 
(Table 2A-7). A substance contributes to osmolality only 
if it achieves relatively high blood levels and has a low 
molecular weight. Most drugs or intoxicants cannot be 
detected with use of the osmolar gap. 


GASTROINTESTINAL DISTURBANCE 

The causes of toxic gastrointestinal disturbance are 
many. The patient with iron, arsenic, or ricin poisoning 
has severe, repeated episodes of vomiting and may 
develop gastrointestinal hemorrhage. Theophylline 
overdose also causes persistent retching. Acute lithium 
and arsenic poisoning characteristically produce massive 
diarrhea. Patients with acute mercury poisoning have a 
mucous-type diarrhea, with the subsequent development 


26 CONCEPTS IN MEDICAL TOXICOLOGY 





| FPR | I! == A 
TAY. y lan md as i 


BOX 2A-7 


Diseases or Conditions 


Hyperproteinemia 
Hyperlipidemia 


Alcohols 


Acetone 

Ethanol 

Ethylene glycol 
Isopropyl alcohol 
Methanol 


Pharmaceuticals 


Propylene glycol (an excipient in parenteral medications) 
Intravenous contrast 
Mannitol 


Molecular Weight of Alcohols and Their 
Contribution to the Osmolar Gap 





MOLECULAR OSMOLAL GAP 

WEIGHT (mOsm/kg) 

(DALTONS) AT 100 mg/dL 
Ethanol 46 22 
Ethylene glycol 62 16 
Isopropyl alcohol 60 17 
Methanol 32 31 





of hemorrhagic colitis. One of the most striking pre- 
sentations is caused by phosphorus poisoning, which 
produces luminescent vomitus and flatus. The early pre- 
sentation of organophosphate or nerve agent exposure 
is similar to that of acute gastroenteritis and is charac- 
terized by abdominal cramps, vomiting, and diarrhea, 
with subsequent development of neurologic signs. 
Poisoning from mushrooms (see Chapter 23), toxic 
marine life (see Chapter 25), botulism, and food (see 
Chapter 26) should be included in the differential 
diagnosis. Chemotherapeutic agents (see Chapter 56) 
are well-known causes of toxic gastroenteritis. 

The management of gastrointestinal disturbance in 
the toxic patient includes following the general 
principles of blood, fluid, and electrolyte resuscitation, 
when indicated; judicious use of parenteral antiemetics 
to control persistent vomiting; specific measures such 
as antidotal therapy (e.g., in iron or organophosphate 
poisoning); or interventional therapy, such as charcoal 
hemoperfusion (in theophylline overdose) or hemodial- 
ysis (in lithium overdose), when indicated. 


SEIZURES 

Common agents that cause seizures are listed in Box 
2A-8. Almost any drug or toxin is capable of producing 
a seizure. Delayed seizures occurring during a recovery 
period may be a sign of sedative-hypnotic or alcohol 
withdrawal. 
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Anticholinergics (e.g., diphenhydramine) 
Bupropion 

Camphor 

Carbon monoxide 
Cocaine 

Insulin 

Isoniazid 

Lindane 

Lithium 

Oral hypoglycemics 
Propoxyphene 
Strychnine 

Theophylline 

Tramadol 

Tricyclic antidepressants 





Seizures should be managed first with establishment 
of an airway and oxygenation. Patients with a simple 
isolated seizure may require only observation and sup- 
portive care, whereas repetitive seizures or status epilep- 
ticus, which can be life threatening, must be managed 
aggressively. Some seizures are particularly difficult to 
control, such as those seen with theophylline or cocaine 
overdose. 

The standard regimen for seizure control in overdose 
of an unknown agent is use of the full therapeutic dosages 
of benzodiazepines (e.g., diazepam or lorazepam), 
followed by administration of phenytoin or a barbiturate 
(e.g., phenobarbital or pentobarbital). In patients with 
status epilepticus, RSI may be necessary and the use of 
thiopental is indicated, with electroencephalographic 
monitoring to ensure control of electrical seizure activity; 
the use of additional paralytics, such as pancuronium 
bromide, may be warranted. 

Specific measures to control seizures may be indicated, 
such as administration of pyridoxine for isoniazid- 
induced seizures. 


LABORATORY EVALUATION 

Box 2A-9 lists specific blood studies whose results may be 
used for diagnosis and to direct therapy of the overdose 
patient. In every significant poisoning, routine studies 
include a complete blood count; determination of serum 
electrolytes, glucose, BUN, creatinine, and calcium; 
urinalysis; prothrombin time; pulse oximetry; end-tidal 
CO, monitoring, and 12-lead electrocardiography. Arterial 
blood gas analysis is necessary for evaluating respiratory 
status and acid-base abnormalities, particularly in the 
comatose or seizure patient. The measurement of serum 
salicylate and acetaminophen levels is generally added in 
the case of the patient with overdose of an unknown 
substance, because these agents are often co-ingestants 
or are contained in combination drugs. Measurement 
of hepatic enzymes is important in the evaluation of 
acetaminophen toxicity. The advantage of a toxicologic 
drug screen in initial management is equivocal. Box 
2A-10 gives a partial list of drugs and toxins not commonly 
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BOX 2A-9 


Acetaminophen 
Carboxyhemoglobin 
Digoxin 

Ethanol 

Ethylene glycol 

Iron 

Lithium 

Methanol 

Salicylate 
Theophylline 


BOX 2A-10 


Antihypertensives 
Organophosphates 
Antiarrhythmics 
Carbon monoxide 
Cyanide 

Digitalis 

Ethylene glycol 
Heavy metals 
Hydrocarbons 

Oral hypoglycemics 
Iron 

Isoniazid 

Lithium 

LSD 

Methanol 
Mushrooms 
Venoms 





detected with routine drug screening. Further laboratory 
blood studies are tailored to assess the individual 
diagnostic and therapeutic needs of the patient. 

It is extremely important to remember to “treat the 
patient, not the lab.” One should never withhold therapy 
while waiting for a confirmatory drug level in a critical 
patient, such as a patient with tricyclic antidepressant 
overdose who is exhibiting a widened QRS complex. 
In contrast, performing hemodialysis on a completely 
asymptomatic patient with lithium overdose on the basis 
of one test result indicating an elevated serum lithium 
concentration would be equally unwise. 

Serial blood level determinations are often helpful 
in guiding therapy in patients undergoing hemodialysis; 
in patients in whom concretions have formed, such as 
those with barbiturate, iron, salicylates, or meprobamate 
intoxication; or in patients receiving antidotal therapy 
(e.g., serial measurement of lead level is useful in patients 
receiving IV CaNa EDTA for management of lead 
poisoning). 

A urinalysis is necessary. Performing a urine preg- 
nancy test is wise in all women of childbearing age. Urine 





BOX 2A-11 


Drugs 


Chloral hydrate 
Enteric-coated preparations 
Phenothiazines 
Sustained-release products 


Metals and Minerals 


Arsenic 
Calcium 
Iron 
Lithium 
Lead 
Potassium 


Foreign Bodies 


Crack vials 
Drug packets 





pH monitoring is helpful in the management of 
salicylate overdose. Urine is the best specimen to use 
for “drug screening” purposes. A urinalysis is also useful 
in the early identification of acute renal failure or 
rhabdomyolysis with myoglobinuria. 

The intravenous drug abuser requires special blood 
testing, such as evaluation for human immunodeficiency 
virus, a hepatitis profile, a blood culture to identify 
bacteremia, and evaluation for rhabdomyolysis. 

Chest radiography is an aid for diagnosing aspiration 
pneumonia or pulmonary edema. Box 2A-11 lists agents 
that are radiopaque on plain film radiography of the 
abdomen. Computed tomography may be useful if 
underlying trauma is suspected. Finally, lumbar puncture 
may be indicated for ruling out meningitis in a patient 
with fever and coma. 


Decontamination of the Eyes, Skin, and 
Gastrointestinal Tract 


OCULAR DECONTAMINATION 
See Chapter 15. 


DERMAL DECONTAMINATION 
Being the largest and most superficial organ in the body, 
the skin is often subject to exposure to toxins and is 
affected in 7.9% of reported cases. At least 50% of 
occupational illnesses involve the skin. The effects of 
these exposures can be local or systemic (Box 2A-12). 
The skin provides many barriers to the absorption of 
toxins. The stratum corneum forms an important first 
barrier and is highly effective when it is completely 
intact. However, when skin wounds are present, when 
the wounds are wet, and when exposure is to certain 
highly lipophilic substances (e.g., organophosphate 
insecticides), significant absorption of toxin through the 
skin can occur. The skin of infants is notable for being 
more permeable than that of adults to substances of 
all classes. 
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BOX 2A-12 


Aniline dyes 

Camphor 

Dinitrophenol 
Hexachlorophene 
Hydrofluoric acid 

Lindane (y-benzene hydrochloride) 
Organophosphate insecticide 
Nerve agents 

Nitrobenzene 

Organic mercury 

Phenol 

Thallium 





The range of dermal toxins is broad. Most of these 
substances are corrosive agents capable of producing 
burns that may become full thickness (1.e., third degree). 
Other types of agents are irritants, sensitizers (including 
photosensitizers), allergens, vesicants, and exfoliants. 


Management 

As with ocular exposures, the general principles of 
management after exposure to dermal toxins are many. 
As soon as a toxic dermal exposure is recognized, 
decontamination efforts should begin. If the victim is 
immersed in a toxic fluid, the first step in management 
is his or her extrication without injury to the assistant. 
The victim should disrobe him- or herself at the scene. 
If the victim requires assistance, undressing should be 
done as safely as possible. Protective gear should be 
donned before assistance with decontamination is 
rendered. Unless the agent is highly reactive (e.g., ele- 
mental sodium), it is appropriate to wash the victim 
thoroughly with water, preferably in a nearby decon- 
tamination shower. Generally speaking, water should not 
be used to decontaminate skin in exposures to sodium, 
phosphorus, calcium oxide, chlorosulphonic acid, and 
titanium tetrachloride. When emergency medical 
personnel arrive to the scene, they should continue skin 
decontamination. Again, if the agent is known to have 
significant dermal absorption, emergency medical 
personnel should provide themselves every available level 
of self-protection. Certain toxins such as organophos- 
phates can contaminate the air within the ambulance and 
produce ill effects among personnel if prehospital 
decontamination efforts are inadequate. 

Upon arrival at a health care facility, the victim may 
require quarantine, depending on the nature of the 
agent. Skin decontamination in a decontamination 
shower should continue. Particular caution should 
be exercised in the decontamination of victims of 
organophosphate insecticide or organophosphate-based 
nerve gas exposure; health care personnel have been 
overcome secondarily by contaminants on victims when 
they assisted in their care without donning proper 
protective gear. 


Specific Interventions for Toxic Dermal 


Exposure 





TOXIN THERAPEUTIC INTERVENTION 


Hydrofluoric acid 

Instant-bonding adhesive 
("Super Glue”) 

Elemental sodium 

Organophosphate insecticide 


Calcium gluconate 

Polyoxyethylene sorbitan 
(Neosporin) 

Mineral oil 

Protected decontamination 





Water is the most commonly used skin decontaminant 
and is highly effective for most dermal exposures. In 
select cases, specific agents should be used to assist in 
management (Table 2A-8). 

Without exception, toxin-induced skin burns should 
be treated according to existing burn management 
guidelines. These include wound débridement and 
dressing, monitoring for infection, fluid management, 
and surgical consultation when appropriate. 


ELIMINATION OF POISON FROM THE 
GASTROINTESTINAL TRACT 
After the ingestion of a toxic substance, with the 
exception of agents that have a direct toxic effect on 
the gastrointestinal tract (e.g., iron or corrosives), that 
substance must be systemically absorbed and circulated 
before it reaches a target organ and exerts clinical 
toxicity. Preventing the absorption of toxin is therefore 
the foundation of treatment after ingestion of a toxin 
has occurred. The term gastrointestinal decontamination 
(GID) has been coined to describe those interventions 
that are useful in preventing toxin absorption. With the 
exception of rare interventions such as gastroscopy, GID 
is considered to have only three components: (1) gastric 
evacuation, (2) administration of adsorbent, and (3) 
catharsis. Gastric evacuation is accomplished through 
gastric lavage. Syrup of ipecac, once used as an emetic 
for treatment of toxic ingestions, is no longer routinely 
recommended for this purpose. There are several agents 
that can adsorb toxic substances, reducing their systemic 
absorption and subsequent toxicity (Table 2A-9). Of 
these, activated charcoal is the most important adsor- 
bent; there are few substances that activated charcoal will 
not adsorb (Box 2A-13). Catharsis, once an integral part 
of management, also has a diminishing role in the 
treatment of poisoned patients. 

Gastrointestinal decontamination is discussed in 
greater detail in Chapter 2B. 


ANTIDOTES 

With the development of sophisticated new antidotes 
and the changing spectrum of clinical poisoning, the use 
of emergency antidotes is assuming an increasing role in 
clinical toxicology. However, antidotes are useful in only 
a fraction of poisonings.! Table 2A-1 lists the common 
emergency antidotes. In poisoning with a known 
substance, early antidote use is indicated for emergency 
stabilization, often within the first hour. 
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Adsorbents Used in the Management of 





Additional Treatment Methods for 





Toxic Ingestions 


ADSORBENT TOXIN 


Activated charcoal Pharmaceuticals, organic 
agents 

Organochlorines 
(chlordecone, lindane) 


Lithium, potassium 


Cholestyramine 


Sodium phosphorsulfonate 
(Kayexalate) 


Fuller's earth, bentonite Paraquat 
Starch lodine 
Potassium ferricyanate Thallium 


(Prussian blue) 















i 


OPGEE S 


Alcohols 


Acetone 

Ethanol 

Isopropyl alcohol 

Methanol 

Glycols (ethylene glycol, propylene glycol, diethylene glycol) 


Hydrocarbons 


Petroleum distillates 
Plant hydrocarbons (e.g., pine oil) 


Metals and Inorganic Minerals 
Arsenic 

Boric acid 

Fluoride 

Iron 

Lead 

Sodium 


Corrosives 


Sodium hydroxide 
Sulfuric or nitric acid 


Hyperbaric oxygen can provide oxygen at pressures 
greater than normal atmospheric pressure, which is 
given as 1 atmosphere (atm) or 760 mm Hg. Three 
atmospheres is the maximal pressure humans can 
tolerate over a reasonable period of time; hyperbaric 
units generally do not exceed 2.5 to 2.8 atm. The use of 
hyperbaric oxygenation is becoming standard therapy 
for patients with significant carbon monoxide poisoning, 
and it is becoming more available (see Chapter 87) for 
carbon tetrachloride poisoning, and possibly for cyanide 
and hydrogen sulfide poisoning. 

Admission to an intensive care unit following anti- 
dotal therapy for further management and observation is 
generally indicated. Further discussion of each antidote 
and its use is provided in the chapter on the specific 
poison. 


Enhanced Elimination of Absorbed Substance 


TREATMENT DRUG 


Lithium 

Ethylene glycol 

Methanol 

Salicylate 

Theophylline 

Valproate (in severe overdose) 
Theophylline 

Phenobarbital 

Phenobarbital 

Salicylates 


Hemodialysis 


Hemoperfusion 


Alkalinization of urine 





ELIMINATION ENHANCEMENT OF ABSORBED 
SUBSTANCES 

There are multiple methods by which agents in the 
systemic circulation, whether ingested or administered 
parenterally, can be removed. The four most clinically 
useful means of elimination enhancement are (1) 
multiple-dose activated charcoal, (2) hemodialysis, (3) 
hemoperfusion, and (4) urine alkalinization. Potential 
roles for these interventions are found in Table 2A-10 
and Box 2A-14. Further discussion of elimination of a 
substance that has already been absorbed is provided in 
Chapter 2C. 


OBSERVATION AND SUPPORTIVE CARE 

Observation and supportive care are the mainstays 
of therapy for the poisoned patient. Indiscriminate use 
of gastric lavage, antidotes, and drugs should be avoided. 
All too often, the toxic agent is unknown, multiple 
drugs have been taken, or the patient is too unstable to 
undergo an aggressive therapy such as hemodialysis. 
Monitoring of vital signs, cardiac telemetry, and oxygen 
saturation is mandatory. 

Hospitalization in an intensive care unit is generally 
indicated for the patient with serious poisoning. Multi- 
system monitoring with blood studies and assessment of 
other parameters are indicated, and upon detection of 
any specific system disturbance, appropriate subspecialty 
consultation is warranted. 

Some agents such as iron, mercury, acetaminophen, 
paraquat, carbon tetrachloride, and Amanita phalloides 
toxin have a latent phase, in which the patient appears 
to recover from the initial insult, only to decompensate 
24 to 72 hours postingestion. Patients with overdose 
of sustained-release capsules, such as calcium channel 
blocker or theophylline preparations, also may have 
delayed manifestation of poisoning. Rarely, the tricyclic 
antidepressants have been known to cause fatal 
arrhythmia up to 3 days following ingestion. Some effects 
are not seen until later, such as hypertension following 
phencyclidine ingestion, hemorrhagic colitis following 
mercury ingestion, and disseminated intravascular 
coagulation following snakebite. One must also watch for 
the delayed pulmonary (see Chapter 9), hepatic (see 
Chapter 11), renal (see Chapter 12), and hematologic 
(see Chapter 14) manifestations of poisoning. 
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may require further examination and chest radiography, 
and a child who has ingested anticoagulant rat poison 
may require serial outpatient monitoring of prothrom- 
bin times. The issue of child abuse or neglect may need 


BOX 2A-14 


Effective consideration whenever a pediatric patient is treated. 
Phenobarbital Finally, long-term follow-up may be indicated; for 
Theophylline example, hepatitis and HIV testing may be needed in the 
Carbamazepine IV drug abuser. 
Salicylates 
Digitoxin 
Dapsone REFERENCES 

1. Watson WA, Litovitz TL, Klein-Schwartz W, et al: 2003 Annual 


Questionably Effective 


Anticholinergic/antihistaminic agents 
Sustained-release pharmaceuticals 
Thyroid hormone 

Valproate 


Unlikely to Be Effective 


Aminoglycoside antibiotics 
Anticholinergic/antihistaminic agents 
Calcium channel blockers 
Phenothiazines 

Propoxyphene 

Tricyclic antidepressants 





Patients may require observation because of an 
underlying disease that may be exacerbated because of 
the overdose, such as diabetes, congestive heart failure, 
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Decontamination 


STEPHEN W. BORRON, MD, MS 


CONTROVERSY AND CONSENSUS 


The treatment of toxic exposures by application of 
decontamination procedures has a long history. Logic 
suggests that removing even a portion of a toxic dose of 
a substance before it can act on the organism should 
improve outcomes. However, clinical and experimental 
studies have often failed to demonstrate the anticipated 
benefits. As a consequence, a number of consensus con- 
ferences and position statements have been developed to 
address various decontamination methods. The most 
recent iterations of these documents are briefly reviewed 
here. It should be recalled in the decision-making 
process that the conclusions of an expert panel are 
limited by the quality of the available evidence base. 
A number of case series and randomized clinical trials 
examining decontamination methods have been pub- 
lished, with numbers of patients in the range of 300 to 
1000 or more.'* Unfortunately, most of the randomized 
clinical trials investigating decontamination methods 
have lacked sufficient statistical power to discern 
important differences for outcomes involving any 
specific toxicant. In fact, there are noteworthy basic 
obstacles to performing reproducible, informative 
decontamination studies. Overdose patients frequently 
misrepresent or are ignorant of what dose of a com- 
pound they have taken or when the exposure occurred. 
Clearly, decontamination procedures should have greater 
effect when applied early, before significant absorption 
has taken place. Yet many studies include patients who 
are already significantly poisoned (1.e., symptomatic due 
to absorption), in whom decontamination measures 
would be expected to have little impact, unless the 
exposure is ongoing. Enrolling a large number of 
patients with similar clinical presentations (single drug, 
similar quantity of drug ingested and time since ingestion) 
is very difficult in a single center or even multiple centers. 
Confirmation of exposure by laboratory studies is often 
unavailable, requiring the clinician to depend on the 
history (which may be inaccurate) and physical findings 
(which may be nonspecific) in arriving at the diagnosis 
of poisoning. There are likewise problems with random- 
ization schemes,’ and basic inclusion and exclusion 
criteria. 

In addition, there are problems with the process of 
evidence-based reviews themselves. Language bias occurs 
in some evidence-based reviews,° such that non-English 
language publications, potentially of good quality, are 
often excluded from consideration. In addition, the 
premises on which the evidence review is based may not 
be universally applicable. The conclusions reached, 
based on studies performed in urban tertiary care 
centers where hospitals are capable of providing state-of- 
the-art intensive care, may not apply equally to a remote 





hospital in a rural area, or even less so to a clinic in a 
developing country. Thus, while careful consideration 
should be given to position papers and consensus con- 
ference proceedings, individual judgment will necessarily 
enter into the decision to employ any decontamination 
method for a given case of exposure. Unfortunately, an 
unintended consequence of the publication of position 
papers is that they may in fact squelch further research.° 


METHODS OF DECONTAMINATION 


A number of methods of decontamination exist and 
may be employed depending on the circumstances of 
exposure. Decontamination of the skin and eyes, as 
well as the gastrointestinal tract, will be discussed. 
Extracorporeal methods of purification (hemodialysis, 
charcoal filtration, etc.) are covered in Chapter 2C. 


SKIN AND EYE DECONTAMINATION 


Decontamination of the skin and eyes is employed to 
reduce local tissue injury (chemical burns or irritation) 
and/or absorption that may result in systemic conse- 
quences. The decision to perform skin and eye decon- 
tamination is often based on the presence of symptoms, 
such as burning or itching. This is an insensitive 
evaluation method; thus, decontamination of these 
organs should primarily depend on careful consideration 
of the circumstances of exposure and the physical and 
toxicologic properties of the compound. Protection of 
personnel during eye and skin decontamination is 
important to avoid secondary contamination of health 
care providers. The choice of personal protective 
equipment is beyond the scope of this chapter. The 
reader is referred to Chapter 103 and to the recent 
Occupational Safety and Healthy Administration 
(OSHA) best practices document.’ 


Choice of Decontamination Methods 
Based on Physical Properties of the 
Toxicant 


In almost all cases, clothing, jewelry, and shoes should be 
rapidly and completely removed prior to washing. It has 
been suggested in studies of radionuclide contamination 
that this process alone can remove the majority of a 
contaminant. This will, of course, depend on the physical 
properties of the toxicant but is a logical first step. Solids 
and dust should be gently brushed away before 
decontamination with a solution. In this way, the heat 
generated from water reactive compounds can be 
diminished, as is caking of solids. 
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In some cases, water or other decontamination 
solutions may be unavailable or in short supply. In such 
cases, dry decontamination, using an absorbent material 
(charcoal, flour, earth) followed by brushing or wiping 
may be attempted. 


Choice of Decontamination Solutions 


The selection of skin decontamination solutions has 
historically been a choice between water for polar (water- 
soluble) compounds and water plus a mild soap or 
detergent for nonpolar compounds. Water alone is 
typically employed for initial eye decontamination. 
Physiologic saline and other saline-based eye washes are 
often employed for eye decontamination in health care 
and industrial settings. The use of these solutions has 
been largely empiric and practical, based on widespread 
availability rather than on critical evaluation of their 
efficacy. Yano and colleagues studied water irrigation 
of burns involving 1 mol/L HCI in rats, measuring 
subcutaneous pH as a measure of penetration of the acid 
and efficacy of decontamination. These investigators 
found that maximal subcutaneous pH depression had 
occurred by 7 minutes following application of the acid. 
Animals undergoing water irrigation at 1 or 3 minutes 
postexposure demonstrated some benefit; however, 
animals irrigated at 10 minutes had no appreciable 
improvement in pH, compared with control.® These 
investigators had previously demonstrated lack of 
efficacy of water irrigation after 10 minutes in a 2N 
NaOH burn model.’ Clearly time is of the essence in 
irrigation of corrosive exposures. With regard to eye 
exposures, Kuckelkorn and colleagues’? pointed out that 
water is hypotonic to corneal stroma, allowing edema 
and increased penetration by chemicals. They recom- 
mend use of amphoteric solutions to avoid these 
problems. 

In recent years, a number of novel decontamination 
solutions have come to market. Diphoterine (Prevor 
Laboratories, Moulin de Verville, France), an amphoteric 
solution has been proposed for use in both acid and 
alkali exposures of eyes and skin, with emphasis on 
immediate irrigation (at the scene of the incident) 
rather than for hospital treatment. A recent article" that 
compared Diphoterine to physiological saline in alkaline 
eye burns demonstrated more rapid healing of grade 1 
and 2 burns with Diphoterine than with saline. The study 
suffers from a number of deficiencies, including lack of 
randomization and significant delays and variability in 
initial irrigation (in the field) and secondary irrigation 
in hospital (with either Diphoterine or saline). 
Nonetheless, the time to corneal reepithelialization was 
approximately six times as long after saline for grade 1 
burns and almost twice as long for grade 2 burns, 
compared with Diphoterine-treated eyes. There were an 
insufficient number of grade 3 burns to detect any 
significant difference between groups. Despite its 
shortcomings, this study suggests the potential for 
improved healing using Diphoterine in alkaline eye 
burns and warrants further investigation. The same study 
group had previously shown in a study of ammonia burns 


in New Zealand albino rabbit eyes that early application 
(within 10 minutes) of Diphoterine rapidly corrected 
pH, whereas saline irrigation did not. Furthermore, 
saline-treated eyes had stromal edema, whereas 
Diphoterine-treated eyes did not.'* The need for early 
irrigation is emphasized by this experimental study; 
however, the cited clinical study demonstrates some 
benefit even with delayed treatment (mean 4.7 hours)."! 
Cavallini and Casati studied Diphoterine in experi- 
mental skin burns in rats involving 52% hydrochloric 
acid. Skin flushing with Diphoterine reduced substance 
P release during the first 48 hours after burn and was 
associated with better wound healing and higher 
concentrations of B-endorphin 7 days later when com- 
pared with normal saline or 10% calcium gluconate.'® 
Hall and colleagues'* have reviewed the chemical and 
physical properties and proposed uses of Diphoterine. 
Hexafluorine, manufactured by the same company, is 
proposed for treatment of exposures to hydrogen 
fluoride. Both Diphoterine and Hexafluorine are 
indicated for skin and eye decontamination.* 

The National Nuclear Security Administration’s Sandia 
National Laboratories has developed decontamination 
foam, referred to as EasyDECON 200 or DF 200. This 
product is purported to be effective against a variety of 
chemical and biological warfare agents, including 
cyanide, phosgene, mustard, VX, G agents, anthrax, 
Yersinia pestis, and corona viruses. The Illinois Institute of 
Technology and the Southwest Research Institute have 
performed tests of the ability of the compound to 
neutralize chemical and biological agents. While there is 
mention on the laboratory’s website of seeking U.S. Food 
and Drug Administration (FDA) approval of DF 200 for 
personal decontamination, no peer-reviewed studies of 
its use in humans were identified. As such, this product 
cannot be currently recommended for human use. 

Most authors recommend against neutralization of 
acid and base burns due to the risk for exothermic 
reaction leading to thermal burns. Simple dilution with 
water or milk after oral ingestion of corrosives is 
uncommon in Europe, but the norm after ingestions in 
the United States. Penner demonstrated in an ingestion 
model that dilution of concentrated sulfuric acid with an 
equivalent volume of water results in a temperature 
elevation of approximately 80°C. Neutralization results 
in even greater heat production. He suggested that 
vigorous gastric aspiration (likewise considered contro- 
versial given the risk for esophageal or gastric 
perforation) prior to cold fluid lavage is the treatment 
of choice in patients treated immediately following acid 
ingestion.! A recent experimental study involving 
irrigation of rat skin exposed to 2N NaOH with 5% acetic 
acid suggests that neutralization may not always be 
contraindicated. The investigators demonstrated more 
rapid correction of pH, no difference in peak temper- 
atures, and improved outcomes in animals treated with 
5% acetic acid rather than water. These findings cannot 


*Diphoterine and Hexafluorine are proprietary products without 
generic equivalents. Use of the trade name in this chapter does not 
constitute an endorsement. 
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be generalized, but indicate the need to readdress 
current dogma regarding neutralization.'® 


Duration of Decontamination 


The ideal duration of eye and skin decontamination is 
yet to be determined. Recommendations for copious 
irrigation are common, without further precision. Fifteen 
minutes is probably the most commonly recommended 
duration for eye irrigation. Kuckelkorn and colleagues 
have recommended a minimum of 30 minutes for eye 
irrigation after chemical exposures.!’ One retrospective 
study of 172 eye burn victims suggested that outcomes 
were better among those who had prolonged (1 to 2 
hours) irrigation.'® Irrigating to a relatively neutral pH is 
often attempted. If this is employed, it is helpful to 
remember that the pH of saline for intravenous injection 
(often employed for eye irrigation) is appreciably acidic 
(approximately 4.5) so that one should wait a few 
minutes after irrigation to measure the pH in order to 
allow the patient’s own tears to replace the saline 
irrigation fluid in the conjunctival sac. 


Temperature 


The appropriate temperature for decontamination 
fluids has also been poorly studied. While increasing 
temperature of decontamination liquids reduces the 
likelihood of hypothermia in inclement climes and 
improves water solubility, heat also dilates skin pores and 
blood vessels, which may lead to increased absorption. If 
excessive, it may aggravate chemical or thermal burns. 
OSHA’s recently published Best Practices Guide for First 
Receivers’ recommends a 5-minute wash with tepid water, 
based on recommendations from the U.S. Army for 
chemical decontamination.'? Mcintyre and colleagues 
recommend “warm, but not excessively warm” water for 
decontamination.” Eye irrigation should be performed 
with room temperature solutions. Careful thought 
should be given to environmental conditions and risk for 
exposure when decontamination must be done out of 
doors. 


MASS CASUALTIES 

The duration and type of skin and eye decontamination 
performed in mass casualty situations may vary from that 
in cases involving single patients based on triage consid- 


erations. Management of mass casualties is covered in 
Chapter 103. 


Decontamination Systems 

A great number of options have been developed in 
recent years for skin decontamination, due to the 
increased interest in hazardous materials and chemical 
terrorism issues. Examples of decontamination stretchers 
and facilities are shown in Figures 2B-1 to 2B-3. Many 
others exist. One of the overriding considerations in 
determining the kind of decontamination facilities and 
equipment to purchase should be their capacity for rapid 
deployment. The experience with the sarin terrorist 
attack in Tokyo revealed that hospitals may be rapidly 








FIGURE 2B-1 Portable decontamination stretcher. 
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FIGURE 2B-2 Portable decontamination shower. 


inundated with contaminated casualties. Decontamination 
protocols that are not deployable within minutes 
(preferably 5 to 10 minutes) after an incident may serve 
little purpose in protecting the facility and health care 
providers from contamination. Serious consideration 
should be given to the complexity of the setup process, 
one that typically will not be employed frequently. One 
example of a locally developed immediate deployment 
sheltered outdoor decontamination unit is shown in 
Figure 2B-4. This unit can be deployed in less than 
2 minutes and provides for decontamination of both 
ambulatory and stretcher patients. 


Personnel 

It is common practice to utilize physicians, nurses, and 
other critical emergency department (ED) staff to do 
decontamination. This is probably not advisable for a 
number of reasons. First, decontamination does not 
require great technical skill, and very little stabilization 
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FIGURE 2B-3 A, Portable decontamination trailer. B, Portable 
decontamination tent. 


can be performed during the decontamination process. 
Furthermore, if there are problems and decontaminating 
personnel are unable to continue, such a practice results 
in incapacitation of primary emergency care providers. 
Neither should security personnel, in general, be tasked 
with this responsibility, since a mass casualty situation will 
require their services for security itself. A number of 
alternatives have been suggested. Some hospitals train 
housekeeping staff to perform decontamination. Others 
have nurses from other units (burn units have extensive 
experience in wound care and cleaning) don protective 
clothing and prepare for decontamination while the ED 
staff prepares the decontamination facility and the ED 
proper to receive casualties. 


SPECIAL SITUATIONS 


Radionuclides 


Decontamination of radionuclides from the skin may 
be performed in a manner analogous to chemical 


exposures. Uranium hexafluoride exposures should be 
treated in a manner analogous to that for hydrofluoric 
acid burns. Wounds heavily contaminated with radio- 
nuclides may require surgical débridement and should 
be covered after initial decontamination. See Chapter 
104 regarding radiation emergency management for 
further information. 


Fluorides 


Hydrogen fluoride, ammonium biflouride, and other 
soluble fluorides may pose a unique case in terms of 
decontamination. While an initial quick flush with water 
is appropriate, the patient may benefit from rapid 
decontamination with a substance that can bind the 
fluoride. Hexafluorine has been reported to prevent 
significant skin burns in both humans and experimental 
animals when applied immediately after exposure.*!”* 
Two randomized studies in rats found, however, that 
Hexafluorine was no better than water in preventing 
electrolyte disturbances caused by fluoride**?* and 
perhaps less effective than water or water plus calcium 
gluconate in reducing burn injury.** Thus, Hexafluorine’s 
efficacy in fluoride injury remains controversial.” 
Researchers in hydrogen fluoride manufacturing facilities 
frequently recommend skin irrigation with benzalko- 
nium chloride solution based on studies performed in 
pigs.7°?7 Calcium gluconate irrigation of skin? and eyes”? 
has also been recommended to bind fluoride and 
prevent further injury. Other investigators have found 
calcium gluconate to be no more effective than water 
or saline and perhaps detrimental in eye irrigation.*”*! 
In summary, the ideal decontamination of hydrogen 
fluoride burns to skin and eyes remains to be 
determined. 


Phenol 


Phenol is unique in its capacity to cause nonpainful burns 
and systemic toxicity. Water irrigation may increase 
phenol absorption.” Generally accepted skin irrigation 
therapy consists of isopropanol**’ or polyethylene glycol 
solutions.’®34 


Flammable Metals and Other 
Water-Reactive Materials 


White phosphorus is pyrophoric (i.e., it burns in the 
presence of air). It is thus indispensable to provide 
adequate copious irrigation with water. The application 
of copper sulfate has been recommended,” but an 
experimental study in rats demonstrated increased 
lethality in animals receiving topical treatment with 1% 
copper sulfate.” Eldad and colleagues have evaluated 
various phosphorus burn treatment recommendations 
and have concluded that copious water irrigation is 
superior to other treatments.°” 


HIGH-PRESSURE INJECTION INJURIES 
High-pressure injection injuries should be mentioned 
here due to their requirement for special care and high 
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FIGURE 2B-4 A, Fixed immediate deployment decontamination 
facility at Singapore General Hospital and Drug and Poisons 
Information Centre. The unit is located in the drive-through ambulance 
bay in front of the emergency department. This shows the unit in 
predeployment position. B, Deployment of the unit requires turning on 
a few switches, which control descent of the shower heads, flexible 
walls, and temperature control. The unit is ready for operation in 
approximately 2 minutes. C, Shower heads drop out of the ceiling for 
= self- or assisted irrigation. D, Flexible walls drop from the overhead 
frame, providing easy ingress, egress, and protection from elements, as 
well as privacy. E, The unit is ready for use. Floor drains collect the 
water for appropriate disposal. (Photographs courtesy of Dr. Gaerpo 
Ponampalam and the Singapore Drug and Poisons Information Centre.) 
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risk for morbidity. Wounds inflicted by pressurized paint 
guns or grease guns are often deceivingly benign 
appearing on the surface. The temptation is to simply 
decontaminate the overlying skin and wash the puncture 
wound (if visible) from the surface. Such an approach 
may result in loss of function or even complete loss of a 
limb. Such wounds need to be explored thoroughly, 
perhaps best done in the operating room, for evidence 
of subcutaneous contamination.*®*” 


TETANUS PROPHYLAXIS 

All eye and skin exposures resulting in violation of the 
epithelium should prompt consideration of the need for 
tetanus toxoid administration. 


GASTRIC EMPTYING 


Emetics 


The only emetic currently recommended for use in 
humans is syrup of ipecac. Previously employed emetics 
continue to be responsible for significant pathology, 
however. The administration of table salt has long been 
condemned in the literature; nonetheless, recent 
reports illustrate that its use has not been completely 
abandoned and that it remains potentially lethal.*!* Liu 
reported that copper sulfate continues to be used in 
China for emetic purposes and has resulted in multiple 
fatalities in recent years.’ 

The dose of ipecac is 5 to 10 mL in children 6 to 12 
months of age or 15 mL in children 1 to 12 years of age. 
This should be followed by 10 to 20 mL water per kg body 
weight. Older children and adults should receive 30 mL 
ipecac followed by 200 to 300 mL of water. Ipecac is 
contraindicated in the following situations: 


Ingestion of petroleum distillates 

Ingestion of strong acids or bases 

Ingestion of strychnine or other proconvulsants 
Unconsciousness or absence of gag reflex 


Ipecac has a number of potential adverse effects, 
including lethargy, cramps, and diarrhea. When taken 
chronically, it may induce muscle cramps and both 
skeletal** and cardiac myopathy.* It is subject to frequent 
abuse by patients with eating disorders, a factor that led 
to a review of the product’s safety by the FDA in 2003. 

The American Academy of Clinical ‘Toxicology (AACT) 
and the European Association of Poisons Centres and 
Clinical Toxicologists (EAPCCT) reviewed the medical 
literature regarding the use of ipecac in 1997.46 This 
combined task force more recently examined their 
previous findings and literature that had appeared since 
their earlier review. In brief, they concluded that syrup of 
ipecac should not be administered routinely in the 
management of poisoned patients. They pointed out 
that in experimental studies the amount of marker 
removed by ipecac was highly variable and diminished 
with time. Furthermore they concluded that there is no 
evidence from clinical studies that ipecac improves the 


outcome of poisoned patients and recommended that its 
routine administration in the ED be abandoned. Finally, 
they signaled the absence of data to support or exclude 
ipecac administration soon after poison ingestion, the 
administration of ipecac potentially reducing the 
effectiveness of activated charcoal, oral antidotes, and 
whole bowel irrigation (WBI).*” 

There are indications that the use of syrup of ipecac 
has dramatically declined in recent years, and it is likely 
that this trend will continue.***? Bond examined the 
evolving use of ipecac in U.S. poison centers, comparing 
rates of referral to the ED and moderate or greater 
outcomes in patients younger than 6 years with 
unintentional ingestions. This comparison was carried 
out according to the frequency with which centers 
recommended use of ipecac. Overall, use of ipecac was 
extremely rare (1.8%) and significant adverse outcomes 
even lower (0.6%). Comparing the two groups of 32 
centers each, there were no significant differences in 
referral rates or adverse outcomes. Bond concluded that 
there was no reduction in resource utilization (ED 
referral) or improvement in patient outcome from the 
use of syrup of ipecac at home and that while the data 
could not exclude a benefit in a very limited set of 
poisonings, such a benefit remained to be proven. 
Shannon, in an editorial in the same issue, sounded the 
demise of ipecac on the basis of lack of proven efficacy, 
changing patterns in poison center approaches to the 
management of pediatric ingestions (including prefer- 
ence for activated charcoal when decontamination is 
indicated), and the move by the FDA to rescind ipecac’s 
over-the-counter status.” This prediction was prescient, 
since the American Academy of Pediatrics, based on 
Bond’s article and the factors cited by Shannon, 
revised its position statement on ipecac use, calling 
for abandonment of the regular stocking of it in the 
home.?! 

More recently, a U.S. government-convened review 
panel of experts published their conclusions regarding 
ipecac use.°* The panel concluded that the use of ipecac 
syrup might have an acceptable benefit-to-risk ratio when: 


There is no contraindication to the use of ipecac syrup. 

There is substantial risk of serious toxicity to the 
victim. 

There is no alternative therapy available or effective to 
decrease gastrointestinal absorption (e.g., activated 
charcoal). 

There will be a delay of more than 1 hour before the 
patient will arrive at an emergency medical facility. 

Ipecac syrup can be administered within 30 to 90 
minutes of the ingestion. 

Ipecac syrup administration will not adversely affect 
more definitive treatment that might be provided 
at a hospital. 


Given these restrictions, rural residents might consider 
keeping ipecac on hand for home use under poison 
center direction. Otherwise, these recommendations 
sharply limit the applicability of the drug and, thus, the 
induction of vomiting in general. 
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Gastric Lavage 


The employment of gastric lavage is controversial and 
varies markedly depending on geographic area and the 
background and training of the practitioner. Gastric 
lavage involves blind placement of a large-bore gastric 
tube into the stomach, in a patient who can either 
protect his or her own airway or in whom the airway has 
been protected by an endotracheal tube, with the goal of 
removing toxicant remaining in the stomach through a 
combination of instillation of water or physiological 
saline, followed by suction or gravity-induced drainage. 
This cycle of instillation/drainage is repeated until the 
effluent is clear or until several liters of water /saline have 
been passed through the tube. This procedure has been 
widely popular in the past and continues to be employed 
in many EDs around the world. It is, however, a largely 
unproven therapy. 


INDICATIONS 

The indications for gastric lavage are recent ingestion 
(generally less than 1 hour, unless the ingestion involves 
agents that decrease gastric motility, such as anti- 
cholinergics) of a substance of sufficient quantity to be 
likely to cause serious harm in the absence of removal. 
The procedure should be given greater consideration in 
ingestions for which inadequate treatment modalities 
exist (paraquat) or in cases where delivery of proven 
effective therapy (antidotes or extracorporeal removal) 
is likely to be delayed. 


CONTRAINDICATIONS 

Ingestion of low-viscosity petroleum products, corrosives 
(acids and alkalis) and inability to protect the airway 
(unless tracheal intubation has been performed before- 
hand) are contraindications to gastric lavage. 


ADVERSE EFFECTS 

Serious adverse effects of gastric lavage are relatively rare 
but may be significant. The procedure may induce 
hypoxia,’ perforation of the gastrointestinal tract or 
pharynx,**55 fluid and electrolyte abnormalities,” 
inadvertent tracheal intubation, as well as aspiration 
pneumonitis.”” Tracheal intubation is not completely 
protective against aspiration. 


EFFICACY 

The AACT/EAPCCT recently reviewed the animal and 
clinical literature regarding gastric lavage and published 
a position statement,” which states in part that gastric 
lavage should not be employed routinely, if ever, in the 
management of poisoned patients. The study group 
pointed out that in experimental studies, the amount of 
marker removed by gastric lavage is highly variable and 
diminishes with time and that few clinical studies have 
demonstrated a beneficial effect on outcome. 

The quality of the gastric lavage literature is, for the 
most part, lacking. Few studies have the power to detect 
significant differences in outcome for a single toxicant, 
and it seems unscientific to compare outcomes after 
ingestion of widely varying products. Furthermore, there 





are many unknowns in any clinical trial, the most 
significant of these being the time between ingestion and 
treatment and the amount of toxicant ingested. It is fair 
to say that the evidence for efficacy is currently deficient, 
but that lack of efficacy has not been proven either. 


Endoscopy 


The use of endoscopy in the diagnosis of caustic injuries 
is addressed in Chapter 98. Its use in the retrieval of 
foreign objects, such as batteries,’ firearm cartridges,” 
and various pill fragments®!®° has been reported in 
humans and studied in animals,®” but has not been 
systematically addressed in humans. Faigel and 
colleagues report that endoscopic use of the Roth net 
was most effective in removal of button batteries.°” Like 
other forms of decontamination, endoscopy to retrieve 
tablet fragments has been associated with significant 
complications; thus, the decision to perform endoscopy 
in these circumstances should be carefully weighed 
against the risks. 


Surgical Laparotomy for Decontamination 


Surgical gastrointestinal decontamination has been 
employed for button battery ingestions,°*”? cocaine 
and narcotic drug packets,” and bezoars of iron” and 
theophylline,” among others. Batteries passing the 
esophagus usually are expelled in the feces and are 
generally believed to require no intervention, although 
recent reports of early battery leakage have called 
the “wait and see” approach into question.®”*! Button 
batteries, when impacted in the esophagus, should 
generally be removed by endoscopy unless perforation is 
suspected.°? 78? The trend toward use of smaller 
batteries by manufacturers has decreased the incidence 
of this problem. In the case of cocaine and heroin 
bodypackers/stuffers, many cases can be managed 
conservatively with WBI or other purgatives. Most 
researchers agree, however, that acute toxicity (drug 
leakage) and bowel obstruction are indications for 
immediate laparotomy.’)7* 


ABSORBANTS 


Activated Charcoal 


Charcoal binds to diverse substances, rendering them 
less available for systemic absorption from the gastro- 
intestinal tract. It is obtained as a product of pyrolysis of 
numerous organic compounds (petroleum, wood, peat) 
and “activated” by heating it to 600° F to 900° F, in the 
presence of steam, carbon dioxide, or air. This gives the 
product a small particle size and large surface area. 
While charcoal adheres to many substances, a significant 
number of compounds and classes of compounds are 
poorly absorbed by charcoal. These include metals 
(lithium, sodium, iron, potassium) and alcohols. 
Thallium appears to be an exception, being relatively 
well absorbed by charcoal.*° 
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Activated charcoal products containing sorbitol 
should be avoided where possible because (1) the 
efficacy of cathartics is lacking (see below); (2) sorbitol is 
emetogenic and can increase the risk for vomiting the 
charcoal; and (3) sorbitol administration in infants is 
associated with dehydration and other life-threatening 
events. 


Single-Dose Activated Charcoal 


Activated charcoal is administered as a slurry, either in 
water or sorbitol, orally or via a nasogastric tube. Dose 
recommendations vary, but generally a larger dose is 
considered better, to assure that binding capacity exceeds 
the amount of toxicant present. The recommended 
dose is 0.5 to 1 g/kg in children or 25 to 100 g in adults. 


INDICATIONS 

In general, to be maximally effective, charcoal should be 
administered as soon as possible after ingestion of the 
toxicant, preferably within 1 hour. Green and colleagues 
studied this issue in healthy volunteers in a randomized 
crossover study. After giving 4 g (the equivalent of eight 
extra-strength tablets) of acetaminophen to patients, 
then giving charcoal at 1, 2, or 3 hours after ingestion, 
they found no differences in the area under the curve of 
plasma acetaminophen. The investigators stated that “data 
do not support the administration of activated charcoal 
as a gastrointestinal decontamination strategy beyond 1 
hour after drug overdose.”** While there are obvious 
problems in extrapolating toxicokinetic results from a 
study involving a nontoxic dose to all overdoses, the results 
do suggest that benefit clearly decreases over time. 

As for most decontamination measures, the indi- 
cations for single dose activated charcoal are contro- 
versial. The recently released revision of the Single-dose 
Activated Charcoal Position Statement of the AACT/ 
EAPCCT states that single-dose activated charcoal should 
not be administered routinely in the management of 
poisoned patients, but that it may be considered if a 
patient has ingested a potentially toxic amount of a 
poison (which is known to be adsorbed to charcoal) up 
to 1 hour previously. The researchers state that the 
potential for benefit after 1 hour cannot be excluded. 
Finally, they emphasize that there is no evidence that the 
administration of activated charcoal improves clinical 
outcome.*? 


CONTRAINDICATIONS 

Charcoal administration is generally considered contra- 
indicated in ingestions of caustics, since it is probably 
ineffective in reducing their potential for harm and 
furthermore makes endoscopy difficult. Charcoal 
generally should not be administered when there is a 
high risk for gastrointestinal hemorrhage or perforation. 
Charcoal is likewise contraindicated in any patient 
in whom the airway protection is not assured. It should 
not be administered in the presence of hydrocarbons 
with high aspiration potential. Charcoal should not be 
administered in the case of ileus or mechanical bowel 
obstruction. 


ADVERSE REACTIONS AND COMPLICATIONS 

One of the most common adverse events associated 
with charcoal administration is vomiting, which occurs 
in approximately 7% to 15% of patients. Abdominal 
bloating is also quite common. Both diarrhea and 
constipation may occur. Complications have been 
described, including pulmonary aspiration and direct 
administration into the lungs via misplaced nasogastric 
tube. Aspiration appears to be relatively rare, but may 
have serious consequences.°78°S9 


Multiple-Dose Activated Charcoal 


Multiple-dose activated charcoal (MDAC) has been 
proposed for use in the case of drugs that undergo 
extensive enterohepatic or enteroenteric circulation. 
Drugs with small volumes of distribution are particularly 
susceptible to removal by adsorption to charcoal in the 
gut, which has sometimes been referred to as “gastro- 
intestinal dialysis.” Although experimental and volunteer 
studies have demonstrated that MDAC increased 
elimination of a number of compounds, there is little 
proof of clinical benefit. 


INDICATIONS 

The AACT/EAPCCT has concluded that although many 
studies in animal and volunteer studies have demon- 
strated MDAC increases drug elimination significantly, 
there are no controlled studies in poisoned patients that 
demonstrate MDAC reduces morbidity and mortality. 
Pending further evidence of direct benefits, the study 
group recommended that MDAC be considered only 
if a patient has ingested a life-threatening amount of 
carbamazepine, dapsone, phenobarbital, quinine, or 
theophylline.” 


CONTRAINDICATIONS 

The contraindications for MDAC are essentially those of 
single-dose activated charcoal. The admonition for use 
in intestinal obstruction is of even greater import in the 
case of MDAC. The presence of decreased peristalsis 
(often associated with anticholinergic drugs and opiates) 
should provoke extreme caution in the administration 
of MDAC. 


Prussian Blue 


Prussian blue is an effective absorbent for the manage- 
ment of thallium and cesium intoxications. See Chapters 
75 and 104 for further information. 


Fuller's Earth 


Fuller’s earth is often recommended for gastrointestinal 
decontamination of paraquat (see Chapter 78). Although 
effective for this purpose, this substance is found in few 
hospitals. Activated charcoal is an effective absorbent of 
paraquat and should be employed when Fuller’s earth is 
not available.*! 
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ACCELERATION OF GASTROINTESTINAL 
TRANSIT 


Cathartics 


Cathartics comprise another group of compounds 
recommended since ancient times for the purpose of 
eliminating toxicants from the gastrointestinal tract. The 
two most common categories of cathartics are the 
magnesium salts (e.g., magnesium citrate, magnesium 
sulfate) and nondigestible carbohydrates (e.g., sorbitol). 
Despite their long history of use, there is virtually no 
evidence of their efficacy. On the contrary, cathartics 
may induce significant harm in certain groups of 
patients, particularly children and those with renal 
disease. 


INDICATIONS 

There are no evident indications for the use of a 
cathartic alone in the treatment of poisoning.’* An 
AACT/EAPCCT position statement concluded that 
experimental data are conflicting regarding the use of 
cathartics in combination with activated charcoal. The 
study group found no published clinical studies that 
investigated the ability of a cathartic, with or without 
activated charcoal, to reduce the bioavailability of drugs 
or to improve the outcome of poisoned patients. They 
went on to say that based on available data, the routine 
use of a cathartic in combination with activated charcoal 
is not endorsed and that if a cathartic is used, it should 
be limited to a single dose in order to minimize adverse 
effects of the cathartic. 


DOSE 

The dose of sorbitol is approximately 1 to 2 g/kg.” 
When given in combination with activated charcoal for 
single dose-activated charcoal therapy, the dose should 
be determined on the basis of charcoal dosing. If multiple 
doses of charcoal are to be administered, repeated use of 
sorbitol is not recommended. For magnesium citrate, 
the dose is 4 to 6 mL/kg in children and 300 to 480 mL 
in adults. 


CONTRAINDICATIONS 

Cathartics are contraindicated in the presence of bowel 
obstruction, in the absence of bowel sounds, or in the 
case of recent bowel surgery or intestinal perforation. 
They should likewise not be employed in the case of 
corrosive ingestions or when significant electrolyte 
disturbances, dehydration, or hemodynamic instability 
are present. Magnesium-containing cathartics must be 
avoided in patients with renal insufficiency and heart 
block. Caution should be employed in patients at 
extremes of age. 


COMPLICATIONS 

Cathartics frequently cause cramping, nausea, and 
vomiting. Significant dehydration may occur if catharsis 
is excessive, with resultant hypotension. Cathartic-related 


hypermagnesemia may result in cardiac dysrhythmias. 
Elderly patients and those with renal dysfunction are at 
particular risk.°°*° Massive doses of cathartics may result 
in cardiopulmonary arrest.”° 


Whole Bowel Irrigation 


WBI involves the administration, by mouth or nasogastric 
tube, of large amounts of an iso-osmotic polyethylene 
glycol electrolyte solution (Go-Lytely [Braintree Labora- 
tories, Braintree, MA], Co-Lyte [Schwarz Pharma, 
Mequon, WI], and others) with the goal of removing 
unabsorbed toxicant from the gastrointestinal tract as 
rapidly as possible by rectal expulsion. One rationale for 
its use includes the fact that some compounds are poorly 
absorbed by charcoal, particularly iron and lithium. WBI 
may be of particular interest in the case of sustained- 
release or enteric-coated compounds and in the case of 
drug packets (body packers). The AACT/EAPCCT’s 
consensus panel concluded that WBI should not be used 
routinely and that there is no conclusive evidence that it 
improves the outcome of poisoned patients. Based on 
evidence from volunteer studies, the group recom- 
mended that WBI be considered for potentially toxic 
ingestions of sustained-release or enteric-coated drugs, 
particularly in those patients who present more than 
2 hours after drug ingestion. They more strongly 
endorsed WBI for patients who have ingested substantial 
amounts of iron because the morbidity is high and there 
are no other effective options for gastrointestinal 
decontamination. Another potential indication cited for 
the use of WBI is expulsion of ingested packets of illicit 
drugs.”° 


DOSE 

Polyethylene glycol electrolyte solution (e.g., Go-Lytely, 
Co-Lyte, NuLytely [Braintree Laboratories, Braintree, 
MA]) is administered by mouth or nasogastric tube at 
25 to 40 mL/kg/hr until the rectal effluent is clear or 
until the desired effect is otherwise demonstrated (e.g., 
passage of drug packets demonstrated by imaging 
studies). Computed tomography (CT) with contrast has 
often been used to identify retained packets, but a recent 
case report demonstrated incomplete sensitivity of CT to 
detect all unexpelled drug packets.” 


CONTRAINDICATIONS 

WBI is contraindicated in the presence of mechanical 
or functional (ileus) bowel obstruction or perforation 
and in the presence of significant gastrointestinal 
hemorrhage. It should likewise be avoided if the patient 
is hemodynamically unstable. 


COMPLICATIONS 

Nausea and vomiting are not uncommon. Abdominal 
bloating and cramping may occur. Vomiting in the case 
of an unprotected airway may result in pulmonary 
aspiration. 
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DECISION ANALYSIS FOR 
DECONTAMINATION 


The decision to employ decontamination methods in an 
individual case must be determined based on the factors 
present in that individual case. 


Dose Assessment 


First and foremost in the decision to attempt deconta- 
mination is a determination of whether a significant 
exposure has occurred. This is critical for numerous 
reasons: (1) needless decontamination procedures may 
delay other definitive therapy for systemic toxicity; (2) 
conversely, failure to adequately decontaminate the 
skin may increase morbidity of contaminated patients 
and result in secondary contamination of health care 
providers and facilities; and (3) decontamination, as 
discussed, is not without risks. It is vital to recall 
Hippocrates’ admonition: Primum non nocerum. Dose/ 
exposure assessment is extremely difficult on an acute 
basis due to the great number of unknowns. Young 
children cannot recount the quantity or quality of what 
they have ingested. Self-harm attempts are often 
accompanied by attempts to conceal or, conversely, to 
exaggerate the consumption of potentially toxic com- 
pounds. It is rare that contemporaneous exposure 
information (air concentrations or even product identi- 
fication) is available after environmental exposures 
associated with hazardous materials releases or acts of 
terror. Fear associated with these events may result in 
psychogenic illness at times indistinguishable from that 
of the toxic exposure. When doubt exists, it may be safer 
to decontaminate, but this should be a considered 
decision. 


Toxic Potential 


Once it is established that an exposure has occurred (or 
if exposure cannot be excluded) and some attempt has 
been made to determine the magnitude of the exposure, 
one must examine the toxic potential of the com- 
pound(s) in question, keeping in mind that the toxicity 
of combined substances is not always equal to the sum of 
their individual toxicities. Approaches to the treatment 
of poisoning are deeply rooted in personal experience 
and colored by bias in the literature. Recent studies 
have reexamined the need to decontaminate victims 
of certain exposures that were previously approached 
aggressively from a therapeutic standpoint.?”%® 


An Integrated Approach to 
Decontamination Procedures 


Decisions around decontamination must be individu- 
alized. A suggested approach is found in Figure 2B-5. 
This nonvalidated algorithm should simply be considered 
a pathway for considering options. There are numerous 
potential exceptions to the general suggestions in the 
figure. 


WHEN SHOULD GASTRIC LAVAGE BE 

PERFORMED ALONE? 

One might consider gastric lavage alone in the case of 
presentation of poisoning within 1 hour of ingestion by 
a highly toxic compound that is not readily absorbed by 
charcoal. Lithium is one such example. 


WHEN IS GASTRIC LAVAGE FOLLOWED BY 
CHARCOAL APPROPRIATE? 

Reiterating, gastric lavage is most likely to be effective in 
an early-presenting, potentially lethal ingestion. Cyanide 
is an example of a highly toxic compound that might 
be removed by lavage, but is also readily absorbed by 
charcoal. 


IS THERE A ROLE FOR CHARCOAL FOLLOWED 

BY WHOLE BOWEL IRRIGATION? 

Yes. Illicit drug packets containing cocaine or heroin may 
leak. A dose of activated charcoal given prophylactically 
(in the absence of symptoms) could theoretically absorb 
eventual leakage, while WBI accelerates passage of 
the packets. As a reminder, clinical evidence of toxicity 
(leakage) is an indication for laparotomy. Similarly, 
charcoal followed by WBI may be indicated for 
ingestions of enteric coated tablets. 


WHEN SHOULD WHOLE BOWEL IRRIGATION BE 
UTILIZED? 

In cases in which ingestion of a substance known to be 
effectively eliminated by WBI (such as lead, zinc, or iron) 
is not recent (and thus not likely to benefit from gastric 
lavage) and when the substance is not readily absorbed 
by charcoal, WBI alone may be indicated. 


CONSULTATION 

It should be clear from the discussion that the previously 
common “reflex arc” of ingestion-decontamination 
should not apply. The decision to apply a particular 
procedure or combination may not be simple. For this 
reason, consultation with a regional poison center 
and/or medical toxicologist is strongly suggested in cases 
of uncertainty. 
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FIGURE 2B-5 This flow diagram is essentially based on the current recommendations of the American Academy of Clinical Toxicologists 
and the European Association of Poisons Centres and Clinical Toxicologists. These recommendations are based on weight of evidence in 
the published literature, but this algorithm has not been validated. See text for details on individual decontamination procedures, 
indications, and contraindications. 

1. Irritants, corrosives, and substances toxic by skin absorption should be removed. Liquids with high volatility and potential for secondary 
contamination (organic solvents) should likewise be removed. When in doubt, decontamination is appropriate; however, life-saving 
interventions (ABCs) take precedence over decontamination. Personnel should wear protective garments appropriate to the hazard. 

2. If the history is reliable and the ingestion is clearly nontoxic, no decontamination is required. The urge to “do something” should be 
weighed against the maxim to “first, do no harm.” 

3. Single-dose activated charcoal (SDAC) is considered most effective when administered less than 1 hour after ingestion of a toxic 
substance. There is insufficient evidence to support or condemn its use with toxic ingestions presenting more than 1 hour later. In general, 
metals (lithium, iron, but not thallium) and alcohols are poorly absorbed. 

4. Multiple-dose activated charcoal (MDAC) should be considered primarily if a patient has ingested a life-threatening amount of 
carbamazepine, dapsone, phenobarbital, quinine, or theophylline. Multiple-dose activated charcoal increases the elimination of 
amitriptyline, dextropropoxyphene, digitoxin, digoxin, disopyramide, nadolol, phenylbutazone, phenytoin, piroxicam, and sotalol, but 
evidence is insufficient to support its use in these ingestions. 

5. Whole bowel irrigation should not be performed in the presence of ileus or bowel obstruction. 

6. If uncertainty exists about the need for decontamination procedures, contact the regional poison control center and/or a medical 
toxicologist. 
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Principles of Elimination Enhancement 


CURTIS P. SNOOK, MD m DANIEL A. HANDEL, MD, MPH 


Once a drug or toxin has been absorbed, a number of 
means exist to enhance its elimination. Chapter 2D 
addresses extracorporeal techniques of toxin removal 
from the blood (e.g., hemodialysis and hemoperfusion), 
which, when performed on an emergency short-term 
basis such as for poisoning, are done intermittently using 
a large double-lumen catheter in a central vein with flow 
through the circuit driven by a pump. Other types of 
dialysis exist that also usually do not require arterial 
access and are more versatile in that they do not pose 
as great a hemodynamic stress to the patient; however, 
they also are generally much slower in their rates of 
clearance. One of these alternatives, multiple-dose 
activated charcoal (MDAC), involves use of the patient’s 
own gastrointestinal mucosa as a dialyzer. 

All of these techniques share in common with dialysis 
the underlying principle of filtering a toxin from the 
blood using a semipermeable membrane in order to 
enhance its clearance. A number of substance-related 
factors affect the clearance rates that can be achieved by 
dialysis techniques. First, a toxin must distribute primarily 
into the intravascular compartment—that is, have a low 
volume of distribution, in order to be removed by a 
dialysis technique at a clinically significant rate. Second, 
molecular size is important, with low molecular weight 
substances crossing the dialysis membrane from an area 
of high concentration (blood) to an area of low con- 
centration (dialysate). Even higher molecular weight 
substances can cross and thus be removed from the 
blood by convection when dialysis is supplemented with 
ultrafiltration, which relies on a membrane with a high 
permeability coefficient and a high transmembrane 
pressure. Finally, high protein binding presents a large 
molecular size to the membrane (i.e., a protein-bound 
drug), thus limiting the rate of clearance, unless the 
toxin is adsorbed from the serum proteins such as with 
the use of a charcoal cartridge in hemoperfusion. 


MULTIPLE-DOSE ACTIVATED CHARCOAL 


Preabsorptive Elimination Enhancement 


Delayed absorption may occur after toxic ingestion: (1) 
with sustained-release preparations, (2) if tablet con- 
glomerates form in the gastrointestinal tract, (3) if 
the substance delays gastrointestinal motility. or, (4) if a 
poorly absorbed substance (e.g., phenytoin) is ingested. 
Multiple doses of activated charcoal have been used in 
these situations to enhance preabsorptive elimination. 
Whole bowel irrigation, the other treatment modality 
used to enhance preabsorptive elimination, appears to 
provide no additional benefit when administered to treat 
a drug overdose for which activated charcoal is an 


effective adsorbent'; it may even limit the adsorptive 
capacity of activated charcoal.’ 


Postabsorptive Elimination 
Enhancement 


Two theories have been advanced to account for the 
observed acceleration of drug clearance associated 
with the use of MDAC after the drug’s absorption from 
the gastrointestinal tract. One theory explains this 
acceleration by charcoal’s interruption of the entero- 
hepatic recirculation of hepatically metabolized drugs. 
The other is aptly called “gastrointestinal dialysis,” a term 
coined by Levy in an editorial that accompanied the 
seminal work on this topic by Berg and colleagues.*# 
Using an animal model of intravenous theophylline 
poisoning, Kulig and colleagues measured bile theo- 
phylline concentrations and were able to demonstrate 
that the observed increase in theophylline clearance with 
MDAC was not due to interruption of enterohepatic 
recirculation of the drug.° Arimori and colleagues 
demonstrated in an experimental model that the 
exsorption rate of theophylline into the intestinal lumen 
increased in proportion to the administered dose of 
theophylline, suggesting that the gastrointestinal dialysis 
effect may increase with escalating dose for some toxins.° 


Indications 


Given that overall mortality from overdose is low, that the 
efficacy of gastrointestinal decontamination techniques 
declines significantly with advancing time after ingestion, 
and that significant delay to clinical presentation occurs 
in the majority of ingestions, elimination enhancement 
techniques, including MDAC, have come under recent 
scrutiny.’ Tenenbein cited case reports of complications 
from MDAC with a lack of proven clinical benefit in 
arguing that its role in the treatment of poisoning 
required reassessment.’ 

These cautions notwithstanding, review of the avail- 
able evidence suggests that MDAC can accelerate drug 
clearance, achieving rates comparable to more invasive 
techniques such as hemodialysis. Moreover, a recent 
study of complications associated with MDAC use found 
that they occurred infrequently.’ There are also data 
suggesting that MDAC improves outcome in selected 
poisoning cases. One report describes two presentations 
of the same patient with phenytoin toxicity, one in which 
MDAC was not used and a second in which it was; the 
second hospitalization was 3 days shorter despite the 
patient having a higher serum phenytoin level.'° A 
recent single-blind, randomized, placebo-controlled trial 
performed in Sri Lanka demonstrated a significant 
reduction in mortality from yellow oleander poisoning 
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with MDAC therapy when compared with treatment with 
single-dose activated charcoal."! 

Further study is needed to define the circumstances in 
which the benefits of MDAC appear to justify its risks. 
However, some predictions can be made based on avail- 
able data. MDAC has been demonstrated to accelerate 
the clearance of a number of toxins (Box 2C-1). Chyka 
and colleagues found in a porcine model that MDAC 
enhanced elimination of acetaminophen, digoxin, and 
theophylline but not valproic acid.'* Drugs with relatively 
lower intrinsic clearance (digoxin, theophylline) were 
cleared with MDAC more rapidly than were drugs with 
higher intrinsic clearance (acetaminophen). Interestingly, 
volume of distribution, half-life, and protein binding 
were not significantly correlated with MDAC enhance- 
ment of clearance. However, therapeutic doses were 
administered in this study, limiting application of these 
results to the overdose setting. A volunteer study of 
dapsone ingestion using a randomized crossover design 
along with data from two overdose cases showed a 
doubling of elimination with MDAC in healthy volunteers 
and a greater increase in the overdose patients, again 
suggesting that the effectiveness of MDAC also may be a 
function of dose for a given toxin. !8 


Contraindications 


Significant adverse effects with MDAC preclude its use in 
patients for which no significant clinical benefit is 
expected. There are some drugs or drug classes for 
which data are conflicting (Box 2C-2). For example, the 
available studies suggest that MDAC likely would not be 
beneficial in unselected cases of digoxin poisoning. How- 
ever, one volunteer study of MDAC for enhancement of 
digoxin clearance applied kinetic predictions to suggest 
that greater clearance with MDAC would occur in 
patients with renal impairment'*; animal data support 
this assertion.” In a case of chronic digoxin poisoning, 
MDAC effectively accelerated drug clearance when 
digoxin antibody fragments were unavailable and 
hemodialysis had been unsuccessful.'° Box 2C-3 lists the 
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Digoxin 
Salicylate 
Tricyclic Antidepressants 
Vancomycin?®* 


91-94 


MDAC, multiple-dose activated charcoal. 





drugs investigated for which MDAC has not been shown 
to accelerate clearance. 

MDAC often is poorly tolerated. Virtually all patients 
in one study complained of poor palatability and 
bloating with MDAC, with one patient withdrawing 
because of repeated vomiting.'* Transient constipation 
may occur with MDAC use in susceptible patients. 
Protracted vomiting also has been reported to limit the 
usefulness of MDAC in theophylline poisoning.!® 

Aspiration of charcoal is another well-recognized 
complication of MDAC. In one published case, an unin- 
tubated patient treated for phenobarbital and carba- 
mazepine overdose with gastric lavage followed by 
MDAC vomited and aspirated 12 hours after therapy was 
initiated, eventually dying on hospital day 15.!7 Another 
reported patient with theophylline overdose was treated 
with ipecac followed by MDAC. He went on to develop 
convulsions followed by aspiration, eventuating in his 
death.'® In the most sobering case, a patient aspirated 
activated charcoal despite airway control.!* This patient 
received MDAC after intubation and gastric lavage for 
desipramine and thiothixene overdose. After extubation 
the next day, the patient vomited, aspirated charcoal, 
and had a cardiorespiratory arrest from which he could 
not be resuscitated. In a similar case, a patient who 
ingested thioridazine and imipramine underwent 
endotracheal intubation and gastric lavage after he had 
a seizure. He received 50g of activated charcoal by 
nasogastric tube followed by 25 g and then 50g with 
sorbitol every hour for 6 hours.*? When the nasogastric 
tube was removed, the patient vomited, became cyanotic 
and had a respiratory arrest. Charcoal was suctioned 
from the patient’s lungs until hospital day seven. Rau 


330) @74 Gk 


Amiodarone”° 
Astemizole?’ 
Chlorpropamide?® 
Chloroquine”® 
Diltiazem”? 
Pholcodine!™ 
Valproate!” 
Tobramycin'” 


MDAC, multiple-dose activated charcoal. 
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and colleagues described three deaths from charcoal 
aspiration among 15 patients treated with charcoal for 
central nervous system—depressant overdose without 
airway protection. Their subsequent six overdose patients 
were intubated prior to charcoal administration and no 
cases of aspiration occurred.” In light of this experience, 
any patient at risk for aspiration (i.e., one in whom 
diminished consciousness, depressed airway reflexes, or 
seizures are present or anticipated), should have a firm 
indication for MDAC and a protected airway before 
undertaking the procedure. Equally important, there 
appears to be a ceiling effect for charcoal adsorption 
such that increasing dose or frequency beyond a certain 
point results in no additional therapeutic benefit.” 

Overdose victims with decreased gastrointestinal 
motility may develop bowel obstruction with use of 
MDAC. A number of cases have reported MDAC resulting 
in small bowel obstruction, abdominal distension, con- 
Sstipation, rectal bleeding, and even intestinal perforation 
when either the overdose itself or the therapy for the 
overdose involved anticholinergic drugs.***> Appendicitis 
in association with MDAC use has been reported.” 
Another patient with chronic theophylline toxicity 
treated with MDAC developed small bowel obstruction 
and was found on laparotomy to have adhesions at the 
ileocecal valve secondary to a previous hysterectomy; 
multiple pieces of charcoal were found in the bowel at 
the site of obstruction measuring 4.5 x 5 x 3 cm in 
aggregate.”” 

Cathartics are ineffective as a means of elimination 
enhancement after poisoning.*! However, to avoid con- 
Stipation and charcoal inspissation, cathartics often are 
coadministered. Sorbitol is the usual choice because of 
its rapid onset and palatability. Sorbitol is typically 
marketed in a 70% concentration with activated charcoal 
because it is bacteriostatic at this concen-tration.°®*** 
Using excessive or multiple doses of sorbitol with 
activated charcoal in poisoning is associated with 
significant morbidity, including hypernatremia resulting 
in death, and should be avoided.** Magnesium citrate or 
sulfate occasionally are used instead of sorbitol. Patients 
with premorbid magnesium abnormalities or those 
receiving excessive doses of magnesium cathartic can 
suffer serious morbidity, including hypermagnesemia, 
which can be fatal.*4 


BOX 2C-4 


Indication Contraindication 


Life-threatening ingestion of substance 
adsorbable by activated charcoal 

Evidence or anticipation of ongoing 
absorption (rising drug levels later 
than expected, sustained-release 
preparations) 


AC, activated charcoal; MDAC, multiple-dose activated charcoal. 


Anticipation or presence of decreased 
mental status, anticipation or presence 
of seizures, or decreased gag reflex 
without a cuffed endotracheal tube in 
place for airway protection 

Ileus or bowel obstruction 


Dosing 


The optimal dosing for activated charcoal in MDAC is 
unknown. The commonly accepted dose is l g/kg 
(maximum of 50g) of activated charcoal initially, 
followed by 0.5 g/kg (maximum 25g) every 4 hours 
thereafter. Others have suggested a dose of 1 g/kg of 
activated charcoal in 4.3mL/kg body weight of 70% 
sorbitol every 4 hours until the first charcoal stool 
appears. In children, the same weight-based dose of 
activated charcoal is recommended. A third set of 
published guidelines for adults has suggested an initial 
dose of 50 to 100 g, with additional doses given at a rate 
of at least 12.5 g/hr until the patient is improving 
clinically and by relevant laboratory parameters. This 
latter set of recommendations includes lower dosing (10 
to 25 g) for children younger than 5 years of age, smaller 
doses more frequently along with antiemetic use in 
vomiting patients, and no use of cathartics, particularly 
in young children.’ MDAC has been used safely in 
infants and neonates*®*®; it has even been used to treat 
neonatal hyperbilirubinemia.*’ 

Patients receiving MDAC should be intubated, ideally 
with a cuffed endotracheal tube, if they are obtunded 
or have diminished airway reflexes or seizures. The 
charcoal should be diluted with at least 8 mL of water 
per gram of charcoal. MDAC should not be administered 
in the presence of ileus or bowel obstruction. Co- 
administration of anticholinergic agents should be 
avoided during MDAC. Charcoal should be withheld 
4 hours prior to extubation. Gastric contents should be 
aspirated with a nasogastric tube prior to extubation to 
avoid the complications previously discussed. Magnesium 
cathartics should be used with caution, particularly in 
patients with decreased renal function, and are best 
avoided in such patients given that safer alternatives are 
available. It is a common practice to give the first dose of 
charcoal with a cathartic, usually sorbitol, and to give 
subsequent doses without cathartic. The availability of 
only sorbitol-charcoal preparations can be problematic 
in hospitals with such rigid stocking patterns.” 
Electrolytes should be closely monitored if more than 
one dose of cathartic is administered. 

Box 2C-4 summarizes the indications, contraindications, 
and dosing guidelines for MDAC use in poisoning. 


Dosing Guidelines 


Activated charcoal: 

1 g/kg followed by 0.5g/kg every 4 hr 

Sorbitol: If used with the first dose of AC: 
adult: 4.3 mL/kg body weight of 70% sorbitol; 
child: 4.3 mL/kg body weight of 35% sorbitol; 
subsequent doses in aqueous suspension of 
8 mL water/g AC 
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CONTINUOUS VENO-VENOUS 
HEMOFILTRATION 


Continuous veno-venous hemofiltration (CVVH) and 
similar modalities used for what is termed “continuous 
renal replacement therapy” increasingly are being used 
in the therapy of critically ill patients, including those 
suffering from poisoning. CVVH offers a number of 
useful advantages over traditional dialysis techniques. 
First, it can be used in patients with renal failure who are 
hemodynamically unstable and require large volumes of 
parenteral nutrition. In CVVH isotonic fluid is removed 
from the femoral vein slowly and continuously rather 
than in l- to 4-L increments over a 2- to 4-hour treatment 
session, the typical pattern for hemodialysis (HD). Also, 
the diffusion clearance inherent to HD results in the 
return of a hypo-osmolar fluid to the intravascular space, 
resulting in a further loss of intravascular volume in 
comparison with CVVH. The latter restores volume 
losses with isotonic replacement fluid and fluid refilling 
from the overhydrated body parenchyma.* Second, 
trained nursing staff can administer CVVH, though it 
requires their continuous attention. Finally, the typical 
rebound in serum drug levels from redistribution 
observed after HD are not seen with continuous 
modalities such as CVVH. 

The main disadvantage of CVVH in comparison with 
HD is the slower rate of toxin removal it can achieve. 
This disadvantage is significant if rapid toxin removal is 
critical to the patient’s survival, which often is the case. 
Thus, the use of CVVH for a toxin whose elimination is 
enhanced by dialysis techniques should be considered 
only when hemodynamic instability precludes the use of 
HD, when HD is not available, or if the inherently slower 
rate of toxin removal is clinically acceptable. 

CVVH does not require arterial access—a pump is 
used to provide the pressure gradient necessary for 
filtration. Anticoagulation is required to optimize the 
lifespan of the apparatus (which requires replacement 
when it becomes clotted). However, the need for 
anticoagulation is less than for arteriovenous techniques 
because of the controlled blood flow provided by the 
pump, particularly in smaller pediatric circuits. Animal 
data demonstrate that CVVH can achieve adequate flow 
rates with pediatric-sized filters and circuits.*! The blood 
is passed through a highly permeable hemofilter, 
forming an ultrafiltrate made up of plasma and filtered 
solutes. Hemodiafiltration refers to the use of a dialysate 
fluid on the opposite side of the filter from the blood 
flowing in a counter current direction. Table 2C-1 
summarizes the relative advantages and disadvantages 
of CVVH, continuous arterial-venous hemofiltration 
(CAVH), HD and peritoneal dialysis (PD). 


Indications 


Box 2C-5 lists the toxins for which CVVH has been shown 
to speed elimination. Toxin-related factors determining 
clearance by CVVH include the sieving coefficient 
(dependent upon molecular weight and protein binding) 





Advantages and Disadvantages of CAVH, 
CVVH, HD, and PD*° 


TECHNIQUE ADVANTAGES 





DISADVANTAGES 


CAVH Less hemodynamic Slower clearance rates 
instability Systemic 
Ease of administration anticoagulation 
Highest risk of clotting 
and air emboli 
CVVH Less hemodynamic Slower clearance rates 
instability Systemic 
Ease of administration anticoagulation 
Higher risk of clotting 
and air emboli 
HD Faster clearance rates More hemodynamic 
instability 
PD Faster clearance rates More hemodynamic 
instability 
Peritoneal 


complications: 
Increased abdominal 
pressure 
Decrease in 
ventilation 
Peritoneal plural leaks 
Peritonitis 
Contraindicated if 
recent abdominal 
surgery 


CAVH, continuous arterial-venous hemofiltration; CVVH, continuous 
veno-venous hemofiltration; HD, hemodialysis; PD, peritoneal dialysis. 


BOX 2C-5 


Amrinone!° 


Barium!" 
Ceftriaxone 
Ethylene glycol!” 
Imipenem! 
Lithium! 
Metformin! 
Salicylate!'° 
Tobramycin'"' 
Vancomycin*2""" 
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CVVH, continuous veno-venous hemofiltration. 





and the volume of distribution.** CVVH has been useful 
in a number of poisoning-related complications and in 
one condition that can result from poisoning. Hepatic 
and renal failure from acetaminophen have been 
managed successfully with CVVH in conjunction with 
aggressive supportive measures.*? CVVH has been used 
for hyperphosphatemia from tumor lysis syndrome in 
conjunction with hemodialysis.** Myoglobin in an animal 
study and in humans from drug- and exercise-induced 
rhabdomyolysis has been removed successfully by 
CVVH.*°*" Severe lactic acidosis induced by propofol 
improved significantly with the use of CVVH.*® CVVH 
has been shown to be safe and effective in treating 
radiocontrast-induced acute renal failure after percu- 
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taneous coronary interventions.” Hypothermia is 
associated with poisoning, particularly when central 
nervous system depressants result in excessive exposures 
to cold ambient temperatures. CVVH has been used with 
success in rewarming a patient with severe accidental 
hypothermia.” 


Contraindications 


Toxins for which CVVH has not been shown to speed 
elimination are listed in Box 2C-6. One patient treated 
with a lorazepam infusion developed toxicity from the 
propylene glycol diluent, despite receiving CVVH with 
dialysis (CVVHD), suggesting that the glycol was not 
effectively removed.°” Care should be exercised in 
choosing the replacement fluid; lactate-buffered solu- 
tions have been reported to induce hyperlactatemia.°! 
Since CVVH requires systemic anticoagulation, contra- 
indications include recent surgery and gastrointestinal 
or intracranial hemorrhage. However, regional hepar- 
inization can be used with those patients for whom 
CVVH is necessary but who cannot tolerate systemic 
heparinization.” Trisodium citrate is a useful alternative 
to heparin as a regional anticoagulant with CVVHD 
to minimize the risk of hemorrhage and thrombocy- 
topenia. However, caution should be exercised in 
patients with decreased hepatic function as use of 
trisodium citrate in this context is associated with severe 
hypercalcemia.” 

A summary of the indications and contraindications 
for CVVH in poisoning are listed in Box 2C-7. 


PERITONEAL DIALYSIS 


Though the first use of peritoneal dialysis PD dates back 
to 1923,°° experiments with peritoneal lavage were 
carried out as early as 1877.° Numerous advances have 
been made since this early work was done, including the 
addition of substrates to the dialysate to enhance the 
elimination of certain drugs. Given the ease in most 
medical centers of obtaining HD, PD has fallen out of 
favor in most instances for the treatment of acute 
intoxication, although it continues to be used as a bridge 
when HD is not available or as an adjunct to enhance 
elimination. Because of its “second-tier” status, recent 
literature and research on its use in poisoning are sparse. 


Method 


The peritoneal surface area of an adult has been 
estimated to be 22,000 cm?, allowing this structure to 
serve as an excellent semipermeable membrane for 
dialysis. PD involves in principle the passive movement of 
drug or toxin down its concentration gradient from the 
intravascular space in capillaries dispersed throughout 
the lining of the peritoneum into the dialysis solution 
infused into this cavity. As with other dialysis techniques, 
PD is particularly effective in removing drugs with small 
volumes of distribution and low protein binding.°° The 
intermittent method of PD involves the use of one 


BOX 2C-6 


Amikacin! 12 
Arsenic! 1? 
Valproate!" 


CVVH, continuous veno-venous hemofiltration. 
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Contraindications 


Hemodynamically stable enough 
for dialysis (relative) 

Underlying contraindication to 
anticoagulation (relative) 

High toxin clearance critical to 
patient survival 

Absence of adequate nursing care 


Indications 


Dialyzable toxin 
low volume of distribution 
low protein binding 
molecular weight < 10,000 
daltons 
Hemodynamically unstable 
patient or hemodialysis not 
available or impractical 
(small children) 
Drug-induced rhabdomyolysis 
Drug-related hypothermia 
Hyperphosphatemia 
Toxin-induced lactic acidosis 
Radiocontrast-induced acute 
renal failure 





catheter to introduce the dialysate by gravity, removing it 
at a later time through the same access.** This process 
also can be carried out using two catheters.°° Two liters 
of fluid (1200 mL/m* or 50 mL/kg in children) are 
used per exchange, with the fluid typically left in the 
peritoneal cavity for 45 to 60 minutes.” In contrast, 
during continuous ambulatory peritoneal dialysis 
(CAPD), dialysate is left in the peritoneum for much 
longer periods of time. Extending this period beyond 
72 hours or leaving the catheter in place between courses 
of PD increases the risk of infection. 

Various additives, such as glucagon, albumin, 
prostaglandin E, (PGE,), lipids, furosemide, strepto- 
kinase, and chelating agents, have been added to dialysis 
fluid in the attempt to enhance elimination with varying 
degrees of success.°’°? A mildly hypo-osmolar solution is 
used to prevent water removal during dialysis, with 
electrolyte concentrations similar to that of extracellular 
fluid.°* When the osmolality of the dialysate is increased, 
increased solute removal occurs at the expense of a 
negative fluid balance with each exchange.” 


Disadvantages and Complications 


Whereas PD can be a continuous process, its elimination 
rate is significantly less than that of HD and other more 
invasive methods of extracorporeal therapy. Blood flow 
via mesenteric circulation in PD cannot be adjusted as it 
can in HD, and the mechanics of instilling and draining 
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dialysate into and from the peritoneum limit achievable 
clearance rates.°’ The time required to eliminate a given 
amount of toxin is three to six times greater with PD than 
with HD, depending on the properties of the agent. 
The elimination of small molecules that are highly 
membrane permeable is rate-limited by blood and 
dialysate flow rates, whereas the elimination rate of large 
molecules depends primarily on membrane surface 
area.” In severe poisoning from a dialyzable toxin, the 
difference in achievable clearance rates between HD and 
PD can have enormous clinical significance, as one case 
series of methanol poisoning illustrates.°! Thus, PD 
should not be substituted for HD in such cases unless the 
latter is absolutely inaccessible. If HD is not available in 
one treating facility but patient transfer is possible, the 
patient should be transferred. PD may be used as an 
adjunct during the transfer to speed toxin elimination. 

Similar to other methods of extracorporeal elimination 
enhancement, PD can produce electrolyte shifts and loss 
of serum proteins. Pulmonary complications, including 
bronchitis/pneumonia, pleural effusions, and atelectasis, 
also are known adverse effects.°* Bowel perforation 
from catheter misplacement occurs with an incidence 
of 1.3% according to one report.® The other major 
complication of PD, especially CAPD, is peritonitis, which 
usually limits the long-term use of this technique.” The 
dialysate additive icodextrin has been reported to cause 
a blistering skin reaction that resolves upon cessation of 
the use of the substance.®* 


Indications 


PD can be used for toxins of up to 10,000 daltons in 
molecular weight and when a filtration rate of no greater 
than 15 mL/min is required.™ It can be used when HD 
is not currently available and the patient’s clinical status 
is critical. It can be used also when anticoagulation is 
contraindicated due to comorbidities. PD has been 
more widely used in the pediatric population, especially 
in the contexts of acute renal failure seen in hemolytic- 
uremic syndrome, congestive heart failure, chronic renal 
failure, and hyperkalemia.°”” Because of the difficulties 
of vascular access in small children as well as the difficulty 
in removing excess fluid gained between courses of 
dialysis without causing profound hypotension, PD offers 
distinct advantages in this population. 

The toxins for which PD hastens clearance and those 
for which its effects on clearance have been equivocal are 
listed in Boxes 2C-8 and 2C-9, respectively. Note that 
there are toxins listed in Box 2C-7 that are eliminated by 
the kidneys, such as baclofen, for which PD has been 
found useful in poisoning accompanied by renal failure 
even though PD effects on clearance are small when 
renal function is normal. Also, PD has proven useful in 
treating toxin-induced renal failure apart from effects on 
toxin clearance. Hypercalcemia from overadministration 
of vitamin D in an anephric child has been effectively 
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Achrocidin''? 
Amatoxins''® 
Amikacin''” 

Chromium (hexavalent) 
Copper (PD with salt-poor albumin 
Ethylene glycol!4!.!22 
Glutethimide!2?"'2° 

lsopropanol'?® 

Lithium!27"'2 
Meprobamate 
Methamphetamine!*> 
Methanol!:136-138 
Phenobarbital! 
Salicylates®>:'39 
Sodium chloride 
Vancomycin"! 


118 
ee 


130-134 


140 


PD, peritoneal dialysis. 


BOX 2C-9 


Amphetamine!” 


Baclofen!*? 

Boric acid a a 
Bromate!48149 
Caffeine!>? 
Chromium!?!:'>2 
Gentamicin'!*? 
Mercury!24158 
Methyprylon!?°:!>/ 
Propoxyphene18-160 
Quinine!61-163 


PD, peritoneal dialysis. 





treated with PD." PD does not effectively remove the 
digoxin-Fab complex in the treatment of digoxin 
poisoning in the context of renal failure.®’ 


Contraindications 


In the pediatric population, PD is contraindicated when 
there is severe intraperitoneal hemorrhage that is 
sometimes seen in hemolytic-uremic syndrome with 
thrombocytopenia.” The presence of focal peritonitis, a 
fecal fistula or colostomy, abdominal adhesions, and 
recent abdominal surgery with use of a prosthetic 
material, a major vascular anastomosis, or an open 
wound, are relative contraindications for PD.® 

Box 2C-10 lists the toxins for which peritoneal dialysis 
has not been found effective in accelerating clearance. A 
summary of the indications and contraindications for 
peritoneal dialysis in poisoning are listed in Box 2C-11. 
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BOX 2C-10 


Amitriptyline 


Chloroquine 
Chlorpropamide 


164 
165 


Isoniazid’®® 
Methaqualone’®” 168 
Phenol!®? 
Rifampicin'® 


Thallium 


170 


Valacyclovir!” 


PD, peritoneal dialysis. 


BOX 2C-11 


Indications 


Dialyzable toxin 


Hemodynamically unstable 


Drug excretion impaired by 


Contraindications 


Severe intraperitoneal hemorrhage 

Hemodynamically stable enough 
for dialysis (relative) 

High toxin clearance critical to 
patient survival 

Absence of adequate nursing care 

Focal peritonitis, fecal fistula, 
colostomy, undiagnosed 
abdominal disease, extensive 
adhesions, recent abdominal 
surgery with prosthetic 
material, vascular anastomosis 
or open wound (relative) 


low volume of distribution 

low protein binding 

molecular weight < 10,000 
daltons 


patient or hemodialysis not 
available or impractical 
(small children) 


hepatic or renal failure 
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Hemodialysis and Hemoperfusion 


JUAN C. ARIAS, MD m STEPHEN W. BORRON, MD, MS 


Chapter 2C addresses the use of peritoneal dialysis, 
various forms of hemofiltration, and multiple-dose 
activated charcoal (MDAC) as so-called “gastrointestinal 
dialysis.” This chapter discusses the more classic methods 
for extracorporeal removal of toxicants, namely, hemodial- 
ysis (HD) and hemoperfusion (HP). In addition, we 
briefly discuss a newer methodology, the molecular 
adsorbents recirculating system (MARS, also referred to 
as albumin dialysis), which was developed primarily for 
the treatment of fulminant liver failure (FLF), but has 
recently been employed in the treatment of a variety of 
poisonings. 


As has been pointed out in previous chapters, 
extracorporeal methods for toxicant removal should be 
viewed as important adjuncts rather than as primary 
approaches to specific poisonings. The most effective 
method of removal of toxicants from the body in most 
cases 1s maintenance of properly functioning kidneys, 
liver, and lungs through excellent supportive care. The 
ultimate evaluation of efficacy of extracorporeal methods 
is in fact through direct comparison with spontaneous 
elimination by the body.' In the absence of careful atten- 
tion to resuscitation and supportive care, these adjuncts 
may be of little use; they may even be dangerous. Further- 
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more, while dozens of toxicants have been shown to be 
removed by HD or HP, evidence-based support for 
significant clinical improvement from these procedures 
is often lacking. As will be shown, each of these 
procedures has benefits and risks, which must be 
carefully weighed against other methods of treatment. 

It is difficult to ascertain the frequency with which HD 
and HP are employed in the treatment of poisoning. 
Based on the most recent Toxic Exposure Surveillance 
Survey,’ it would appear that use of HD (N = 1730) 
largely exceeds that of HP (N = 30). Both procedures 
were far more commonly performed in adults older than 
19 years (93% of HD cases and 90% of HP cases) than in 
children. Use of these extracorporeal removal tech- 
niques in children younger than 6 years was rare (seven 
cases of HD, one case of HP). These figures are undoubt- 
edly underestimates of real use, since reporting to poison 
centers by physicians is voluntary and incomplete. 
Nonetheless, they suggest that extracorporeal purification 
therapies have a limited role in management of 
poisoning in the United States. 


METHODOLOGY 


Hemodialysis 


HD requires the passage of blood from the body through 
an external circuit, in which it is anticoagulated and 
placed in sustained contact with a selectively permeable 
membrane prior to being returned to the patient. 
Opposite the membrane and flowing in countercurrent 
direction is a heated dialysate, the composition of which 
can be varied according to the indications for dialysis. 
The variation of electrolyte concentrations, addition of 
buffers, and sometimes other additives allow the operator 
to manipulate the passage of these elements from one 
side of the membrane to the other. HD operates on the 
basis of three principles: diffusion, osmosis, and ultrafil- 
tration.* Diffusion relies on concentration gradients, with 
solutes moving from an area of higher concentration to 
an area of lower concentration, ultimately resulting in 
equilibration. Osmotic pressure results in the movement 
of water from one side of a semipermeable membrane to 
the other, dependent on a higher concentration of 
solutes on the other side. Manipulation of plasma sodium 
concentrations (sodium profiling) during dialysis can 
induce a net flow of water from cells into the plasma, 
allowing for its ultimate removal from the plasma. 
Ultrafiltration involves movement of fluid across the 
membrane due to the presence of a pressure gradient. 
This principle allows control of fluid loss during dialysis 
and can be manipulated via varying dialysate pressure 
(pressure control) or by variation of dialysate flow volumes 
(volumetric control). Volumetric control is more common 
in modern dialysis machines. In the case of toxicants, 
diffusion into the dialysate is the primary end point, 
although amelioration of acid-base and electrolyte 
conditions is often an important additional goal. 
Dialyzer specifications (blood flow rate, surface area, 
and membrane construction) determine, in part, the 


efficacy of drug or chemical removal from the blood. 
Pharmacodynamic and pharmacokinetic factors (molec- 
ular weight, lipid solubility, protein binding, toxicant 
concentration gradient, and volume of distribution 
[Vd]) are equally critical factors which will be discussed 
in further detail below.” 


Hemoperfusion 


HP implies the passage of blood through a device 
containing absorbent particles.* It may be performed 
alone or in combination with HD and has been employed 
for a number of years in the management of poisonings. 
Resin HP with variants of Amberlite XAD (Rohm & 
Haas, Philadelphia, PA) was viewed as promising in the 
1970s and 1980s. However, very few recent reports of 
resin HP have been published.*!° This is likely in part 
due to unavailability of medical-grade resin cartridges in 
many geographic areas. Activated charcoal appears to be 
the most commonly used absorbent material based on 
published reports, but hospital availability of even these 
cartridges appears to be limited. A recent survey of New 
York City 91 1-receiving hospitals revealed that only about 
one third of those surveyed had charcoal hemoperfusion 
(CHP) cartridges readily available (only one hospital had 
pediatric cartridges). Just 3 of 34 responding hospitals 
had used CHP within the previous 5 years. Reasons cited 
by the authors for limited cartridge availability and use of 
CHP were decreasing clinical use of phenobarbital and 
theophylline and improved efficacy of HD." 

CHP irreversibly binds water- and lipid-soluble drugs 
and chemicals in the molecular weight range of 113 to 
40,000 Da, a much larger range than that for HD (<~300 
Da). Plasma drug extraction ratios for HP are superior to 
those for HD for acetaminophen (paracetamol), digoxin, 
glutethimide, paraquat, phenobarbital, and theophylline.* 
However, further examination of this list may reveal, in 
part, why HP is seldom employed in the United States. N- 
acetylcysteine is effective for acetaminophen poisoning, 
widely available, and less invasive. Digoxin Fab fragments 
are far more effective than HP in binding and 
eliminating digitalis glycosides. Glutethimide is rarely 
prescribed in the United States. Paraquat poisonings are 
rather rare in the United States, and HP has not been 
shown to alter outcomes, despite of reduction of plasma 
concentrations.'* As mentioned previously, phenobarbital 
and theophylline have largely been replaced in clinical 
use by other agents, and the less invasive MDAC has been 
shown to be effective in reducing plasma concentrations 
of these agents, although it has not been proven to alter 
outcomes. !’ 


Molecular Adsorbents Recirculating 

System 

The Molecular Adsorbents Recirculating System (MARS) 
is a relatively new method of extracorporeal decontami- 


nation, which employs dialysis across a membrane 
impregnated with albumin and a 20% albumin dialysate, 
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thus attracting highly protein-bound substances. In 
addition, charcoal and anion exchange resin cartridges 
are employed to filter the dialysate, regenerating it for 
continued use.'* MARS may be of interest in the setting 
of poisons that have a predilection for liver toxicity, as 
the system is capable not only of removing certain hepa- 
totoxins, but also reducing hyperbilirubinemia, restoring 
hemodynamics, diminishing hepatic encephalopathy, 
and improving renal function.'* MARS has been used to 
maintain patients in liver failure during the peritrans- 
plant period.'*'® The existing data for MARS in general 
are encouraging, but the evidence base is limited.!? This 
caveat is even truer in the setting of poisoning. 


GENERAL PRINCIPLES FOR 
EXTRACORPOREAL DECONTAMINATION 


Modalities and Susceptible Substances 


A number of factors determine the suitability of use of 
HD or HP as extracorporeal methods of removal of a 
given toxicant. In the case of HD, chemical and drug 
removal are determined by factors as blood flow rate, 
dialysate flow rate, dialyzer surface area, and pore structure 
of the chosen membrane and by pharmacodynamic and 
pharmacokinetic factors such as molecular size (usually 
<300 Da), lipid solubility, protein binding, Vd, and 
concentration gradient. For HP, the selection of filter 
material has historically been important (charcoal vs. resin 
cartridges). With scarce availability of resin cartridges, the 
choice has essentially reverted to charcoal. HP is typically 
reserved for drugs with a low Vd and high protein 
binding,*? but as mentioned previously, compounds of 
larger molecular weight may be removed. HD frequently 
causes hypotension, whereas this is reportedly less often 
a problem in HP. As such, in instances where hemody- 
namic instability after poisoning is an issue, HP may be 
preferable even if less efficacious for a particular toxicant. 
Vasopressors such as dopamine and norepinephrine are 
absorbed by the cartridges and therefore should be 
administered in the circuit after the sorbent. A definite 
role for MARS therapy in poisoning has not yet been 
established. In general, substances that are highly bound 
to albumin and poorly susceptible to other forms of 
treatment, including HD and HP, should prompt consid- 
eration of MARS, particularly in the setting of liver failure. 


Molecular Weight 


In order to be effectively hemodialyzed, toxicants should 
ideally be of low molecular weight (<300 Da).*! Examples 
of toxicants of low molecular weight are methanol (32.04 
Da), ethanol (46.07 Da), ethylene glycol (62.07 Da), 
lithium carbonate (73.89 Da), butoxyethanol (118.20 Da), 
aspirin (180.15 Da), and theophylline (180.17 Da). 


Volume of Distribution 


A low molecular weight alone is not sufficient, however, 
to assure effective dialyzability. For example, nortripty- 





line has a molecular weight of 299.85 Da, but is poorly 
removed by HD. This is due to its very large Vd.** The Vd 
is the theoretical volume into which a drug distributes in 
the body and is generally expressed in liters or liters/kg 
body weight. Substances with a small Vd (<1 L/kg) reside 
to a greater extent in the bloodstream and can generally 
be effectively removed by using extracorporeal methods. 
The Vd of a drug is the most important determinant of 
the efficacy of HP.*° Even when extracorporeal methods 
are very efficient in removing toxicants from the blood, 
if the theoretical Vd is high, the pharmodynamic effect 
achieved is likely to be minimal, as the concentration at 
the drug target tissue may be virtually unchanged. 


Protein Binding 


A third critical factor in predicting efficacy of extracor- 
poreal methods is protein binding. HD is of limited value 
for substances that are highly protein bound. CHP, on 
the other hand, remains effective in cases of drug over- 
dose with substances of high protein binding capacity.*° 
A study conducted in 12 patients treated with HP, with 
drug overdoses involving 20 different drugs, showed that 
the efficacy of drug removal through absorption by 
activated charcoal was dependent on the binding affinity, 
which is related to the protein binding percentage. This 
study concluded that drugs that are protein bound at 
levels of up to 95% are effectively removed from the 
blood with HP.*° Following HD or HP, substances with a 
higher Vd and high protein binding percentage tend to 
redistribute from storage tissues to plasma. For this reason, 
a single extracorporeal substance removal session may be 
insufficient.?! 


Water Solubility 


Water solubility is also an important factor in determining 
dialyzability. Water-soluble substances like ethanol, 
methanol, ethylene glycol, salicylates, theophylline, lithium, 
and valproate tend to have limited distribution in adipose 
tissues, thus limiting their Vd. This property makes them 
ideal for extracorporeal drug removal. 


WHEN SHOULD HEMODIALYSIS OR 
HEMOPERFUSION BE CONSIDERED? 


Poisoning by a substance susceptible to extracorporeal 
removal is not in itself an adequate justification for the 
procedure.* In general, extracorporeal methods should 
be reserved for poisonings for which toxic metabolic 
activation is anticipated (e.g., methanol, ethylene glycol), 
for which blood concentrations or the amount of toxicant 
absorbed foretell very serious toxicity, and for patients who 
have not improved despite of appropriate supportive 
care (volume repletion, acid-base correction, use of vaso- 
pressors, ion-trapping diuresis, and administration of 
specific antidotes). Winchester* identifies six clinical 
considerations for HD or HP in poisoning: (1) progressive 
deterioration; (2) depression of midbrain function 
leading to hypoventilation, hypothermia, and hypotension; 
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(3) development of, or predisposition to, complications 
of coma, such as pneumonia or septicemia; (4) impair- 
ment of drug excretion; (5) poisoning of substances 
possessing metabolic and/or delayed effects; and (6) 
poisons extractable at a rate exceeding endogenous 
elimination. These considerations could be condensed 
to (1) patients who are very sick or likely to become so and 
(2) toxicants for which HD/HP are effective in removal 
and known to make a clinical difference in outcome. 


Toxicant Blood Concentrations 


Blood concentrations of certain toxicants (e.g., methanol 
and ethylene glycol) have been proposed as indicators 
for HD. Historically, a plasma concentration of 50 mg/dL 
has been used as a threshold for the need for dialysis in 
both ethylene glycol and methanol** poisonings. The 
availability of fomepizole, a safe and effective inhibitor of 
alcohol dehydrogenase, has altered the indications for 
HD.”°*8 While HD continues to be a useful and often 
necessary adjunct in the treatment of toxic alcohol 
poisonings, an elevated blood concentration of the alco- 
hol alone is no longer considered sufficient to require HD. 


Metabolic Acidosis 


Severe metabolic acidosis accompanying methanol and 
ethylene glycol, as well as other toxic alcohol poisonings, 
is a clear indication for HD, regardless of blood 
concentration. In these cases, HD not only effectively 
removes the toxicants and their acidic metabolites, but 
helps in directly correcting the acid-base balance of the 
patient. Even when the toxicant’s molecular weight, 
protein binding, or Vd do not conform to the criteria 
necessary for dialyzability, HD should be considered in 
the setting of severe metabolic acidosis and/or renal 
failure. An example of this can be found in overdoses by 
metformin. Metformin would be expected to be poorly 
dialyzable on the basis of its very large Vd. However, 
metformin toxicity results in severe metabolic acidosis, 
which may be ameliorated by application of HD 
techniques.*" 


SPECIAL POPULATIONS 


Children 


Both HD and HP may be performed in children, but 
both pose greater challenges than in adults. Vascular 
access 1s obviously more difficult in small children. For 
this reason, peritoneal dialysis has been historically 
used more often in children. However, use of peritoneal 
dialysis for acute renal failure in children appears to be 
decreasing and use of HD increasing over time.’! As 
mentioned before, availability of CHP cartridges suited 
to use in children may be extremely limited, even in 
major metropolitan areas.'' However, it appears that if 
antidotal therapy for ethylene glycol is administered 
before the onset of renal insufficiency, HD, even in 


children, may be safely avoided.** Given the long half-life 
of methanol, HD is still considered advisable in children 
after treatment with fomepizole.*° 


Chronic Renal Failure 


Obviously, poisonings by substances normally eliminated 
by the kidneys may require HD or HP in patients with 
chronic renal failure.*4 


COMPLICATIONS OF HEMODIALYSIS 
AND HEMOFILTRATION 


Both HD and HP are associated with potential serious 
complications (Box 2D-1). The most serious compli- 
cations associated with HD include hypotension (which 
by extension may lead to myocardial or brain infarction) 
and bleeding associated with anticoagulation. An addi- 


Xo), E by | | 
HP 


Catheter-Related Issues 


Hemorrhage 
Thrombosis 

Infection 

Central vein stenosis 


Anticoagulation-Related 
Issues 


Gastrointestinal hemorrhage 
Intracerebral hemorrhage 
Cardiac tamponade 
Heparin-induced 
thrombocytopenia 
Heparin-related thrombosis 


Hypotension-Related Issues 


Mesenteric ischemia 
Ischemic pancreatitis 
Myocardial infarction 
Transient ischemic attack 
Cerebral infarction 


Dialysate-Related Issues 


Electrolytemias 
Acid-base disorders 
Treatment water contamination 


Charcoal Cartridge—Related 
Issues 


Electrolytemias 
Thrombocytopenia 
Leukopenia 
Hypocalcemia 


Multiple Etiology Issues 


Pulmonary embolism/air 
embolism 

Disequilibrium syndrome* 

Cardiac arrhythmias 

Angina 

Cardiac arrest 

Fever (bacteria, contaminated 
dialysis water) 

Muscle cramps 

Anaphylactoid reactions to 
membranes 

Severe hemolysis 

Hypoglycemia 


*Nausea, vomiting, headache, blurred vision, confusion, and fatigue 
potentially leading to seizures, coma, and arrhythmias. 

Adapted from Rahman MH: Acute hemolysis with acute renal failure in a 
patient with valproic acid poisoning treated with charcoal hemoperfusion. 
Hemodial Int 2006;10(3):256-259; Himmelfarb J: Hemodialysis 
complications. Am J Kidney Dis 2005;45(6):1122—1131; and Davenport A: 
Intradialytic complications during hemodialysis. Hemodial Int 


2006;10(2):162—167. 
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tional significant consequence is reduction of therapeutic 
levels of drugs, which may result in unmasking of con- 
ditions protected by these agents. Complications appear 
to be relatively fewer in HP, but may nonetheless be 
important. HP is associated with the destruction of 
platelets, such that significant thrombocytopenia and 
bleeding may occur. This complication has been reduced 
by coating of the sorbent particles with a polymer 
solution.? Hypocalcemia likewise may occur.” Rahman 
and colleagues recently reported on the case of a patient 
treated with CHP for valproate poisoning. Despite of the 
use of coated charcoal, the patient developed severe 
hemolysis, which the researchers attributed to mechanical 
damage to red cells by the high flow rate through the 
cartridge. The patient required packed red blood cells, 
platelets, and fibrin transfusions, developing oliguric- 
anuric renal failure that required 23 days of HD over a 
period of several weeks. She ultimately regained her 
normal renal function.*° 


RISK AND COST-BENEFIT 
CONSIDERATIONS 


Transfer 


HD and HP are not universally available. Thus, transfer 
to centers capable of performing these procedures may 
at times be required. The decision to transfer a patient 
for these therapies should rest on evaluation of several 
elements: (1) Is the patient stable for transport? (2) Will 
the patient’s outcome likely be significantly better if the 
procedure is undertaken? (3) Are there acceptable alter- 
natives to HD or HP? Each of these issues should be 
studied prior to committing a patient to prolonged and 
expensive or potentially hazardous transport to another 
facility for extracorporeal decontamination procedures. 

As mentioned above, HD and HP have significant 
potential for complications. In certain poisonings, such 
as ethylene glycol and methanol intoxications, where HD 
was formerly routinely prescribed in the presence of high 
blood concentrations, recent improvements in specific 
antidotes have led to therapeutic alternatives. For example, 
if a patient with significant ethylene glycol poisoning 
arrives at the hospital before the onset of acidosis and 
renal failure, early treatment with fomepizole alone may 
preempt the need for HD.**°?8 Even in the case of 
methanol, HD may be avoided in selective cases after 
early treatment with fomepizole.** Methanol’s elimi- 
nation half-life is much greater than that of ethylene 
glycol, however, and may require prolonged antidotal 
treatment in the absence of HD. 


Intensive Care Unit Admission 


Requirement for acute HD and/or HP generally implies 
costly intensive care unit (ICU) admission. As mentioned 
above, early administration of fomepizole may forego the 
need for HD and ICU admission in ethylene glycol and 
selected methanol poisonings, if administered prior 





to the onset of acidosis and end-organ damage (renal 
failure or visual disturbances). While fomepizole is 
relatively expensive, a multiple-day ICU admission and 
HD might exceed drug costs. In other situations, HD or 
HP may shorten ICU or hospital stays and be cost 
conscious procedures. A formal cost-benefit analysis of 
these various treatment options would be useful. 


EVALUATION OF EFFICACY 


The evaluation of efficacy of extracorporeal methods 
of blood purification should ultimately rest on improve- 
ment in patient outcomes. However, a good outcome 
after HD or HP is not equivalent to established efficacy. 
Indeed, the literature is replete with case reports of the 
“successful use” of HD and HP in cases of poisoning in 
which the procedure may have had little impact at all on 
outcome. As mentioned in the beginning, the efficacy 
of extracorporeal purification procedures must be com- 
pared with the efficacy of elimination of the substance 
in question by the kidneys, liver, and lungs. Thus, one 
cannot estimate the utility by simply measuring blood 
concentrations before and after HD/HP! Rather, the 
amount of extracted drug should be measured directly 
in the dialysate or via elution from the cartridge, or alter- 
natively, indirectly from hourly differences in simulta- 
neously arterial (inlet)—venous (outlet) concentrations 
multiplied by the purification system blood flow.'! These 
amounts can then be compared to the concentrations in 
urine (determination of spontaneous renal clearance) 
and to the quantity believed to have been absorbed to 
determine efficacy. Before and after blood concentra- 
tions give some idea of the combined efficacy of corpo- 
real and extracorporeal elimination, but the interpretation 
may be clouded by ongoing intestinal absorption or 
redistribution of the toxicant. Elimination by other routes 
(pulmonary, sweat) should be likewise considered. 


TOXIC SUBSTANCES AMENABLE TO 
EXTRACORPOREAL ELIMINATION 


The list of toxic substances that have been subjected to 
HD and/or HP is quite long. Winchester? provides a list 
of more than 200 substances removed with dialysis and 
HP. As already mentioned, the ability to remove a toxic 
substance by HP or HD is not equivalent to an indication 
for these procedures. One must take into account the 
patient’s underlying health (renal or hepatic insuf- 
ficiency), the toxicity of the absorbed substance, the pres- 
ence of or likelihood of advancing to severe illness, the 
availability of these procedures, and the availability of 
acceptable alternatives (good supportive care, anti- 
dotes). A list of a few substances that have frequently been 
subjected to extracorporeal removal follows (Table 2D-1). 
The list is not comprehensive and does not necessarily 
imply an indication for HD/HP. The reader is referred 
to individual chapters for detailed indications for these 
and other forms of therapy. 
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“COP, I'VE STUMBLED” 


SEE HEMODIALYSIS HEMOPERFUSION 





SUBSTANCE CHAPTER (REFERENCES) (REFERENCES) 
Carbamazepine 40 (39-42) (42-44) 
Osmolal gap, 31; 32 (45-47) 
increased 
Propylene glycol 32 (47,48) 
Isopropanol 32 (49,50) 
Valproic acid 40 (51-58) (51,57,58) 
Excess acids 64, 90, 98 (29,59-61) 
(severe metabolic 
acidosis of toxic 
origin) 
Salicylates 48 (62-64) 
Theophylline 65 (11,65,66) (65,66) 
Uremia due to 12 
nephrotoxic 
drugs 
Methanol 32 (27,28,33,46, 
(formate) 67,68) 
Barbiturates/ 40 (69-71) (69,74,75) 
butoxyethanol 32 (72,74) 
Lithium 30 (76,77) 
Ethylene glycol/ 32, 31 (68,78,79)/(80) 
ethanol 
Diethylene 32 (81,82) 
glycol/ 
triethylene 
glycol 


This mnemonic serves as a reminder of some common substances 
encountered in poisonings potentially subject to removal by 
extracorporeal purification methods. Selected references are provided. 
Presence of a substances in this chart does not imply that 
extracorporeal methods are necessary or advisable. Clinical judgment is 
required. 





SPECIFIC SUBSTANCES REMOVED BY 
CONVENTIONAL HEMODIALYSIS AND 
HEMOPERFUSION 


Toxic Alcohols and Glycols 


The alcohol and glycols generally have toxicity that is 
inversely related to molecular weight. This, along with 
limited protein binding, small volumes of distribution, 
and relatively high water solubility, makes them partic- 
ularly amenable to removal by HD. Ethylene glycol (see 
Chapter 32B) has a molecular weight of 62 Da, it has no 
significant protein binding, and it distributes primarily 
in total body water (Vd = 0.6-0.8 L/kg), rendering it 
readily removable by HD.*!83 Additionally, glycolate, the 
toxic by-product of ethylene glycol responsible for 
acidosis, is effectively removed by HD.°*.®° The indica- 
tions for HD in ethylene glycol poisoning have been 
reviewed.2°22:49 Pizon and Brooks have stated that an 
extremely high ethylene glycol level should be considered 
an indication for HD regardless of the patient’s acid-base 
status or renal function due to hyperosmolarity.”® 
Methanol (see Chapter 32A) is likewise small (32 Da), 
with minimal protein binding and a Vd of 0.6 L/kg. 


Formic acid, the toxic by-product of methanol respon- 
sible for acidosis and retinal toxicity, is removed by HD.°! 
Hovda and colleagues have suggested that HD may be 
performed on an “elective” basis in selected methanol 
poisonings if patients are rapidly treated with bicar- 
bonate and fomepizole.?”** Several researchers have 
recently reviewed the indications for HD after methanol 
poisoning.2*788° 

Isopropanol (see Chapter 32C) may also be removed 
by HD, although the indications for HD are limited, due 
to generally good outcomes with supportive care. HD 
has been proven to be effective in removing both 
isopropanol and acetone from the plasma.® Lacouture 
and colleagues have recommended HD in cases where the 
blood isopropanol concentration exceeds 400 mg/dL.*” 


Salicylates 


Salicylates (see Chapter 48) are compounds of low 
molecular weight. They are moderately to highly protein 
bound (50%-90%), with very small volumes of distri- 
bution. Although salicylates are highly protein bound at 
therapeutic concentrations, the fraction of unbound 
drug increases in the setting of overdose, rendering it 
amenable to removal by HD or HP. Early HD is 
recommended due to the high propensity of salicylates 
to cause serious toxicity and death. The importance of 
concurrent alkalinization of the urine has been under- 
scored by Higgins and colleagues.®’ Because of acid-base 
and electrolyte abnormalities associated with salicylate 
poisoning, acute HD, rather than HP, is generally 
preferred.?! 


Theophylline 


Theophylline (see Chapter 65) has a low molecular weight 
and small Vd with moderate protein binding. Shannon 
addressed the use of HD and HP in theophylline 
poisoning in a 10-year prospective, observational study.°° 
The study included acute, chronic, and acute-on- 
therapeutic poisonings. The incidence of major toxicity 
was significantly greater in those undergoing HD. 
Shannon concluded that while HP provides a higher 
theophylline clearance rate than HD, the latter appears 
to have comparable efficacy in reducing the morbidity of 
severe theophylline intoxication and is associated with a 
lower rate of procedural complications.” 


Lithium 


Lithium carbonate (see Chapter 30) remains a commonly 
used therapeutic agent in the treatment of bipolar 
disorder. While its Vd is low, it concentrates in brain 
matter, rendering effective treatment more difficult. It 
has minimal protein binding and a very small molecular 
weight, and thus is amenable to treatment with HD. 
Indications for dialysis remain controversial.*® Recently, 
newer forms of extracorporeal purification for lithium 
poisoning have been proposed® (see Chapter 2C) which 
allow slower removal of lithium without rebound levels. 
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Carbamazepine 


Carbamazepine has a relatively low molecular weight 
(236 Da), but a fairly large Vd (1-2 L/kg) and is about 
80% protein bound at therapeutic levels. Its active 
metabolite 10,11-epoxide (CBZE), is approximately 50% 
protein bound.**** Because of the high protein binding, 
activated charcoal and CHP have generally been favored 
in treatment; however, high-efficiency dialysis may also 
be effective.” 


Valproic Acid 


Valproic acid (see Chapter 40) is a low molecular weight 
(144 Da) anticonvulsant with a small Vd and saturable 
protein binding. At therapeutic concentrations, 90% to 
95% of valproic acid is protein bound, but in overdose 
the degree of protein binding is relatively less (1.e., there 
is more unbound drug available for extracorporeal 
purification). Saturation of protein binding sites occurs 
at levels greater than 150 ug/mL, at which 54% to 70% 
of the drug is protein bound. At a level of 300 Ug/mL, 
35% of valproic acid is protein bound,*!5758 rendering it 
amenable to extracorporeal drug removal techniques.*?”” 
Both HP and HD, alone and in combination, have been 
used in cases of valproate toxicity. Valproic acid elimi- 
nation has been shown to be enhanced about tenfold by 
the use of extracorporeal methods.’ While the half-life 
of the drug is effectively diminished, the precise role of 
these procedures in valproate toxicity remains to be 
established.*® 


SUBSTANCES REMOVED BY MARS 


A nonexhaustive list of substances for which MARS has 
been used in poisoning includes theophylline,”! 
cytotoxic mushrooms,” phenytoin,” acetaminophen 
(paracetamol), and a copper-chromium-containing 
solution.'°? MARS appears to improve liver failure from 
multiple causes, but further prospective studies are needed 
to determine the role this technique should play in 
patient care." 


SUMMARY 


In conclusion, HD and HP remain important, but sec- 
ondary methods of treatment in poisoning by specific 
substances. These modalities cannot be substituted for 
excellent supportive care, and in some cases the need for 
them has been supplanted by effective antidotes. Both 
HD and HP are associated with complications and are 
not universally available. Careful evaluation of individual 
cases should guide the decision to use extracorporeal 
circulation. MARS or albumin dialysis may be of clinical 
benefit in selected poisonings. 
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Laboratory Diagnoses and Drug Screening 


JOHN D. OSTERLOH, MD, MS m CHRISTINE A. HALLER, MD 


Clinical laboratory tests that indicate the effects or pres- 
ence of drugs can be useful in the emergency evaluation 
of the patient with an overdose. However, the majority of 
toxicologic diagnoses and therapeutic decisions are 
made on the basis of clinical findings, even though 
advances in technology have provided the potential ability 
to measure many toxins. It is easy to extol the technologic 
virtues of new toxicologic measurement techniques, but 
the application of these laboratory techniques is limited 
by practical considerations. The time required for 
analysis is often longer than the critical time course of an 
overdose case. Also, laboratories cannot support the cost 
of performing the variety of procedures, maintaining the 
instruments, supporting the regulatory and administra- 
tive infrastructure, and providing the training and 
specialized labor needed for analyzing every toxin. 

The interpretation of laboratory toxicologic measure- 
ments requires that the relationship between the presence 
or the concentration of a toxin and its pharmacologic or 
toxicologic effects be known. For most toxins, our 
knowledge of such relationships is limited or unstudied, 
precluding the meaningful use of advanced technologic 
measures in direct clinical evaluations. Even when well 
studied, no clear relationship may exist. For example, a 
toxin at an effector site may not be in rapid equilibrium 
with the sampled fluid (e.g., lithium in the serum is not 
representative of lithium in the brain during the first 
24 hours of an acute overdose); or the measured toxin 


may be metabolized to an unknown, unmeasured, and 
active metabolite. Occasionally, limited information 
about pharmacologic relationships for common drug 
toxins has been derived from the monitoring of low-dose 
therapeutic situations. However, predictions based on 
pharmacokinetics or pharmacodynamics of drugs admin- 
istered in the therapeutic range do not always extrapolate 
to overdose (e.g., theophylline elimination is first order at 
therapeutic doses and zero order in overdose). 

Although the utility of many toxicologic measurements 
may be limited, the proper use of certain laboratory tests 
(both drug tests and biochemistry tests) in the emer- 
gency setting can be applied to many toxicologic 
presentations. A consensus paper on use of toxicologic 
tests for emergency evaluation of the overdosed patient 
was recently published.’ This chapter reviews the utility, 
reliability, and application of toxicologic testing in the 
emergency evaluation of the intoxicated patient. Other 
situations are delimited, such as toxicologic testing 
for forensic cause of death, driving while intoxicated, 
methadone compliance programs, and surveillance drug 
screening (employee, athlete). Throughout this chapter, 
it is emphasized that appropriate use of such testing should 
be considered in the context of the clinical presentation of 
the patient. Frequently, intoxicated patients are diagnosed 
by signs and symptoms, or recognition of specific 
toxidromes. Common laboratory tests used in selected 
toxidromes are listed in Table 3-1. 





Selected Toxicologic Syndromes by Class of Drugs and Common Tests Ordered 


CLASS OF DRUG SIGNS 


Opiates and opioids 
Slowed respiratory rate 
T° normal or low 


If BP decreased, pulse may not increase 


Miosis 

DTR usually decreased 
Alcohols, barbiturates 

Ataxia 

T° usually decreased 

DTR decreased 


Metabolic acidosis with ethanol, methanol 


and ethylene glycol 


If BP decreased, pulse may increase 


Delirium 
Increased pulse, increased T° 


Anticholinergics 


Skin is flushed, warm, dry (no sweating) 


Decreased bowel sounds 
Urinary retention 

Blurred vision 

Arrhythmias, prolonged QT 


CNS depression (somnolent —> coma) 


CNS depression (stuporous — coma) 


POSSIBLE CLINICAL, LABORATORY, AND TOXICOLOGIC TEST 


Naloxone 
ABG 
GLU 
DAU 


Calorics, thiamine 
ABG 

ALT, PT 

OG, AG 

Ca, Mg 

GLU 

DAU 

Serum or breath ethyl alcohol 
ABG 

EKG 

CK, K 

Cr/BUN 

CDS 
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Selected Toxicologic Syndromes by Class of Drugs and Common Tests Ordered—(Cont'd) 


CLASS OF DRUG 


Stimulants 


Tricyclic antidepressants 


Benzodiazepines 


Phenothiazines 


Salicylates 


Theophylline 


Iron 


Lithium 


Isoniazid 


Oral hypoglycemics 


B blockers 


Acetaminophen 


Hydrocarbon inhalants 


SIGNS 


Acute psychosis (nonreality) 

Increased pulse, increased BP, 
increased T° 

Increased respiratory rate 

Agitation 

Increased muscle tone/activity 

Dilated pupils 

Sweating 

Seizures 

Anticholinergic syndrome 

Hypotension 

Coma 

Seizures 

Sinus tachycardia 

Supraventricular tachycardia (early) 

Widened QRS, QT 

Ventricular arrhythmias 

CNS depression 

Mild (if any) respiratory depression 

BP, pulse, T° are not greatly affected 

DTR intact 

Decreased BP, decreased T° 

Rigidity, dystonias, torticollis 

Miosis 

Anticholinergic syndrome (see above) 

Seizures 

Nausea, vomiting, abdominal pain 

Respiratory alkalosis 

Metabolic acidosis 

Confusion 

Diaphoresis 

Hypoglycemia 

Tachycardia 

Hypokalemia 

Hypotension 

Seizures 

Nausea, vomiting, abdominal pain 

GI bleeding 

Hypotension 

Hypovolemia 

Acidosis 

Renal failure 

Cardiovascular collapse 

Tremor, chorea 

Ataxia, rigidity, hyperreflexia 

Abdominal pain 

Lethargy, confusion 

Seizures 

Metabolic acidosis 

Seizures 

Hepatitis 

Hypoglycemia 

Coma 

Diaphoresis 

Bradycardia 

Hyperglycemia 

Hypotension with slowed cardiac 
conduction 

Increased ALT, PT 


Stupor, confusion, headache 
Ataxia 

Liver injury 

Respiratory depression 
Cardiac arrhythmias 


POSSIBLE CLINICAL, LABORATORY, AND TOXICOLOGIC TEST 


ABG 
EKG 
CK 
GLU 

K 
Cr/BUN 
DAU 


ABG 

EKG 

K 

DAU or CDS 
TCIS 


ABG 
DAU 


ABG 
CDS 
EKG 


ABG 
GLU 
K, AG 
Quant 


ABGs 
K 
Quant 
GLU 
ABGs 
K 

Hgb 
GLU 
TIBC 
Quant 
ALT, PT 
Na, K, Cr 
CK 
EKG 
Quant 


ABG, K, 
ALT, CK 


GLU 
Ketones 


EKG 
GLU 

K 

CDS 
ALT 
PT 

BILI 
Quant 
ABG 
ALT 
Chest x-ray 
EKG 


ABGs, arterial blood gases; AG, anion gap; ALT, alanine aminotransferase; BP, blood pressure; BILI, bilirubin; BUN, urea nitrogen; CDS, comprehensive 
drug screen; CK, creatine kinase; CNS, central nervous system; Cr, creatinine; DAU,drugs of abuse screen; DTR, deep tendon reflex; EKG, 
electrocardiogram; GLU, glucose; K, potassium; Na, sodium; OG, osmolal gap; PT, prothrombin time; Quant, quantitative drug determination; 
T°, temperature; TCIS, tricyclic immunoassay screen. 


Blood glucose analysis may be ordered in any of the above syndromes involving altered mental status. 
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USE OF MEDICAL AND TOXICOLOGIC 
TESTS 


Medical tests can be categorized as belonging to one of 
three types: monitoring, diagnostic testing, and screening.’ 
For each type, there is a different purpose for applying 
the test and a different prior probability that the test 
condition exists (Table 3-2). This prior probability 
dramatically affects the reliability of a test for each of 
these situations (see later section on Toxicologic 
Screens). In the monitoring of a patient, the change in a 
highly prevalent test condition—such as blood pressure, 
body temperature, or therapeutic drug concentrations— 
is being followed. The most important requisite for this 
type of test is precision or the ability to detect change. 
Thus, therapeutic drug monitoring and quantitative 
toxicologic tests that follow drug concentrations over 
time (e.g., lithium) must be precise. Diagnostic tests 
are applied in situations in which the presence of one of 
several test conditions is highly likely or suspected. 
Because various alternative disease conditions would 
have moderate probabilities of existing based on the 
diagnostician’s evaluation, specificity is the more 
important attribute for “rule-in” diagnostic testing (i.e., 
no misidentification of a test condition). Diagnostic tests 
aid in making choices from a limited set of alternatives or 
confirming a highly likely diagnosis. For example, a 
patient with chest pain may have a myocardial infarction, 
esophagitis, neurologic or musculoskeletal injury. 
Electrocardiography findings and troponin testing can 
be applied to increase or decrease the probability of 
myocardial infarction as the cause of the symptoms. 
Occasionally, diagnostic tests are used to rule out other 
diseases. In this special case, the necessary attribute of 
the test is sensitivity. Often ruling out is not the original 
intent of a particular diagnostic test, representing the 
potential for clinical misapplication. Toxicologic panel 
testing or screening (e.g., comprehensive drug screen or 
coma panel) can be considered a diagnostic test when 
overdose is considered in the differential diagnosis and 
when the initial medical evaluation does not provide a 
clear picture of what is causing the signs or symptoms. 
Such testing may help answer the question, Is the patient’s 
condition due to drugs or a disease, and secondarily, 
which drug(s) are involved? Screening tests must have 
good sensitivity (finding all cases) if they are to detect 





the test condition in a low-prevalence situation. An 
example of this is screening for phenylketonuria in 
newborns. In the application of this test, there is no prior 
suspicion or preselection, and all newborns are tested. 
Nonspecificity arising from the screening tests can be 
corrected with subsequent, more specific testing. 

The prior probability of a test condition (e.g., drugs 
present) will strongly influence the reliability (i.e., 
predictive value of a positive or negative test result, also 
known as posterior probabilities) at given values of 
sensitivity and specificity.’ In employee drug screening 
programs (low prior probability of drugs being present), 
toxicologic methods are adapted in order to improve 
sensitivity for finding low concentrations of drugs, or for 
detecting only a few drugs in unselected populations.”* 
Without such adaptations, the ratio of false-positive 
results to true-positive results would be high in this low- 
prevalence setting. In emergency toxicologic testing, 
procedures are designed to detect a larger number of 
drugs at high concentrations in patients clinically 
suspected of overdose (i.e., high prior probability, diag- 
nostic situations). Thus, with regard to these definitions, 
the term toxicologic screen is a misnomer. 

This raises the issue of what types of laboratories 
perform these tests. The development and use of 
toxicologic methods have evolved from a number of 
varied situations. Medical examiners investigating cause 
of death have other forensic evidence that often suggests 
a drug-related cause (raising the prior probability that 
the test condition exists in those forensic specimens). 
The concentrations of drugs or toxins are frequently very 
high, so analytic sensitivity is often not an issue; however, 
the type of tissue examined may frequently alter the 
ability of the analytic technique to detect a toxin. In 
surveillance drug screening (e.g. employee, athlete), low 
concentrations of drugs are expected for a small group 
of selected drugs of abuse, but these tests are applied to 
populations in which the prevalence of persons abusing 
drugs is low. So, additional confirmatory procedures are 
often necessary. Compliance programs (e.g., criminal 
Justice, substance abuse) also test individuals for drug 
use. However, the prevalence of drug use in this selected 
population is much greater than in surveillance 
programs, as are the concentrations of the few drugs 
monitored. In each of these situations, the toxicologic 
methods are tailored to specific needs. 





Types of Medical and Toxicologic Test Situations 


TYPE OF PRESELECTION PRIOR PROBABILITY PRIMARY 

MEDICAL OF (OR PREVALENCE) ATTRIBUTE CLINICAL TOXICOLOGIC 

APPLICATION PURPOSE POPULATION OF TEST CONDITION REQUIRED OF TEST EXAMPLE EXAMPLE 

Monitoring Measure change Yes 85%-100% Precision BP, T° TDM 

Diagnostic Categorize, confirm Yes 30%-85% Specificity* Troponin Tox “screen” 

Screening Find No 0%-30% Sensitivity PKU Employee drug 
testing 


BP, blood pressure; PKU, phenylketonuria; T°, temperature; TDM, therapeutic drug monitoring. 
*Specificity is the primary attribute for the commonly used “rule-in” or confirmatory diagnostic tests. Most diagnostic tests are not “rule-out” by 


design. If used this way, sensitivity is the primary attribute required. 
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The laboratory performing emergency toxicologic 
testing must consider the prevalence and the types of 
drugs that must be tested and should adapt methods to 
the sensitivity, specificity, accuracy, and precision 
required in their locale (see later section on Analytic 
Accuracy of Toxicologic Screens) .'* Also, before any test 
is applied, it must be (1) analytically valid (i.e., defined 
and tested for detection limits, the calibration-response 
relationship, precision, referenced accuracy, dynamic 
range, interferences), (2) reliable (i.e., have appropriate 
clinical sensitivity, specificity, and predictive value), and 
(3) demonstrate utility (i.e., the test result will assist the 
clinician in making a diagnosis or in effecting a change 
in the course of therapy or disposition of the patient). 


DRUG TESTING TECHNIQUES 


The techniques for detecting the presence of drugs 
include a variety of chromatographic methods, immuno- 
assays, chemical tests, and spectrometric techniques. 
Each of these general techniques can be developed or 
adapted so that they detect a large number of drugs and 
chemicals, or they can be focused specifically to detect 
and quantitate only certain drugs. The analysis of drugs, 
chemicals, or toxins is predicated on the matching of the 
properties or behavior (e.g., chemical, chromatographic, 
or light absorption) of a substance with that of a valid 
reference compound; that is, the analysis is comparative. 
For a laboratory to be able test for a particular drug, it 
must possess that drug for the comparative process. 
Because the biologic sample matrix may contain 
components that can interfere with the detection of a 
drug, isolation of the drug from the biologic matrix is 
often necessary before characterization procedures are 
applied. With regard to usefulness, immunoassays and 
gas or liquid chromatographic techniques have the 
widest applications for single and multiple drug screens, 
respectively, or for quantitation. The major techniques 
have been compared for their sensitivity and specificity 
to commonly screened illicit drugs.” Most broad 
screening methods are limited by the range of drugs 
detectable at one time or by sensitivity. In addition, 
methods can vary considerably with respect to individual 
drugs. For example, without application of derivatization 
techniques, ease of detection for morphine would be 
ranked as follows: immunoassay > thin-layer chromatog- 
raphy > gas chromatography. In contrast, in the 
detection of trazodone, the order may be reversed. 
Chemical spot tests have been used in the past as initial 
quick screening tests for certain drugs. They rely on the 
chemical reactivity of the drug in the presence of specific 
reagents. These tests are usually not applied in settings in 
which a high degree of sensitivity or specificity is required 
(e.g., not in employee drug testing). A few of these tests 
(e.g. Trinder’s for salicylate, ferric-perchlorate-nitrate 
[FPN] test for phenothiazines) offer rapid application 
and adequate accuracy when applied in emergency 
settings in which high drug concentrations are present.’ 
Spectrometric assays may require a chemical reaction 
(direct or enzymatic) that converts the target drug into a 


light-absorbing species. These assays were commonly 
used in the distant past for the routine determination 
of barbiturates, acetaminophen, salicylates, quinidine, 
methaqualone, and chlordiazepoxide. Still in use today 
are the spectrometric assays for carboxyhemoglobin, 
methemoglobin, and cyanide. In uncomplicated cases, 
these three methods have adequate accuracy for quan- 
tifying spectrometric chemicals in overdose situations. 
However, spectrometric methods are prone to interfer- 
ence. For example, sulfhemoglobin and the antidote for 
methemoglobin, methylene blue, cause false elevation 
of methemoglobin levels with the co-oximetry method 
(see other examples in Tables 3-3 and 3-4). Many 
spectrometric assays have been replaced by enzymatic 
or immunologic assays, which can be performed on 
automated analyzers that perform a variety of other 
laboratory tests. 

Immunoassays are available for rapid identification of 
about a dozen individual classes or specific drugs in 
urine and for quantitation of about a dozen drugs in 
serum. Most immunoassay methods are easily adapted to 
automated analyzers used in the general hospital 
laboratory for performing other clinical diagnostic tests. 
Any immunoassay relies on the ability of a drug-specific 
antibody to bind to either labeled drug (which may be 
bound to a fluorescent molecule, to an enzyme, or 
attached to a solid matrix) or to the free drug in a 
sample. Immunoassay techniques are available with a 
variety of analytic end points based on aggregation-light 
transmission, enzyme product formation, fluorescent 
polarization, and other principles. The most common 
immunoassay techniques used for the detection of drugs 
are the enzyme immunoassay (Fig. 3-1), fluorescent 
polarization immunoassay, and immunoaggregation 
assay. Each specific drug assay is commercially available 
as a kit, but kits are available for only a limited number 
of drugs. Usually such assays have analytic sensitivity in 
excess of that needed for the detection of overdose 
concentrations and use preassigned cutoff values that 
determine positive versus negative results. When 
immunoassays are used as initial screens; their results 
may require confirmation by a second method, 
depending on the pretest probabilities, sensitivity, and 
specificity. For example, employee drug testing with an 
immunoassay will require confirmatory testing. When a 
testable drug is suspected in an intoxicated patient (high 
prior probability), confirmatory testing is not usually 
needed, excepting immunoassays for the amphetamine 
class of drugs, which have many cross-reacting substances 
(see Table 3-3). If the clinician is applying the test as a 
screening type test (rather than confirming a diagnosis), 
then confirmation should be requested. 

Point-of-care testing is now widely available because 
advances in technology have resulted in an increasing 
number of commercial hand-held test kits for rapid quali- 
tative screening for drugs of abuse. These are immuno- 
assay based. Products such as Triage (Biosite Diagnostics, 
San Diego, CA) and OnTrak ‘Testcup-er (Roche 
Laboratories, Nutley, NJ) incorporate various immuno- 
assay systems into a single-use unit with premade 
reagents and preset thresholds for detection of select 
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Qualitative Toxicologic Methods Used in Urine, Detection Intervals, and Interferences 





DOSAGE DETECTABLE* 


METHOD (DETECTON INTERVAL) 


TYPE OF 
DRUG/GROUP REAGENT/METHOD NAME 
Salicylate Trinder’s SC 
Acetaminophen Ortho-cresol (rarely used) SC 
(p-aminophenol) 
Phenothiazines Forrest or FPN (ferric- SC 
(metabolites) perchlorate-nitric) 
Ethchlorvynol Diphenylamine (rarely used) SC 
Phencyclidine, methadone, Tetrabromophenophthalein SC 
tricyclics ethyl ester (rarely used) 
Chloral hydrate Fujiwara SC 
(trichloroethanol) 
Opiates (morphine, EMIT, FPIA, KIMS, CEDIA, IA 
codeine) RIA, CMI 
Barbiturates EMIT, FPIA, KIMS, CEDIA, IA 
RIA, CMI 
Benzodiazepines EMIT, FPIA, KIMS, CEDIA, IA 
(as oxazepam RIA, CMI 
metabolite) 
Amphetamines EMIT, FPIA, KIMS, CEDIA, IA 
(amphetamine/ RIA, CMI 
methamphetamine) 
Marijuana EMIT, FPIA, KIMS, CEDIA, IA 
(11-nor-9-carboxyl- CMI 
tetrahydrocannabinol) 
Cocaine EMIT, FPIA, KIMS, CEDIA, IA 
(benzoylecgonine) CMI 
Phencyclidine EMIT, FPIA, KIMS, CEDIA, IA 
CMI 
Ethanol Enzymatic SC 
Tricyclics CMI, others IA 


TD (<1 day), OD 


TD (<1 day), OD 


TD for some (<3 days) 
OD 

OD (<3 days) 

OD 

OD (<2 days) 


RD (<3 days), OD 


RD (<4 days), OD 


TD for some, OD (days 
to weeks) 


RD (<2 day), OD 


RD (<1 wk single use, 
<2 mo if chronic use), 
OD 

RD (<2 days), OD 


RD (<1 wk), OD 


RD (<1 day), OD 


TD, OD 


INTERFERENCES, NONSPECIFICITY‘ 


Salicylamide, diflunisal, ketonuria, 
phenylketonuria, proteinuria, 
sulfonamides, hippuric acids (toluene, 
xylene)? 

N-acetyl cysteine, phenols from throat 
lozenges and mouthwashes,* 
proteinuria) 

Salicylates, ketonuria,* proteinuria 


Other narcotics, antihistamines, 
antipsychotics* 
Other chlorinated hydrocarbons 


Other opiates (hydrocodone, 
hydromorphone, oxycodone, 
dihydrocodeine), morphine from 
poppy seeds, adulterants,’ rifampin, 
ofloxacin 

Other less used barbiturates, NSAIDs 
adulterants® 

Other less used benzodiazepines,’ 
NSAID’sll less sensitive to triazolam, 
lorazepam, clonazepam, alprazolam, 
flunitrazepam (diazepam, 
nordiazepam, chlordiazepoxide, 
temazepam, midazolam, oxazepam 
are typically detected) 

Newer generation assays react with 
MDA, MDMA, STP, and 
l-methamphetamine (in Vick’s inhaler). 
Older assays cross-reacted with many 
adrenergic amines," chlorpromazine? 

Dronabilol, hemp products, pantoprazole 
(?); adulterants$ 


Few, teas made from coca leaf, 
adulterants® 

PCP analogues, ketamine, 
chlorpromazine, diphenhydramine, 
dextromethophan, venlafaxine 

Microbiologic production of ethanol in 
poorly stored urine 

Quetiapine, diphenhydramine, 
atomoxetine, carbamazepine 


CEDIA, cloned enzyme donor immunoassay; CMI, colloidal gold microparticle immunoassay; EMIT, enzyme multiplied immunoassay technique; FPIA, 
fluorescent polarization immunoassay; IA, immunoassay; KIMS, kinetic interaction of microparticle soheres; MDA, methylenedioxyamphetamine; 
MDMA, methylenedioxymethamphetamine (“Ecstasy”); NSAID, nonsteroidal anti-inflammatory drug; PCP, phencyclidine; RIA, radioimmunoassay; SC, 


spectrochemical (color change); STP, 2,5-dimethoxy-4-methylamphetamine. 


*Method sensitive to overdose dosage (OD), therapeutic dosage (TD), or recreational dosage (RD) for window of time detectable in parentheses. 
tNot all reagent/methods cross-react to the same extent. 


*Requires large amounts. 
SAdulterants; see text. 
Negative interference. 


Adrenergic amines such as phenylpropanolamine, ephedrine, pseudoephedrine, fenfluramine, phenteramine, isometheptene, and propylhexidrine. 
Also ranitidine, ritodrine, methylphenidate, labetolol, sertraline, trimethobenzamide, and others in the past. Also drugs metabolized to amphetamine: 


famprofazone, seligiline. 





drugs in urine. Several studies have demonstrated 
excellent concordance of point-of-care devices with 
central laboratory analyzers.”'? These devices may be 
advantageous in smaller clinical laboratories receiving 
small numbers of toxicology samples. However, because 
of limitations in specificity and = sensitivity with 
immunoassays, these products should be utilized as 


preliminary tests that require clinical correlation or 
confirmation by standard laboratory methods. 
Chromatographic assays are widely used in emergency 
toxicology because a large number of drugs can be 
detected on a single chromatogram. Sensitivity is adequate 
for detecting the presence of many common pharma- 
ceuticals at concentrations seen in overdose. For most 
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Potential Interferences for Quantitative Serum Drug and Chemistry Tests Used in Emergency Toxicology 


DRUG OR TOXIN 


Acetaminophen 


METHOD* 


SC (rare use) 


CAUSES OF FALSELY INCREASED BLOOD LEVEL 


Salicylate, salicylamide, methyl salicylate (each will increase acetaminophen level by 
10% of its level in mg/L); bilirubin; phenols; renal failure (each 1 mg/dL increase in 
creatinine = 30 mg/L acetaminophen) 

Cyclobenzaprine, thioridazine, chlorpromazine, atomoxetine 

Fetal hemoglobin (lipemia or high methemoglobin also may falsely decrease on some 

Ketoacidosis (may increase creatinine up to 2-3 mg/dL); cephalosoporins; creatine (e.g., 

Endogenous digoxin-like natriuretic substances in newborns and in patients with renal 


failure (up to 1 ng/mL), pregnancy, and liver failure. Oleander and bufotoxin 


Elevations after digoxin antibody (Fab) administration. Rarely, human antimouse 


Amitriptyline HPLC, GC Cyclobenzaprine, diphenhydarmine 
IA 
Carboxyhemoglobin SC 
instruments) 
Chloride SC, EL Bromide (0.8-1.0 mEq/L Cl = 1 mEq/L Br) 
Creatinine SC (rare use) 
with rhabdomyolysis) 
EZ Lidocaine metabolite, 5-fluorouracil 
Digoxin IA 
glycosides cross-react as digoxin. 
antibodies in patient. 
Ethanol SC (rare use) 


EZ 


Other alcohols and ketones in oxidation methods. 
Isopropanol from venipunture disinfectant. Patients with elevated LDH and lactate. 


Deferoxamine causes 15% lowering of total iron-binding capacity (TIBC). Lavender-top 
Vacutainer tube contains EDTA, which lowers total iron. 

Skin disinfectant containing isopropyl alcohol used before venipuncture (highly 
variable, usually trivial, but up to 40 mg/dL). 

Green-top Vacutainer specimen tube (contains lithium heparin) may cause marked 


Sulfhemoglobin (cross-positive, 10% by oximeter); methylene blue (2 mg/kg dose gives 
transient false-positive up to 15% methemoglobin level); hyperlipidemia (triglyceride 
> 6000 mg/dL, may give false methemoglobin up to 28.6%) 

Falsely decreased level with in vitro spontaneous reduction to hemoglobin in 
Vacutainer tube (~10% of value/hr). Analyze within 1 hr. 

Lavender-top (EDTA) Vacutainer specimen tube (15 mOsm/L); gray-top (fluoride-oxalate) 
tube (150 mOsm/L); blue-top (citrate) tube (10 mOsm/L); green-top (lithium heparin) 


Falsely normal if vapor pressure method used (alcohols are volatilized) 
Diflunisal, ketosis, salicylamide. Accumulated salicylate metabolites in patients with 


Decreased or altered salicylate level; bilirubin; phenylketones 
Rarely, acetazolamide, cephalosporins. Endogenous xanthines and accumulated 
theophylline metabolites in renal failure (minor effect). 


Ethylene glycol SC Other glycols; elevated triglycerides 
lron SC 
lsopropanol GC 
Lithium F EL 
elevation (up to 6-8 mEq/L) 
SC Quinidine, procainamide 
Methemoglobin SC 
Osmolality Osm 
tube (theoretically, up to 6-8 mOsm/L) 
Salicylate SC 
renal failure (~10% increase). 
IA Diflunisal 
SC 
Theophylline HPLC 
IA 


Caffeine. Accumulated theophylline metabolites in renal failure. 


EDTA, ethylenediaminetetraacetic acid; EL, electrochemical; EZ, enzymatic; F, flame emission; GC, gas chromatography; HPLC, high-pressure liquid 
chromatography; IA, immunoassay; LDH, lactate dehydrogenase; SC, spectrochemical; TLC, thin-layer chromatography. 





chromatographic procedures, drugs first must be extracted 
from serum or urine. In many cases, further chemical 
derivatization is necessary for making drugs compatible 
with the chromatographic phase or detection system. For 
example, in the detection of morphine by gas chro- 
matography, the extracted morphine may be N- 
acetylated (or other derivative) to decrease its polarity, 
increase its volatility, and enhance its detectability. The 
partially isolated drug (extract) is separated from other 
solutes during its interaction with the chromatographic 
stationary phase. There are three general types of 
chromatography used in toxicologic analyses: thin- 
layer chromatography, gas chromatography, and high- 
performance liquid chromatography. 

In thin-layer chromatography (TLC), extracted drugs 
are dried onto silica gel—coated plates. During the 
migration of a solvent up the plate, separation of the 
components and drugs in the extract is achieved by their 


differential interaction with the silica gel and solvent 
(Fig. 3-2). Chemical reactants sprayed on the plate 
localize (detect) the drugs, and the drugs’ locations are 
compared with the locations of reference drugs migrated 
parallel to the unknown extract. Usually a series of 
different chemical reactions are used in this process. The 
“staining” sequence and the ability to specify the 
migration distance of each drug endow TLC with the 
specificity that often is unachievable with the use of more 
elaborate procedures. However, with TLC, the analytical 
sensitivity for most drugs is limited to about 1.0 mg/L or 
greater, varying with the drug being tested, the detection 
method, and the amount of starting sample material. 
Many potent drugs may not be detectable with this 
technique (e.g., digoxin, lysergic acid diethylamide 
[LSD]) because of extremely low concentrations. TLC 
for drug detection in emergency situations has become 
standardized owing to the availability of commercially 
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No drug in sample 





Antibody 


Substrates 


Drug in sample 


Substrates 
cofactors 


Reaction 
products 
measured 


FIGURE 3-1 Principle of an enzyme immunoassay. A drug- 
specific antibody inhibits an enzymatic reaction because of a drug 
label on the enzyme. The greater the amount of free drug in the 
sample, the less the inhibition by the antibody and the faster the 
reaction of the enzyme system. 


prepared TLC systems (e.g., ToxiLab, Ansys, Inc., Irvine, 
CA). This has allowed expertise in the TLC identification 
of drugs to be less technologist dependent and results to 
be similar from laboratory to laboratory (see Fig. 3-2). 
Comigration of 30 or more drugs can be carried out on 
a single plate, allowing for drug identification with the 
use of information in a reference compendium. TLC will 
probably remain a common technique when testing for 
a broad range of unknown drugs. 

High-performance liquid chromatography (HPLC) is 
similar in many respects to TLC. Drugs are separated 
within tightly packed columns, and high pressure is 
applied to the columns to elute the drugs. Column 
materials for HPLC may be silica gel, as with TLC, or 
nonpolar phases (e.g., alkyl groups) bonded to small 
particles. With the former, the drug is eluted with 
organic solvents, and with the latter, solvents miscible in 
aqueous buffers are used. Often, drugs eluting from the 
end of the column are detected on the basis of their 
absorption of ultraviolet light. Other detection techniques 
are based on refractometry, conductivity, electrochemical 
(redox) reactions, and mass spectrometry. Drugs are 
identified only by the time that it takes for each to be 
eluted from the column (retention time). HPLC systems 
have not been widely used in broad drug screening partly 
because of the narrow range of drug polarity that can be 
analyzed in one run. However, systems that change the 
composition of eluting solvent during a single run 
(gradient systems) or those that use multiple-column 
processing can broaden the detection window. Certain 





automated instruments have been shown to be useful in 
screening for a wide variety of drugs of overdose,!'!? as 
well as the use of HPLC/mass spectrometry. Because of 
this high selectivity (resolution or separation of similar 
drugs), much HPLC work is directed toward the screening 
for classes of similar compounds, confirming the 
presence of selected agents or for quantitating specified 
drugs. Quantitation involves the measurement of the 
sizes of peaks relative to those of a standard compound 
added in a fixed quantity to all samples (internal 
standard). With extraction and evaporation of the 
extracting solvent, detection limits of 0.01 to 1.0 mg/L 
often are achieved with HPLC. 

Gas chromatography (GC) requires that the extracted 
drug be volatile at the temperatures inside the GC column 
(80° C to 300° C). Drugs and toxins can be chemically 
modified to make them more volatile. During injection 
onto the beginning of the column, the solvated drugs are 
heated. Drugs in the gas phase are separated from each 
other by interaction with the “liquid” stationary phase (at 
high temperatures) on the column. Drugs eluting from 
the column can be detected on the basis of their thermal 
conductivity, combustibility, ability to donate electrons or 
capture B-particle beams, ionization, and other charac- 
teristics. The range of selective detectors for GC is quite 
broad. One mode of detection that merits discussion is 
gas chromatography/mass spectrometry (GC-MS). A 
portion of the effluent gases from GC are ionized by 
bombardment in an electron beam or other methods. 
The detected molecular fragments that result are 
characteristic of the eluting drug. When only unique 
fragments are monitored, the sensitivity can extend into 
the nanogram-per-liter range. 

For both GC and GC-MS, the range of drugs that can 
be run on a single column is wide, but it is also limited 
by volatility and polarity. Current GC applications for 
screening of the many drugs seen in overdose cases are 
derived from methods developed in the 1970s.'° With 
the introduction of capillary columns and MS detection, 
many similar drug molecules can be screened with good 
resolution (specificity).° An example of a chromatogram 
of standards used in emergency urine screening is shown 
in Figure 3-3. After extraction, evaporation of solvent, 
and reconstitution, the mixture is injected and vol- 
atilized into the gas stream of the column. As with other 
similar systems, about 0.05 to 0.5 mg/L of a large num- 
ber of drugs is detectable. A common simple GC app- 
lication is the determination of volatile alcohols, in 
which ethanol, methanol, isopropanol, and other volatile 
solvents can be identified and quantitated quickly. 


EMERGENCY SERUM QUANTITATION OF 
OVERDOSED DRUGS 


Rationale and Use 


Serum quantitation of drugs or toxins in overdose are 
used for (1) diagnosis; (2) monitoring the course of the 
patient; (3) determining whether toxicity is occurring 
but not yet clinically apparent; (4) satisfying criteria for 
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FIGURE 3-2 Diagram of a standardized thin-layer chromatography system for identification of a wide spectrum of drugs (ToxiLab). 
Drugs from urine were extracted and plated in the middle of lane A and chromatographed. Lanes 1 to 4 are standard drugs comigrated 
with lane A. Sequential staining with chemical reagents (phases | through IV) and migration distance aid in the identification of the 
unknown drug in lane A. Amitriptyline (A) and its metabolite nortriptyline (a) are detected. Other metabolites (b) are also detected. 


(Courtesy of ToxiLab, Ansys, Inc., Irvine, CA.) 


therapeutic interventions (e.g., dialysis); and (5) evalu- 
ating the efficacy of those interventions.”'*" In the 
emergency setting, relatively few quantitative drug 
measurements meet these goals. These drugs include 
acetaminophen, salicylates, theophylline, digoxin, ethanol, 
methanol, valproic acid, ethylene glycol, iron, carbon 
monoxide, and lithium (Table 3-5).!? 

Two criteria must be satisfied in order for drug 
quantitation to be useful. First, clinical indicators that 
would otherwise reveal the status or condition of the 
patient must be absent. If the suspected toxin is known 
or its presence highly probable and if toxicity is apparent 
(i.e., clinical effects are observed), knowledge of drug 
concentration is of limited utility, except in patients with 
an overdose of any drugs listed in the previous para- 
graph. For most patients with drug intoxication, clinical 
indicators provide immediate evidence of the severity of 
the poisoning and are of greater value than measure- 
ments of drug concentration. For example, the clinical 
manifestations in the patient with an overdose of a 
tricyclic antidepressant indicate the course and severity 
of the ingestion. The second criterion that must be 
satisfied for measurements of drug concentrations to be 
useful is evidence of a concentration-effect relationship. 


Unfortunately, only a few drugs have established 
concentration-effect relationships, and many more 
remain unstudied.’? In therapeutic drug monitoring, 
concentration-effect relationships may be clearly estab- 
lished for the end points of efficacy or low-level toxicity. 
These therapeutic relationships cannot simply be extrap- 
olated to the overdose setting. For instance, carbamazepine 
has anticonvulsant properties at therapeutic concen- 
trations of 5 to 10 mg/L, but may cause seizures when 
taken in overdose. Similarly, a therapeutic dose of 
theophylline may have a half-life of six hours, but in 
overdose amounts, the half-life may be much longer. 
Quantitation of drug concentrations is indicated for 
drugs that may require hemoperfusion (e.g., theophylline, 
phenobarbital) or hemodialysis (e.g., salicylates, methanol, 
valproic acid), either as a criterion to initiate the therapy 
or to assess its efficacy (see Table 3-5). Quantitation of 
drug concentrations may also be required when a clinician 
is deciding whether to treat a patient with certain 
antidotes (e.g., Fab fragments for digoxin overdose) and 
when chelation therapy is being considered (e.g., 
deferoxamine for iron poisoning). Certainly, other clinical 
data may alter how the balance of clinical management 
is carried out. For example, it is well known that hypo- 
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magnesemia, hypokalemia, and underlying atherosclerotic 
heart disease are factors in the manifestation of digoxin 
toxicity. 


I.S. Promazine 


Amitriptyline 
Trifuoperazine 


Methadone 


Availability and Accuracy 


Verapamil 


With the increased use of quantitative serum immuno- 
assays performed on rapid chemistry analyzers, most 
large hospital laboratories are able to provide a drug 
measurement that would usually be available as 
therapeutic drug monitoring assays. However, of all 
hospitals (N = 5402) capable of performing routine 
chemistry tests, only 63% performed assays for iron, 38% 
for lithium, 79% for theophylline, 51% for salicylate, and 
51% for acetaminophen.'® 

Many emergency department (ED) physicians and 
medical toxicologists would like to see greater availability 
of serum quantitation for ethylene glycol to guide 
clinical management of suspected ingestions of this 
chemical. Because of the availability of a new antidote, 
fomepizole (Antizol [Jazz Pharmaceuticals, Palo Alto, 
CA]), the toxic effects of ethylene glycol and methanol 
can often be avoided, but the decision for hemodialysis 
is frequently made on the basis of concentrations that 


l l are greater than 25 to 50 mg/dL. Regionalized 
FIGURE 3-3 Chromatogram of a quality control urine sample bes a TE Wace EO E a eas 40 
containing 10 drugs after extraction from urine and detection by BY Prop 


capillary gas chromatography with nitrogen-phosphorus detection. increase the availability of rapid turnaround testing for a 
The concentration of caffeine and verapamil is 2.0 mg/L; that of each larger spectrum of toxins like ethylene glycol. 
other drug is 0.5 mg/L. The limit of detection is about 0.05 mg/L. 


Phencyclidine 


Meperidine 


Detector response 
Caffeine 


Cocaine 


Codeine 


0 5 10 15 20 
Minutes 


Quantitation of Toxins: Guidance for Therapeutic Interventions 





MINIMAL CLINICAL PRESENTATION FOR CONCENTRATION 


DRUG/TOXIN CONSIDERATION OF INTERVENTION GUIDANCE THERAPY RATIONALE FOR INTERVENTION 
Acetaminophen History of ingestion >150 mg/L @ 4 hr, NAC Prevent hepatotoxicity 
>50 mg/L @ 12 hr 
Theophylline Hypotension >100 ug/mL HP/HD Prevent seizures 
Tachycardia (acute OD only) esmolol 

Phenobarbital Coma >100 ug/mL HP/HD Shorten coma time 
Lithium (chronic) Altered mental status, or tremor >2.5-4 mEq/L HD Minimize CNS effects, prevent 

(greater concern if preexisting renal (chronic OD only) seizures 

insufficiency) 
Methanol AG metabolic acidosis + osmolar gap History and CP for AMP, ethanol, HD Avoid blindness, fatality 

antidote 


>50 mg/dL for HD 
Ethylene glycol AG metabolic acidosis + osmolar gap History and CP for AMP, ethanol, HD Reduce acidosis and avert 


antidote renal injury 
>50 mg/dL for HD 
Salicylate AG metabolic acidosis, respiratory >30 mg/dL to initiate Bicarb, HD Promote salicylate elimination, 
alkalosis intervention prevent pulmonary and 
cerebral edema 
Digoxin (acute) AV block, hyperkalemia, bradycardia >2.5-4ng/mL (acute Fab Avoid cardiovascular failure 
(acute) OD only) 
Iron History of ingestion >500 g/dL Deferoxamine Avoid cardiovascular collapse, 
renal and hepatic failure 
Carbon monoxide Headache, dizziness, nausea, Carboxy hemoglobin Oxygen, possibly Prevent neurologic sequelae 
confusion, coma >5% hyperbaric therapy 


AG, anion gap; AV, atrioventricular; CNS, central nervous system; CP, clinical presentation; Fab, digoxin-specific antibodies; HD,hemodialysis; HP, 
hemoperfusion; 4MP, 4-methylpyrazole; NAC, N-acetylcysteine. 
*For additional clinical effects, see Table 3-1. 
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The interassay imprecision for quantitative serum 
assays that are used in emergency toxicology is generally 
less than 5%. Not only must serum quantitation 
techniques be adequately precise to recognize a change 
occurring from one time point to another, but they 
should also be accurate (i.e., near to a true value) so that 
management decisions may be made relative to prede- 
termined decision values. The accuracy and interlab- 
oratory variability of quantitative serum measurements 
may be assessed on the basis of results from proficiency 
testing programs.’° In general, accuracy and agreement 
of results obtained by different laboratories are favorable 
for drugs measured commonly and by uniform 
techniques (e.g., antiepileptic drugs). For drugs that 
are measured infrequently and by more diverse methods, 
the results obtained are more diverse. Currently, 
interlaboratory coefficients of variation less than 8% and 
biases less than 15% have been demonstrated for the 
quantitation of most therapeutic drug monitoring—type 
drugs.!® 


Altered Analytic, Pharmacokinetic, 
and Pharmacodynamic Relationships 
in Overdosage 


Serum drug quantitations must be evaluated with respect 
to each patient’s clinical condition, drug pharmaco- 
kinetics, and timing of the specimen. The variation from 
person to person in the metabolism of medications and 


toxic chemicals (Fig. 3-4), the interactions of disease 
processes and medications, the altered pharmacologic 
properties of drugs at overdose concentrations, and the 
potential for interference in assays may affect how a 
measured drug concentration is interpreted.?!° For 
example, when taken in overdose, salicylates are more 
toxic than the linear extrapolation of effects of therapeutic 
concentrations would predict. This difference is the 
result of the elevation of free (unbound) concentrations 
with increasing serum concentrations, an increase in 
central nervous system penetration at acidic blood pH, 
and the saturation of metabolic pathways in the presence 
of the higher concentrations. 

Interpretation of drug levels may be altered by the 
consideration of several factors together. For instance, a 
renal failure patient receiving normal doses of digoxin 
may have no digoxin-related symptoms even though the 
patient has a serum digoxin level of 4 ng/mL. Falsely 
measured digoxin-like substances in renal failure may 
raise the patient’s measured “digoxin” level by up to 
1 ng/mL. In addition, cross-reaction of accumulated 
metabolites due to poor renal clearance may falsely 
elevate the measured level an additional 2 ng/mL. While 
quantitative measurements tend to be highly specific, 
other drugs and disease states can produce analytical 
interferences, leading to false results (see Table 3-4). In 
contrast, a different patient with a measured digoxin 
level of 2 ng/mL may exhibit digoxin-related toxicity 
that is due to a coexisting hypokalemia. 
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FIGURE 3-4 Factors producing altered pharmacologic relationships. PD, pharmacodynamics; PK, pharmacokinetics; PR, physiologic 


response to pharmacologic effect. 
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When drug levels are ordered from the laboratory, 
they must be interpreted with an understanding of the 
drug’s pharmacokinetics and sample timing. For 
instance, lithium and digoxin exhibit slow distribution 
from the central blood compartment into peripheral 
tissues, and an elevated level soon after ingestion may 
not be a reliable predictor of toxicity. Postdistributional 
(equilibrated) levels better reflect concentrations asso- 
ciated with toxicity at peripheral target sites. In addition, 
some drugs exhibit significant delays in reaching peak 
levels after overdose due to erratic absorption profiles 
(e.g. carbamazepine), slowing of gut motility (aceta- 
minophen combined with diphenhydramine), or slow 
dissolution due to sustained-release formulations (lithium, 
divalproate). In these situations, repeated quantitative 
measurements may be required. 


TOXICOLOGIC SCREENS 


Types of Screens 


A toxicologic screen is a combination of many different 
laboratory procedures that is aimed at identifying the 
drugs most commonly encountered in emergency 
toxicology. Screens may include as many different assays 
as are necessary for the identification of target drugs. 
Alternatively, to shorten turnaround times, screens can 
be focused or abbreviated so that they test for only a 
few common, critical, or difficult-to-recognize drugs. The 
numbers and types of drugs on the screen can be 
adapted somewhat to reflect regional differences in drug 
prevalence.!!” Ultimately, the availability of accurate, 
inexpensive commercial methods is often the greater 
determinant. 


COMPREHENSIVE SCREENING 

Comprehensive screening may include spot tests, 
immunoassays, TLC, and GC-MS procedures and may 
require 3 to 4 hours of intensive labor. Such broad 
screens or searches are applied to urine specimens and 
may include 80 to 200 target drugs or toxins. Because the 
search is wide and the prior probability is low for 
detection of a particular toxin, many laboratories will not 
report a drug’s presence unless the agent has been 
detected on two procedures or unless the single method 
is known to be highly specific for a highly prevalent 
intoxicant (e.g., GC for ethanol). For instance, initial 
identification of codeine by immunoassay would be 
considered only presumptive and not reportable. 
Subsequent confirmation (e.g., by TLC or GC-MS) 
would make the result reportable. Lack of confirmation 
or the absence of initial identification would be reported 
as “not detected.” Confirmation is not always a 
requirement in clinical testing, depending on clinical 
prior probability, the specificity of the single test used, 
and the implications of a positive test result. 

A comprehensive approach to screening with multiple 
complementary methods will detect most common drugs 
used in overdose concentrations,'® yet only 6% of 
hospital or clinic laboratories are enrolled in proficiency 





testing for comprehensive screening. This fact suggests 
that the capability to perform such comprehensive testing 
is not widespread.'° Drugs that are typically included on a 
comprehensive toxicologic screen are listed in Box 3-1, 
and toxins that are not usually detectable in such 
toxicologic screens are listed in Box 3-2. Many of these 
undetectable drugs are either not very prevalent or not 
very toxic, but many important toxins are not routinely 
detected in comprehensive screening procedures (e.g., 


Volatiles: ethanol, methanol, isopropanol, acetone 

Barbiturates/sedatives: amobarbital, secobarbital, pentobarbital, 
butalbital, butabarbital, phenobarbital, glutethimide, 
methaqualone 

Antiepileptics: phenytoin, carbamazepine, phenobarbital 

Benzodiazepines: as parent drugs or metabolites, chlordiazepoxide, 
oxazepam diazepam, alprazolam, lorazepam, temazepam 

Antihistamines: diphenhydramine, chlorpheniramine, 
brompheniramine, tripennelamine, trihexiphenidyl, doxylamine, 
pyrilamine 

Antidepressants: amitriptyline, nortriptyline, doxepin, imipramine, 
desimipramine, trazedone, amoxapine, sertraline, fluoxetine 

Antipsychotics: trifluoperazine, perphenazine, prochlorperazine, 
chlorpromazine, olanzepine, risperidone 

Stimulants: amphetamine, methamphetamine, 
phenylpropanolamine, ephedrine, methylenedioxyamphetamine 
(MDA), methylenedioxymethamphetamine (MDMA, or “Ecstasy”) 

Narcotics analgesics: morphine, codeine, oxycodone, hydrocodone, 
hydromorphone, meperidine, pentazocine, propoxyphene, 
methadone 

Other analgesics: salicylates, acetaminophen 

Cardiovascular drugs: lidocaine, propranolol, metoprolol, quinidine, 
procainamide, verapamil 

Others: caffeine, cyclobenzaprine, hydroxyzine, nicotine, oral 
hypoglycemics, strychnine 


Too polar: antibiotics, diuretics, isoniazid, ethylene glycol, lithium, 
lead, iron 

Too nonpolar: steroids, A?-tetrahydrocannabinol (THC) 

Too nonvolatile: plant and fungal alkaloids, some phenothiazines 

Too volatile: aromatic and halogenated hydrocarbon solvents, 
anesthetic gases, noxious gases (hydrogen sulfide, nitrogen 
dioxide, carbon monoxide) 

Concentration too low: (Potent drugs or drugs with large volumes 
of distribution): clonidine, fentanyl, colchicine, ergot alkaloids, 
LSD, dioxin, digoxin, THC 

Toxic anions (too polar): thiocyanate, cyanide, fluoride, bromide, 
borate, nitrite 

New drugs: e.g., buspirone, aripiprazole 


Nonchromatographically based tests may be available for some toxins as 
separate tests. 
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ethylene glycol, y-hydroxybutyrate [GHB], isoniazid, and 
cyanide). Assays for drugs not included in the toxicologic 
screen can often be requested as separate quantitative 
tests. Clinicians can help reduce clinical false-negative 
results (which can occur when a test is ordered that is not 
capable of detecting the suspected agent) by knowing 
which drugs and toxins are not included on the screens 
at their hospitals. Clinical laboratories should inform ED 
staff when method changes are made that affect test 
specificity, or when drug assays are added or dropped 
from toxicologic screens. 


DRUGS-OF-ABUSE SCREENS 

A smaller screen for illicit drugs also is commonly 
offered and available with a rapid turn-around time. A 
drugs-of-abuse screen typically consists of six to eight 
immunoassays for common illicit substances tested in 
urine, with confirmation procedures performed as 
needed or requested by the clinician. The drugs-of-abuse 
screen might include such drugs as opiates (morphine, 
codeine), amphetamines, cocaine, and propoxyphene 
and is typically most used by the emergency and 
psychiatric services. Drugs-of-abuse screens are based on 
immunoassays that have been developed and primarily 
marketed for use by drug surveillance programs and not 
for overdose diagnostic use. Hence the cutoff concen- 
trations used for determination of a positive or negative 
may be inappropriately low for use in assessing an 
overdose patient. For an assay with a low-level cutoff, the 
positive detection of the drug may be due to earlier drug 
use that is unrelated to the current clinical condition 
(see Table 3-3 for detection intervals). Communication 
between the laboratory and the treating physician is 
essential for selection of the appropriate sequence and 
choice of tests, clinical correlation of results, to speed 
analysis, and to help the laboratory make the best use of 
its resources. 


CONFIRMATORY TESTING 

In testing for illicit drug use, it is recommended that 
preliminary results be confirmed by a second specific 
test, whether at the time of the report or later, because 
false-positive documentation in the clinical record may 
have negative consequences for the patient. Also, the 
clinical laboratory should include a list of major cross- 
reacting substances (see Table 3-3) when a positive result 
is reported if not confirmed by a second method.'* The 
detection and reporting of some highly prevalent and 
nonillicit drugs may not require confirmation because 
this higher prior probability combined with a test of 
fairly good specificity allows for adequate confidence in 
the test result (e.g., predictive value of the positive test is 
high). Also, because some drugs often are present in 
drug-using populations that may be seen in the ED, or 
because they contribute little to the clinical picture, no 
testing may be needed. For example, although some 
hospital laboratories test for marijuana, it is not 
recommended in emergency situations because (1) it is 
highly prevalent in the drug-using population that may 
overdose on more serious drugs, (2) it is rarely 
considered responsible for serious toxicologic effects, 


and (3) it is excreted in urine for long periods of time 
after use and thus may not be temporally related to the 
acute clinical picture. 


SPECIMEN REQUIREMENTS 

Urine specimens submitted for toxicologic analysis 
should be collected in a preservative-free container and 
transported to the clinical laboratory as soon as feasible. 
A specimen volume of approximately 30 mL will be 
adequate for most toxicologic analyses. Stability of most 
drugs is expected for 24 hours in urines stored at 25°C, 
for as long as 2 weeks for specimens refrigerated at 2° C 
to 8° C, and for years in specimens frozen at —20° C to 
—80° C. Generally, urine is analyzed for diagnostic testing 
and serum is analyzed for quantitative determinations. 
Other specimen types are used in other toxicologic 
testing situations (Table 3-6). 


Rationale and Use of Toxicologic 
Screens 


In the emergency setting, urine and blood can be 
obtained as soon as a toxicologic etiology is considered 
in the differential diagnosis. Drugs-of-abuse screens can 
confirm the clinical suspicion of a few common drugs 
relatively quickly. It is unlikely that comprehensive 
screening will produce results that will affect early 
diagnosis or emergency management (see later section 
on Clinical Utility of Toxicologic Screens), but if the 
initial diagnosis remains unclear, a comprehensive 
screen may help determine the etiology in a small 
percentage of cases. Testing of urine specimens identifies 
the greatest number of drugs in easily detectable 
quantities. When compared with assays using serum or 
gastric aspirates, urine yielded the highest rate of positive 
findings.'*“° Comprehensive screening of serum or 
blood is not widely available, although it is possible with 
the application of newer techniques. The analytical 
limitations of serum screening include lower concen- 
trations of drugs found in serum, small sample size, and 
the incompatibilities of serum with some testing 
methodologies. In some cases, however, drugs may not 
have reached the urine in measurable quantities soon 
after ingestion, allowing earlier detection in the plasma. 
Also, some drugs are highly metabolized, and thus little 
of the parent drug may be detectable in the urine. 
Although gastric samples often contain high concen- 
trations of the parent drugs, testing of gastric aspirates 
should not be performed routinely. In one study, 
patients who had undergone gastric lavage for initial 
management had the following proportion of positive 
results for the presence of drugs on analyses of 
specimens: urine, 93%; serum, 54% (samples screened 
for sedative-hypnotics and ethanol); and gastric aspirate 
or lavage effluent, 38%.”° 

When ordering a toxicologic screen, the clinician 
should write suspected drugs or drug classes and the key 
symptoms or the working diagnosis on the requisition. 
This facilitates both the screening process and the 
communication of results back to the ordering physician. 
For instance, if a toxicologic screen is ordered and 
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General Advantages and Disadvantages of Some Common Specimen Types for Use in Drug Monitoring 


and Toxicologic Testing 





TISSUE OR FLUID 


Whole blood or red cells 


Serum or plasma 


Saliva 


Urine 


Gastric aspirate fluid 


Hair 


Meconium 


ADVANTAGES 


May reflect tissue levels or body burdens 
Concentration-effect relationships may exist 
Available 

May reflect dynamically active fraction of drug 
Concentration-effect relationships may exist 
Available 


May reflect serum concentrations or unbound 
(free) concentrations 

Usually available 

When quantitated, may reflect daily exposure 
or intake of short half-life drugs that are 
eliminated by kidneys 

In overdose, a wider number of drugs in higher 
concentrations are present for detection 

Usually available 

In overdose, high concentrations of parent 
drug may be present without metabolites 

When quantitated, may represent an 
accumulative dose 

May indicate timing or history of exposure per 
segment of hair 

May reflect maternal (and fetal) exposures to 
drugs during last 2 months of pregnancy 


DISADVANTAGES 


Harder to process than serum 

Sampling time in relation to dose must be known 

Requires some distribution into red cells 

Easier to process than blood 

Sampling time in relation to dose must be known 

In overdose, less sensitive detection than for many 
drugs found in urine 

Less useful and often not possible for toxins 
concentrated in red cells due to variability or 
sensitivity issues 

Variable acquisition of a reliable specimen 

Requires additional method validation (vs. serum- 
based methods) 

Less direct relation to tissue concentrations or 
effects than serum or blood 

Collection interval may be important 

May not be applicable to drugs that are highly 
lipophilic, highly metabolized, or not renally 
eliminated 

Little relation to tissue concentration or effect, but 
may identify some intoxicants 

Use not established for most drugs or toxins 

Potential for external contamination 

Potential effect of hair treatments 


Limited to sampling only the first day of newborn 
life 





Difficult specimen to process 





clonidine is specified as the drug suspected of causing 
pinpoint pupils and respiratory depression, the labo- 
ratory can inform the clinician that the screening 
methods would be unlikely to detect clonidine, but that 
testing for opiates could be performed. In another case, 
a physician may order only a test for amphetamines in 
urine because the patient is “acting bizarrely.” In this 
case, a comprehensive screen may be recommended by 
the laboratory since several other drug classes, including 
antihistamines, belladonna alkaloids, and dextromethor- 
phan, can cause altered behavior. The best method of 
communication is the use of a requisition form 
containing adequate prompts and sufficient space for 
written comments. In a survey addressing the use of 
these forms, only 48% had space for the listing of 
suspected drugs.”! 


Drugs Found in Drug Overdose 


Two and one quarter million cases of accidental (85.2%) 
or intentional (11.6%) poison exposures, with about 
800 deaths, are reported annually by poison control 
centers in the United States.** The number of recorded 
poisoning deaths occurring in the United States in 1995 
was 18,549 as reported by the National Center for Health 
Statistics.” Since only 5% of intoxication deaths are 
reported to poison control centers, the total number 
of poison exposures in the United States may be 
underestimated.”* The low incidence of fatality reflects 
the low toxicity of exposure in the majority of cases and 


the effect of medical treatment; however, drug ingestions 
(i.e., not other toxins) accounted for 77% of poison- 
related deaths. The drug categories responsible for 
the deaths reported by poison control centers in order 
of frequency were analgesics (narcotic and non- 
narcotic), sedative-hypnotics/antipsychotics, antidepres- 
sants, stimulants (including amphetamines, cocaine, and 
phencyclidine), cardiovascular drugs, and alcohol.” 
The top five drugs found in various situations are listed 
in Table 3-7.7?7°7526 The incidence of detection of 
barbiturates and ethanol has decreased, while that of 
benzodiazepines, other sedative-hypnotic drugs, and 
stimulants, particularly cocaine, has increased. A 
retrospective review of records from an inner city ED 
from 1988 to 1997 found that cocaine was the most 
common drug presentation, accounting for 33% of drug- 
related visits.*? In contrast (see Table 3-7), poisoning 
mortality data from the National Center for Health 
Statistics report a slightly different spectrum of toxic 
exposures associated with death, listing opiates, motor 
vehicle exhaust gas (carbon monoxide), cocaine, 
psychotropic drugs, analgesics, and ethanol as the more 
common causes.” Although exposure to a single drug is 
implicated in 92% of reports, 48% of fatal cases involved 
two or more substances.** Unintentional exposures 
account for the majority of pediatric poisonings and 
usually involve single substances. Drugs are responsible 
for only a minority of all exposures in children (27%), 
but they account for a large portion of intoxications, 
hospital admissions, and deaths, particularly among 
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Top Five Drugs Involved in Emergency Department (ED) Visits and Poisoning Deaths 





POISONING DEATHS NATIONAL 
CENTER FOR HEALTH STATISTICS 


POISON CONTROL DEATH 


RANK REPORTS (AAPCC 2001) (NCHS 1995) 


1 Analgesics 
Sedative-hypnotics/ 
antipsychotics 
3 Antidepressants 
4 Stimulants street drugs 
5 Cardiovascular agents 


Opiates 


Cocaine 


Analgesics/antipyretics 


Motor vehicle exhaust gas 


Tranquilizers/psychotropics 


HOSPITAL/ED CHART REVIEW 
RUSH-PRESBYTERIAN-ST. LUKE'S DRUG-RELATED ED VISITS 
HOSPITAL (1988-1997) (DAWN 2001) 


Cocaine Ethanol 

Opiates Cocaine 
Marijuana Marijuana 
Benzodiazepines Benzodiazepines 
Phencyclidine (PCP) Analgesics 


Drug Abuse Warning Network (DAWN) data are underreported and only a small fraction of ED cases are reported to the American Association of 
Poison Control Centers (AAPCC). Poison Control Center deaths represent only 5% of deaths seen in the NCHS database. 





teenagers.”*?’9 Drugs found on emergency toxicologic 
screens mimic these trends, but vary by report because of 
regional differences, ordering patterns, and the 
composition of the screens.*? However, comprehensive 
screening can detect up to 84% of the fatal drugs and 
around 90% of drugs involved in ED visits.'**! 


Analytic Accuracy of Toxicologic Screens 


Currently, testing in emergency hospital laboratories can 
be assessed by hospital laboratories’ participation in 
proficiency testing programs administered by the 
College of American Pathologists.'!° For immunoassay- 
based drugs-of-abuse screening, the proportion of false- 
positive results is generally low (less than 1% for 12 drug 
classes), and false-negative results also account for less 
than 1% of results among the 2900 laboratories 
responding, with some notable exceptions (35% false- 
negative results on one barbiturate challenge, 27% false- 
negative results on one marijuana challenge). Although 
other surveys indicate higher false-negative rates, these 
low rates are due in part to the restricted nature of this 
testing, in that the laboratories expect that only these few 
classes of drugs are present or absent in these samples. In 
actual clinical practice, the occurrence of false-positive 
results is higher due to cross-reactive drugs and other 
interferences (see Table 3-3), especially when confirma- 
tion is omitted. 

In comprehensive toxicologic screening, the incidence 
of false-negative results on testing for an infrequently 
tested drug, such as ethchlorvynol, can be as high as 
52%, compared with about 6% for a common drug such 
as codeine.'® The false-negative rate for these less com- 
monly tested drugs is due to poor validation of analytical 
parameters for these agents, particularly cutoff concen- 
trations or the limits of detection. Also, false-negative 
results may be due to a problem of the proficiency 
testing survey, in that the laboratory fails to state it has no 
method for detecting the drug in question. The occur- 
rence of false-positive results is lower in part because of 
high drug concentrations seen in cases of overdose and 
because of the use of complementary confirmatory 
techniques. However, even when using several methods, 
including GC-MS technology, misidentification of drugs 
can occur. Many false-positive and some false-negative 


results on these surveys may also be due to misidentifi- 
cation within a drug class (i.e., pentobarbital for 
amobarbital). Thus, the impact of this error on clinical 
diagnosis would be small. 

Testing accuracy will vary depending on the purpose 
of the testing program (e.g., forensic cause of death, 
surveillance, compliance) and the analytical strategies 
employed. For instance, adulteration detection is par- 
ticularly important in urine drug surveillance programs; 
methods include visual scrutiny of the sample for 
abnormal foaming, color or odor, alterations in specific 
gravity, creatinine concentration, temperature, pH, and 
tests measuring specific adulterants (nitrites, glutaralde- 
hyde, pyridinium chlorochromate). False-negative results 
due to interference from intentional adulteration are 
much less likely in emergency toxicologic screening. 
Common adulteration techniques include dilution (by 
ingestion or direct addition of water), substitution (with 
purchased urine or the urine of another person or 
animal), ingestion of weak acids or bases (e.g., vinegar or 
bicarbonate, respectively) to influence the excretion of 
basic or acidic drugs, the use of interfering substances to 
alter test results (e.g., benzalkonium chloride), and the 
addition of strong chemicals (e.g., soap, bleach, or glu- 
taraldehyde) to impair biologically based immunoassays.***4 


Accuracy of the Clinical Diagnosis 


Although several early studies indicated that information 
on drug ingestion was unreliable or unavailable in 75% 
of 167 drug overdose cases,*’*° numerous studies 
indicate that the correct drug or class of drug could be 
identified in 80% to 85% of the cases by recognition of 
toxidromes,”’ or by consideration of the patient history, 
physical examination, basic laboratory tests, and a few 
quantitative drug tests.” Generally, diagnoses are 
incorrect or unknown in less than 15% of cases when 
initial findings were compared with data collected during 
extensive follow-up and other toxicologic testing.” 


Clinical Reliability of Toxicologic Screens 


Overall, clinical reliability of toxicologic screens depends 
on (1) analytic sensitivity and specificity, (2) whether a 
particular laboratory routinely tests for the expected 
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drugs, and (3) the prior probability of overdose. The 
prevalence of positive results on drug screens in overdose 
cases is about 50% to 80%. Prevalence of positive screens 
will show regional and temporal variability reflecting 
changes in patterns of drug abuse. In addition, prevalence 
of drug use differs with patient demographics. For 
example, dextromethorphan is an increasingly commonly 
abused substance among adolescents, and may be more 
prevalent than substances such as cocaine or methylene- 
dioxymethamphetamine (MDMA, or “ecstasy”), which 
are detected in increased frequency in young adults. If it 
is assumed that the prior probability of drugs being 
present in a patient who appears to have an overdose is 
50% and if the comprehensive toxicologic screen has a 
sensitivity of 70% to 90%, then the predictive value of a 
negative test result is 63% to 83%. If the specificity is 
from 90% to 100%, then the predictive value of a positive 
test result is 83% to 100%. Thus, in this case, the rule-in 
value of the toxicologic screen is better than its rule-out 
value. Kellerman and associates'? indicated that most 
physicians tend to use toxicologic screens to rule out 
drug toxicity as a diagnosis and are less likely to use these 
screens for rule-in purposes. Such use is disconcerting if 
the positive predictive value of toxicologic screens is 
higher than their negative predictive value in high- 
prevalence settings. On the other hand, when diagnostic 
choices are few and the working diagnosis is unlikely to 
be drug intoxication, rule-out testing is reasonable. For 
example, if a patient was highly suspected to have a non- 
drug-induced metabolic coma, the prior probability of 
involvement of detectable drugs might be considered 
very low (e.g., 5%) in light of other data indicating 
metabolic causes (e.g., liver failure). With this prior 
probability and the same specificity and sensitivity of the 
toxicologic screen, the predictive value of a negative test 
result is from 76% to 90%, and the predictive value of a 
positive test result is 33%; hence, the rule-out value is 
better (see discussion in the ensuing section on Clinical 
Utility of Toxicologic Screens). 


Clinical Utility of Toxicologic Screens 


Do the results of toxicologic screens alter the diagnosis 
or change patient management? Toxicologic screens 
may have limited utility for the following reasons: 


1. Diagnostic and management decisions are made 
before toxicologic test results are returned. 

2. Benign diagnostic intervention may preclude the need 
for these tests (e.g., response to naloxone in opiate 
intoxication). 

3. Few specific interventions or antidotal therapies 
depend on toxicologic test outcomes.” 

4. The incidence of overall morbidity is low (less than 
1%**-4'), in the setting of optimal patient manage- 
ment, including decontamination and supportive 
therapy. 

5. Toxicity is often apparent on presentation. 

6. There is a lack of rapid commercial assays for some 
drugs commonly involved in emergency room 
evaluations (e.g. oxycodone, ketamine, GHB). 





Clinical features allow for identification of a toxic 
syndrome and also can be prognostic of outcome.” 
Alternatively, the drugs that cause most of the deaths 
(see Drugs Found in Drug Overdose) are frequently 
detectable by screening, including some drugs unsus- 
pected by the physician. Studies from the 1970s and 
1980s assessed the utility of toxicologic screens with 
retrospective chart reviews to find alteration in manage- 
ment or diagnosis, and some used prospective assessment 
with the completion of questionnaires by physicians 
receiving drug test results. These studies indicated that 
the impact of screening on clinical diagnosis and 
management is low (less than 15%).°9#?* Kellerman and 
associates had examined the utility of toxicologic 
screens most carefully. In prospective evaluations before 
and after the return of toxicologic screen results, they 
showed that diagnostic certainty increased by a mean 
value of 16.5% (the prior probability of drug toxicity was 
75.5% and increased to a posterior probability or post- 
test probability of 92.0%) and that these changes in 
diagnostic certainty occurred in 66% of the 183 cases 
evaluated. These researchers concluded that other 
clinical information obtained by physicians may have 
inflated the estimated utility of toxicologic screens in the 
diagnostic process. More recent studies using current 
technology for pediatric intoxications have confirmed 
these impressions.*°*7 In a retrospective review, Belson 
and Simon found that in 227 of 234 comprehensive 
drugs screens done on children in the ED, the diagnosis 
was suspected by clinical presentation, was found by 
limited serum drug quantitation, or the detected 
intoxicant was considered clinically insignificant.*° For 
differentiating drug-induced from functional psychosis 
in psychiatric evaluations, the utility of toxicologic 
screening has also been examined,***9 both indicating 
that the disposition of the patient within the hospital was 
unaltered by test results. However, one study found that 
the diagnosis was aided in 82% and clinical management 
was changed in 25% when point-of-care drug testing was 
used. Many of the studies cited have focused only on 
positive toxicologic screen results. The impact of a 
negative test result is difficult to assess, but may also be 
considered contributory to the diagnostic and treatment 
process, if an intervention is avoided. 


OTHER TOXICOLOGIC TESTING 
SITUATIONS 


Surveillance Testing 


Outside the realm of emergency toxicology testing are 
specialized applications of toxicologic testing in selected 
populations, including (1) workplace or employee drug 
surveillance programs (see http://workplace.samhsa. 
gov/), (2) program compliance testing (e.g., methadone 
maintenance or addiction rehabilitation programs), and 
(3) athletic drug testing for adherence to antidoping 
rules and regulations of amateur and professional sports 
organizations. Generally, the aim of these types of testing 
is to detect substances of low prior probability that may 
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indicate physical or mental impairment or violation 
of an established drug use policy. Often these testing 
circumstances have legal ramifications. In addition, 
there are mandated procedures and policies to follow, 
such as reporting requirements and chain-of-custody 
documentation. Therefore, the ED is not a good venue 
for the collection of such specimens. The specific use 
and combination of methods applied in emergency 
toxicology testing is different and should not be 
misapplied to these specialized situations. 


Sexual Assault 


ED staff may be required to obtain urine or blood 
specimens in situations of suspected drug-facilitated 
sexual assault or by order of arresting officers. Such 
testing will require specific procedures for collection and 
submission to a reference laboratory or program. For 
example, “date rape” agents such as flunitrazepam and 
GHB require send-out testing to a specialized reference 
laboratory. Urine and serum specimens of this type 
should be frozen and retained until such analysis is 
requested. 


Maternal and Infant Drug Screening 


Testing mothers and infants for the presence of drugs is 
sometimes useful in explaining the clinical state of the 
infant, if the drug is still present in pharmacologically 
active amounts. However, most often this type of testing 
is performed as a component of an overall more com- 
prehensive assessment of the infant’s home environment 
or parental care by social services. In some cases, custody 
decisions can hinge on the overall picture, which may 
include a urinary drugs-of-abuse screen. 


Brain Death 


Outside the ED, usually on the wards or intensive care 
unit, the determination of brain death may involve the 
exclusion of the presence of drugs that may mimic or 
interfere with the determination of brain death. Certain 
drugs, such as barbiturates, known to affect brain 
function at certain concentrations, may require serum 
quantitation in some circumstances. In other situations, 
the patient’s history, the time for clearance of potential 
drugs from the body, or a noncontributory compre- 
hensive toxicologic screen may provide sufficient evidence 
that drugs are not a factor. 


Environmental and Occupational 
Exposure Assessment 


Guidelines for interpreting concentrations in chemical 
exposures (e.g., to metals or hydrocarbons) are usually 
based on timed or chronic exposure. These guidelines 
and cutoffs are often used for discerning excessive (but 
not necessarily toxic, as in workplace monitoring) 
exposure, rather than for identifying amounts associated 
with effects (i.e., for diagnosis). Although not the topic 
of this chapter, background levels and laboratory methods 


for determining a narrow selection of commonly 
encountered inorganic substances (e.g., lead, mercury, 
cadmium, arsenic trichloroethylene, benzene, toluene, 
hexane, and polychlorinated biphenyls) are available. 
The reader is directed to other reference texts on these 
topics.5%51 


Testing for Nondrug Toxins 


Few tests in this area have been developed or studied 
mainly due to limited commercial potential. Toxins from 
plants, animals, microorganisms, and chemical sources 
are numerous, but exposures are less frequent than 
drugs. Although potent and deadly toxins in these cate- 
gories are many, most exposures tend to result in 
minimal or short-lived toxicity. Certain plant toxins such 
as nicotine, strychnine, and atropine can be identified 
on comprehensive toxicologic screens. Specific tests for 
digoxin (e.g., oleander), cyanide (from cyanogenic 
glycoside-containing plants, fire exposure, or ingestion), 
and carboxyhemoglobin can be ordered from the 
laboratories of larger hospitals. Few other specific plant 
and fungal toxins can be measured, and the clinician 
must rely on history and physical examination infor- 
mation to guide diagnosis and management. However, 
most regional poison centers have contacts with a wide 
variety of agencies that can help in identifying materials 
from plants, mushrooms, and chemicals used in 
agriculture. 


SUMMARY 


Emergency physicians who use toxicologic testing should 
learn the capabilities of their institutions’ laboratories: 
What is detectable? What is not detectable? What are the 
expected turnaround times? Do pharmacologic relation- 
ships exist? With regard to requests for testing, the 
laboratory should allow the physician to order limited 
test combinations. The physician can assist the laboratory 
in conducting the appropriate toxicologic testing by 
providing the differential diagnosis and a list of sus- 
pected drugs. Only a few drugs require serum quan- 
titation for making therapeutic decisions (Box 3-3). 
Urine drug screening is useful in confirming drug- 
related presentations and may infrequently reveal the 
presence of other unsuspected drugs. The impact of the 
results of emergency drug screening on diagnosis and 
therapy may be minimal. Although in most applications 
the positive predictive (rule-in) value of comprehensive 
drug screening in the emergency setting is greater than 
its negative (rule-out) predictive value, toxicologic 
screening may be useful as a rule-out test when drug- 
related effects are of low probability in the differential 
diagnosis. 

Future directions in the laboratory diagnosis of the 
intoxicated patient are likely to include additional 
applications of new immunoassays in point-of-care 
testing applications, particularly in the ED. Development 
of commercial assays for highly prevalent drugs of abuse 
such as semisynthetic opioids, GHB, and designer 
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Overdoses That Require Serum Drug Concentration to 
Confirm the Diagnosis or Monitor Course and Severity 


Acetaminophen 
Salicylate 
Theophylline 
Valproate 


Antiepileptics and barbiturates 
Methanol 

Ethylene glycol 

Ethanol 


lron 


Overdoses That Require Serum or Blood Drug 


Concentrations as Criteria for Therapy or to Assess 
Effectiveness of Therapy 


All drugs above 
Lithium 
Digoxin 


Carbon monoxide 
Lead, mercury 
Methemoglobin 


Long-acting sedatives 


Situations in Which Qualitative Tox Screens Have Utility 
“Ruling in” (confirmation) a moderately probable working 


diagnosis of drug intoxication 


“Ruling out” drug intoxication when it is highly unlikely anyway 
Not for screening 





stimulant amines would likely be of clinical benefit in 
overdose situations. 


RE 
1. 


10. 


11. 


12. 


FERENCES 


Wu AHB, McKay C, Broussard LA, et al: National Academy of 
Clinical Biochemistry Laboratory Medicine Practice Guidelines: 
recommendations for the use of laboratory tests to support 
poisoned patients who present to the emergency department. Clin 
Chem 2003;49:357-379. 

Osterloh JD: Utility and reliability of emergency toxicologic 
testing. Emerg Med Clin North Am 1990;8:693-723. 

Griner PF, Mayewski RJ, Mushlin AI, Greenland P: Selection and 
interpretation of diagnostic tests and procedures—principles and 
applications. Ann Intern Med 1981;94:553-600. 

Spiehler VR, O’Donnell CM, Gokhale DV: Confirmation and 
certainty in toxicologic screening. Clin Chem 1988;34:1535-1539. 
Ferrara SD, Tedeschi L, Frison G, et al: Drugs-of-abuse testing in 
urine: statistical approach and experimental comparison of 
immunochemical and chromatographic techniques. J Anal 
Toxicol 1994;18:278-291. 

Levine B: Principles of Forensic Toxicology. Washington, DC, 
American Association of Clinical Chemistry, 1999. 

Flanagan RJ, Braithwaite RA, Brown SS, et al: International 
Programme on Chemical Safety. Geneva, World Health 
Organization, 1995. 

Dasgupta A, Saldana S, Kinnaman G, et al: Analytical performance 
evaluation of EMIT II monoclonal amphetamine/metham- 
phetamine assay: more specificity than EMIT d.a.u. monoclonal 
amphetamine/methamphetamine assay. Clin Chem 1993;39: 
104-108. 

Taylor EH, Oertli EH, Wolfgang JW, Mueller E: Accuracy of five on- 
site immunoassay drugs of abuse testing devices. J Anal Toxicol 
1999;23:119-124. 

Peredy TR, Powers RD: Bedside diagnostic testing of body fluids. 
Am J Emerg Med 1997;15:400-407. 

Binder SR, Regalia M, Biaggi-McEachern, Mazhar M: Automated 
liquid chromatographic analysis of drugs in urine by on-line 
cleanup and isocratic multi-column separation. J Chromatogr 
1989;473:325-341. 

Sadeg N, Francois G, Petit B, et al: Automated liquid- 
chromatographic analyzer used for toxicology screening in a 


13. 


14. 


15. 


16. 


17. 


1%: 


19. 


20. 


21. 


22. 


2a, 


24. 


25; 


20; 


27. 
28. 


29. 


30. 
ols 
32. 
BO: 
34. 
3D: 


36. 


37. 


38. 





general hospital: 12 months experience. Clin Chem 1997;43: 
498-504. 

Forester EH, Hatchett D, Garriott JC: A rapid, comprehensive 
screening procedure for basic drugs in blood or tissues by gas 
chromatography. J Anal Toxicol 1978;2:50-55. 

Prescott LF: Limitations of hemodialysis and forced diuresis. In 
Curry AS (ed): Symposium on the Poisoned Patient—Role of the 
Laboratory. CIBA Foundation Symposium. New York, Elsevier 
Science, 1974. 

Rosenberg J, Benowitz NL, Pond S: Pharmacokinetics of drug 
overdose. Clin Pharmacokinet 1981;6:161-192. 

College of American Pathologists: Urine Toxicology Survey 1999 
Sets UDS-A and UT-C; Therapeutic Drug Monitoring Survey 1995 
Set Z-B; and Chemistry Survey 1999 Sets UDS-A and UTC. 
Chicago, IL, College of American Pathologists, 1995. 

Lasky FD, Wesley JF, Marx AJ: Changes in the pattern of drugs 
detected in a toxicology screen in an upstate New York hospital. 
Pathol Annu 1985;20:161-187. 

Hepler BR, Sutheimer CA, Sunshine I: The role of the toxicology 
laboratory in emergency medicine. II. Study of an integrated 
approach. Clin Toxicol 1984—1985;22:503-528. 

Kellerman AL, Fihn SD, Logerfro JP, et al: Utilization and yield of 
drug screening in the emergency department. Am J Emerg Med 
1988;6:14—20. 

Auerbach PS, Osterloh J, Braun O, et al: Efficacy of gastric 
emptying: gastric lavage vs. emesis induced with ipecac. Ann 
Emerg Med 1986;15:692-698. 

Fliigner CL, Robertson WO: Request and report forms in 
toxicology screening [Abstract]. In: Proceedings of the American 
Association of Poison Control Centers (AACT/AAPCC/ABMT/ 
CAPCC) Annual Scientific Meeting, Kansas City, KS, August 4-9, 
1985. 

Watson WA, Litovitz TL, Rodgers GC Jr, et al: 2002 Annual report 
of the American Association of Poison Control Centers Toxic 
Exposure Surveillance System. Am J Emerg Med 2003;21:353-421. 
Fingerhut LA, Cox CS: Poisoning mortality 1985-1995. Public 
Health Rep 1998;113:218-233. 

Hoppe-Roberts JM, Lloyd LM, Chyka PA: Poisoning mortality in 
the United States: comparison of national mortality statistics and 
poison control center reports. Ann Emerg Med 2000;35:440-448. 
Leikin JB, Morris RW, Warren M, Erickson T: Trends in a decade 
of drug abuse presentation to an inner city ED. Am J Emerg Med 
2001;19:37-39. 

U.S. Substance Abuse and Mental Health Services Administration: 
Drug Abuse Warning Network (DAWN) 2001 Annual Report. 
Rockville, MD, U.S. Substance Abuse and Mental Health Services 
Administration, 2001. 

Fazen LE, Lovejoy FH, Crone RK, et al: Acute poisoning in a 
children’s hospital: a 2-year experience. Pediatrics 1986;77:144-151. 
Jacobsen D, Halvorsen K, Marstrander J, et al: Acute poisonings of 
children in Oslo. Acta Paediatr Scand 1983;72:553-557. 

Trinkoff AM, Baker SP: Poisoning hospitalizations and deaths 
from solids and liquids among children and teenagers. Am J 
Public Health 1986;76:657-660. 

Schwartz JG, Stuckey JH, Prihoda TJ, et al: Hospital-based 
toxicology: patterns of use and abuse. Tex Med 1990;86:44—51. 
Linder MW: Report reveals trends in drugs seen in poisonings. 
Clin Forensic Toxicol News 1999;June:2-4. 

Mikkelsen SL, Ash KO: Adulterants causing false negatives in illicit 
drug testing. Clin Chem 1988;34:2333-2336. 

Jambor L: Adulterants continue to challenge laboratories. Clin 
Forensic Toxicol News 2000;January:8—10. 

Wu AHB, Bristol B, Sexton K, et al: Adulteration by “urine luck.” 
Clin Chem 1999;45:1051-1057. 

Bury RW, Mashford ML: Use of a drug-screening service in an 
inner-city teaching hospital. Med J Aust 1981;1:132-133. 
Teitelbaum DT, Morgan J, Gray G: Nonconcordance between 
clinical impression and laboratory findings in clinical toxicology. 
Clin Toxicol 1977;10:417—422. 

Nice A, Leikin JB, Maturen A, et al: Toxidrome recognition to 
improve efficiency of emergency urine drug screens. Ann Emerg 
Med 1988;17:676—680. 

Rygnestad T, Berg KJ: Evaluation of benefits of drug analysis in the 
routine clinical management of acute self-poisoning. Clin Toxicol 
1984;22:51-61. 





39. 


40. 


4l. 


42. 


43. 


44. 


45. 


80 CONCEPTS IN MEDICAL TOXICOLOGY 


Brett AS: Implications of discordance between clinical impression 
and toxicology analysis in drug overdose. Arch Intern Med 
1988;148:437—441. 

Brett AS, Rothschild N, Gray R, et al: Predicting the clinical course 
in intentional drug overdose: implications for use of the intensive 
care unit. Arch Intern Med 1987;147:133-137. 

Jacobsen D, Fredericksen PS, Knutsen KM, et al: A prospective 
study of 1212 cases of acute poisoning: general epidemiology. 
Hum Toxicol 1984;3:93-106. 

Wiltbank TB, Sine HE, Brody BB: Are emergency toxicology 
measurements really used? Clin Chem 1974;20:116-118. 
Mahoney JD, Gross PL, Stern TA: The use of the toxic screen in 
the management of overdosed patients [Abstract]. In: Proceedings 
of the AACT/AAPCC/ABMT/CAPCC Annual Scientific Meeting, 
September 27 to October 2, 1987, Vancouver, BC, 1987, p 29. 
Helliwell M, Hampel G, Sinclair E: Value of emergency 
toxicological investigations in differential diagnosis of coma. BMJ 
1979;2:819-821. 

Kellerman AL, Fihn SD, Logerfro JP, et al: Impact of drug screening 
in suspected overdose. Ann Emerg Med 1987;16:1206-1216. 


46. 


47. 


48. 


49. 


50. 


Dl: 


Belson MG, Simon HK: Utility of comprehensive toxicologic 
screens in children. Am J Emerg Med 1999;17:221-224. 

Stephan M, Prybys K, Snook C: Utility of the pediatric toxicology 
screen [Abstract]. In North American Congress of Clinical 
Toxicology Annual Scientific Meeting, Rochester, NY, September 
16-19, 1995. Clin Tox 1995;33:519. 

Schiller MJ, Shumway M, Batki SL: Utility of routine drug 
screening in a psychiatric emergency setting. Psychiatr Serv 
2000;51:474-478. 

Buck C, Write D, Brunner D, et al: Evaluation of rapid urine 
toxicological testing in patients with altered mental status in the 
emergency department [Abstract]. In North American Congress 
of Clinical Toxicology Annual Scientific Meeting, La Jolla, CA, 
September 28 to October 4, 1999. Clin Tox 1999;37:597. 

Lauwery RR, Hoet P: Industrial Chemical Exposure—Guidelines 
for Biological Monitoring. Boca Raton, FL, Lewis Publishers, 2001. 
Centers for Disease Control and Prevention: Second National 
Report on Human Exposure to Environmental Chemicals. Atlanta, 
GA, National Center for Environmental Health Publication No. 


02-0716, 2003. 


Principles of Pharmacology 


DAVID N. JUURLINK, BPHM, MD, PHD Æ MARCO L. SIVILOTTI, MD, MSC 


Pharmacology is the science that deals with the inter- 
actions between living systems and externally derived 
chemicals (xenobiotics), especially drugs used for the 
prevention, treatment, or diagnosis of disease. An under- 
standing of basic pharmacologic principles is essential to 
allow a rational approach to commonly encountered 
problems in clinical toxicology. This chapter outlines 
many fundamental concepts of pharmacology and how 
those concepts relate to the care of poisoned patients. 


DISPOSITION OF DRUGS AND TOXINS 


Exposure to toxins can occur through environmental 
contamination, by intentional means (with or without 
the intent to cause harm), or during the course of 
medical treatment. Intoxication or poisoning results when 
a substance is present in a sufficient quantity, in the right 
place, and at the right time to influence one or more 
physiologic processes in a deleterious way. Before exert- 
ing such an effect, however, the drug or toxin must first 
be delivered to the target tissues. Although this may 
sometimes be immediate, as in the case of a caustic 
dermal exposure, for most drugs the rapidity, intensity, 
and duration of effect are heavily influenced by four 
related aspects of drug movement within the body: 
absorption, distribution, biotransformation (also called 
metabolism), and elimination. 

These processes typically require passage across cell 
membranes. Drugs and other substances pass through 
membranes by a variety of mechanisms, the most 
important of which are passive diffusion and active 
transport. Diffusion is a passive process driven by 
differences in concentration, whereby drugs move down 
a gradient from areas of higher concentration to areas of 
lower concentration. Diffusion may involve movement 
across intercellular junctions, through transmembrane 
channels (pores), or directly across membranes them- 
selves. Active transport, as the term implies, is an energy- 
dependent process in which substances usually are 
transported by a transmembrane carrier protein against 
a concentration gradient. Active transport processes differ 
from passive diffusion not only in their requirement for 
metabolic energy but also in their selectivity for a single 
chemical entity or group of related compounds, their 
saturability, and their susceptibility to inhibition. 
Facilitated diffusion processes are similar to active transport 
in that they demonstrate selectivity, saturability, and 
potential for inhibition, but they do not require energy 
and do not operate against concentration gradients. 


Absorption 


Absorption refers to movement of a substance from site 
of administration into the blood space. Of the various 
sites from which absorption can take place, the gastro- 
intestinal tract is the most important because the 
majority of acute poisonings involve ingestion. Passive 
diffusion from the gastrointestinal tract occurs most 
readily with lipid-soluble, low-molecularweight, nonionized 
compounds such as alcohols. The absorption of these 
compounds is limited only by the absorptive surface area 
and factors that reduce the surface interface with 
intestinal epithelium, such as the presence of food. 

Drug absorption also may be influenced by the pH at 
the site of absorption. In general, absorption is reduced 
by ionization, because the presence of a charge decreases 
a drug’s lipid solubility and hampers its transmembrane 
flux. The degree to which a drug is ionized at a given pH 
depends on its ionization constant (pK). The pK of an 
acid or base is the pH at which 50% of a compound exists 
in ionized form and 50% in nonionized form (Fig. 41). 
Because it is on a logarithmic scale, pH changes of a 
single unit can cause up to a tenfold change in 
concentration of either the ionized or nonionized form. 

Many drugs are either weak acids or weak bases. 
Weakly acidic drugs (HA) (e.g., acetylsalicylic acid) can 
release a proton in aqueous solution, resulting in the 
formation of an anion (A7), as shown in the usual 
Brgnsted-Lowry expression below: 


100 


pK, HA + HO <—> H,0+ + A- 





Concentration (mmol/L) 











FIGURE 4-1 In aqueous solution, salicylic acid (HA) ionizes to 
yield salicylate anion (A) and a proton (H*), which combine with 
water to form hydronium (H30°). The pK, of salicylate (3.0) is the 
pH at which 50% exists as HA and 50% exists as A. As the pH rises, 
more A’ is formed, although little additional ionization takes 
place above pH 5.0, when virtually no un-ionized salicylate 
remains. 
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HA + HO © H3O07 + AT 


Such drugs are less ionized (and therefore better 
absorbed) in an acidic milieu such as the stomach, which 
favors the left side of the above formula. Conversely, 
weak bases are more readily absorbed in an alkaline 
environment, such as when intraluminal pH is elevated 
by the use of antacids or gastric acid—-suppressing 
medications. The influence of pH on drug absorption is 
illustrated in Figure 4-2. 

The rate-limiting step for absorption of solid 
xenobiotics from the gastrointestinal tract is usually 
dissolution, a process that can be altered by changes in 
pH, the rate of gastric emptying, the presence of food, 
and the formulation. These complex relationships are 
relevant particularly in the setting of acute poisoning, 
because decisions regarding gastrointestinal decontam- 
ination (see Chapter 2B) are influenced by the 
likelihood that a product remains in the gastrointestinal 
tract. Many liquid drugs are absorbed very rapidly 
following ingestion, reducing the likelihood that 
gastrointestinal decontamination will effect a significant 
reduction in the overall amount of drug absorbed. Drugs 
formulated as capsules or tablets dissolve more slowly 
and may be more amenable to interventions aimed 
at limiting absorption. This is particularly true of drugs 
with modified release systems, such as enteric coatings 
or polymer matrices, which may release contents over 12 
hours or longer. 

Gastrointestinal motility also can influence the rate and 
extent of drug absorption. For most drugs, absorption 
from the stomach is minimal, and the drug gains access 
to the systemic circulation only after passing the pylorus. 
The presence of food in the stomach increases pyloric 
tone, slowing the delivery of drug to the duodenum. 
Similarly, many drugs, including opioids, salicylates, and 
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FIGURE 4-2 For a weak acid with a pK, of 4.4, the low pH of 
gastric juice favors the undissociated species (HA). Following 
absorption across the lipid mucosal barrier, equilibrium favors the 
dissociated species (A ) because plasma pH is 7.4. (From Wilkinson 
GR: Pharmacokinetics. In Hardman JG, Limbrid LE, Gilman AG 
[eds]: Goodman and Gilman's The Pharmacological Basis of 
Therapeutics, 10th ed. New York, McGraw-Hill, 2001, p 4.) 


drugs with antimuscarinic activity (1.e., cyclic antidepres- 
sants and antihistamines), can slow gastric emptying. 
Reduced gastric emptying leads to delayed drug absorp- 
tion and lower peak drug levels, because the drug is 
presented to the absorptive surface of the small intestine 
more slowly. In acutely poisoned patients, delayed gastric 
emptying may extend the window of opportunity for 
gastrointestinal decontamination maneuvers.' 

In the small intestine, the presence of microvilli on 
the luminal epithelium increases the absorptive surface 
area markedly. In fact, the surface area available for 
absorption is so much larger than the stomach that for 
many drugs the effects of pH on ionization are rendered 
insignificant. Following absorption from the small 
intestine, drugs enter the portal circulation and then the 
liver prior to reaching the systemic circulation. Many 
drugs undergo significant metabolic inactivation during 
this migration, a process variably referred to as first pass 
metabolism or presystemic extraction. 

In recent years, it has become recognized that the 
small intestinal epithelium functions as an active barrier 
to drug absorption.” Specifically, many drugs are metabo- 
lized within the small intestine enterocyte, actively 
transported back into the intestinal lumen, or both. 
Moreover, these processes can be inhibited or induced 
by drugs and diet. For example, grapefruit contains 
bergamottin, naringin, and other flavonoids that may 
inhibit oxidative drug metabolism of a large number of 
drugs in the enterocyte.** Consequently, absorption may 
increase dramatically for drugs that normally have a high 
degree of presystemic extraction (e.g., nifedipine and 
simvastatin). Conversely, St. John’s wort and other 
compounds can both induce the oxidative metabolism 
of the same drugs and promote active transfer back into 
the lumen.° This can lead to dramatic reductions in the 
blood levels of drugs such as cyclosporine and tacrolimus, 
sometimes with dramatic clinical consequences.®°’ A 
more detailed discussion of these interactions is given 
later in this chapter. 


ABSORPTION BY OTHER ROUTES 

Parenteral Absorption 

Intravenous injection is the most common route by 
which drugs are administered parenterally and avoids 
first pass hepatic metabolism and other barriers to oral 
absorption. Because serum drug concentrations rise 
much more rapidly, the rate of infusion of some drugs 
must be carefully regulated to avoid toxicity. 

Direct intramuscular injection is possible for some 
drugs soluble in aqueous solutions or, occasionally, as 
long-acting depot injections intended to minimize the 
need for frequent injections. Before an intramuscularly 
administered drug can exert an effect, absorption into 
the blood compartment is necessary. This rate is highly 
dependent on tissue perfusion and on the chemical 
properties of the drug and its formulation. Drugs given 
by subcutaneous injection may be absorbed into the 
blood rapidly, but this process can be purposefully 
slowed by the nature of the formulation. For example, 
Lente insulin (insulin zinc suspension) is a mixture of 
crystallized and amorphous insulins in a buffer that 


decreases their solubility. Although this precludes intra- 
venous administration of Lente insulin, it leads to slower 
dissolution in the subcutaneous tissue, resulting in more 
gradual absorption and a longer duration of action (see 
Chapter 64)°. 


Sublingual Absorption 

Some drugs can be absorbed directly into the venous 
capillary network of the oral mucosa. Absorption from 
the sublingual route generally is rapid and avoids first 
pass metabolism by the liver. Examples of drugs 
administered by the sublingual route include captopril, 
nicotine, nifedipine, and nitroglycerin. 


Pulmonary Absorption 

The lungs also serve as an important site for the 
absorption of certain drugs (e.g., volatile anesthetics) 
and many toxins (e.g., nicotine, cyanide, and carbon 
monoxide). Because the lungs receive essentially all of 
the cardiac output and because the alveoli offer an 
enormous surface area for absorption, many gases and 
very small particles (<1 Um) that enter the lower airways 
can be dissolved rapidly into blood. 


Dermal Absorption 

The stratum corneum consists of flattened, nonviable 
corneocytes filled with hydrophilic keratin proteins and 
separated by hydrophobic lamellar lipids, providing an 
effective barrier to the absorption of most drugs and 
toxins. Penetration of xenobiotics through intact skin is 
determined by the lipid solubility of the drug, the 
thickness of the stratum corneum, and the concentration 
gradient. Drug penetration can be enhanced by the use 
of an organic solvent vehicle such as carbon tetra- 
chloride, methanol, and dimethyl sulfoxide, provided 
the xenobiotic partitions into the vehicle rather than 
escaping into the stratum corneum. Xenobiotics larger 
than about 1000 daltons do not penetrate adult skin 
easily. Inflamed, denuded, or immature skin provides a 
much more permeable barrier to absorption. 


Distribution 


Following absorption, chemicals circulate throughout 
the body within the blood space and translocate into 
other tissues in a process called distribution. In general, 
the amount of the drug or toxin at the site of action 
represents only a small proportion of the total amount 
absorbed, whereas the rest of the drug distributes in 
other tissues such as muscle and fat. A given drug 
distributes in a relatively predictable way that is governed 
by its chemical properties, including lipid solubility, 
molecular weight, and charge. 

It is helpful to characterize the extent to which various 
drugs distribute into different body tissues. The volume of 
distribution of a drug reflects this apparent space in the 
body available to contain the absorbed drug, as 
estimated by the concentration in the blood or plasma: 


amount of drug in body (mass) 


Vd (volume units) = - 
concentration (mass per volume) 
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Importantly, Vd is a theoretical construct rather than 
an actual volume of fluid; hence the term apparent volume 
of distribution. Molecules that are very large (i.e., heparin 
and the volume expander hetastarch) are generally 
confined to the vascular space and have a volume of 
distribution approaching that of plasma, or about 
40 mL/kg in adults. Drugs that are hydrophilic (i.e., 
lithium and neuromuscular junction blocking agents) 
tend to distribute throughout total body water and have 
a Vd on the order of 0.6 L/kg body weight. Other drugs 
are bound to body tissues extensively, such that only a 
small fraction is present in the blood. One example is 
amiodarone, with a volume of distribution that is highly 
variable but can exceed more than 100 L/kg body weight. 

Typically, drugs with large volumes of distribution are 
highly lipophilic chemicals that concentrate within tissue 
compartments such as muscle or fat. Sometimes it is 
helpful to view these tissues as “reservoirs.” This concept 
illustrates why drugs with large volumes of distribution 
(i.e., those that preferentially distribute outside the 
vascular compartment) are not readily removed by 
extracorporeal methods such as hemodialysis. The time 
course of a drug’s distribution into these various 
compartments usually is determined by the blood flow 
into the compartment and the exchange kinetics 
between the circulation and the compartment (see 
Pharmacokinetics, later). 

When the V4 and administered dose of a xenobiotic 
are known, the formula shown earlier can be used to 
estimate peak serum concentration. Use of the formula 
as written, however, presumes that all of the drug is 
absorbed and none is yet eliminated. It will, therefore, 
often overestimate serum concentration of a xenobiotic, 
particularly after ingestion. It is clinically useful, 
however, to estimate “worst case scenario” peak serum 
concentrations after ingestion with a known maximal 
quantity available of a toxicant. 

The blood-brain barrier (BBB) and placenta are special 
barriers to drug distribution. The BBB is a specialized 
system of capillary endothelial cells that, unlike those in 
the peripheral vasculature, limits the entry of drugs and 
toxins into the central nervous system by a combination 
of physical barriers (intercellular tight junctions) and 
active transport processes.” However, several drugs pass 
the BBB freely, and its permeability can be increased 
significantly by inflammatory processes such as meningitis. 
Transplacental drug passage is relevant particularly for 
drugs that may harm the fetus (1.e., warfarin, phenytoin, 
and ethanol) or, if given immediately prior to delivery, 
the neonate (i.e., opiate analgesics). Nearly all drugs 
administered during pregnancy cross the placenta to 
some degree, but the process is far more efficient for 
nonionized, lipid-soluble drugs. Like the BBB, the 
placenta is capable of active drug efflux and oxidative 
drug metabolism (discussed later in this chapter), both 
of which serve to minimize fetal drug exposure."° 


Protein Binding 


Many drugs and poisons are bound to some extent to 
plasma proteins, particularly albumin and Q,-acid 
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glycoprotein. Binding to plasma proteins limits the 
extent to which drugs can traverse capillary walls and 
enter tissues, effectively sequestering a drug because the 
drug-protein complex is too large to diffuse from the 
vascular space. Only the unbound (“free”) fraction can 
do so, and as such only this portion can exert a 
physiologic effect. The binding involves reversible, weak 
electrostatic, hydrophobic, or van der Waals forces, and 
the extent of protein binding varies considerably among 
drugs. Some highly lipophilic organic compounds are 
very tightly bound to albumin. One such example is the 
anticoagulant warfarin, which is almost completely 
bound; only the free fraction is able to exert a biologic 
effect. Albumin binds weak acids more strongly than 
weak bases, and it generally does not bind drugs that are 
either hydrophilic or neutral. 

When two drugs that both bind to albumin are given 
simultaneously, they may compete for available binding 
sites, increasing the free fraction of the other. Although 
this displacement from plasma proteins often is cited as 
an important mechanism by which drug interactions can 
be mediated, this is not the case for the vast majority of 
protein-bound drugs, since the free fraction generally is 
metabolized and eliminated relatively quickly.'' Drugs 
and toxins also can bind to other proteins, including 
œ-acid glycoprotein, an acute phase reactant that binds 
to many acidic drugs (1.e., cyclic antidepressants, 
methadone, some local anesthetics, and antimalarial 
drugs).!%13 


Biotransformation 


Most xenobiotics undergo chemical transformation 
before they are eliminated from the body. This process is 
called biotransformation or metabolism, and its products are 
called metabolites. Biotransformation generally yields 
products that are more polar and therefore more water- 
soluble. These metabolites are less able to pass through 
biologic membranes, are more restricted in their tissue 
distribution, and are more readily eliminated in the bile 
and urine. Biotransformation occasionally converts 
drugs into more toxic compounds in a process termed 
bioactivation, common examples include acetaminophen 
(converts to N-acetyl--benzoquinone imine), methanol 
(converts to formic acid), and chloral hydrate (converts 
to trichloroacetic acid). 

Although biotransformation reactions can occur in 
many organs, the liver is quantitatively the most 
important site. Drug metabolizing enzymes are present 
in various parts of the hepatocyte; by convention, their 
location is indicated by the in vitro fraction of 
homogenized liver tissue in which the enzymatic activity 
is found. Drug metabolizing enzymes are therefore 
referred to as soluble (found principally in the cytosol), 
mitochondrial, or microsomal (found principally in the 
endoplasmic reticulum). 

Biotransformation reactions generally are categorized 
as one of two types: phase I or phase II. Many drugs 
undergo sequential metabolism in phase I and phase I 
processes. Commonly, the small structural change 
imparted by phase I metabolism is necessary for phase II 


metabolism to proceed. Specific examples of phase I and 
phase II reactions are shown in Table 4-1. 


PHASE |I METABOLISM 

Phase I metabolism is characterized by reactions 
involving oxidation, reduction, or hydrolysis. The result 
is a less dramatic chemical alteration of the parent 
compound than what occurs with phase II metabolism, 
but the clinical consequences often are very significant, 
resulting in complete or partial drug inactivation or, in 
some instances, production of a biologically active or 
toxic compound. 

Microsomal oxidative reactions are quantitatively the 
most important of the phase I metabolic processes. Most 
of these involve the cytochrome P-450 (CYP450) enzyme 
system, previously called the mixed function oxidase 
system.'* Once thought to consist of a few proteins, it is 
now recognized that CYP450 represents a large family of 
related heme-containing enzymes. The system draws its 
name from the maximal spectral absorbance at 450 nm 
when the enzymes are bound to carbon monoxide. 
Although more than 60 different CYP isoenzymes exist, 
most are relatively unimportant in humans. 

By convention, the nomenclature of CYP isoenzymes 
involves a number (the family), an uppercase letter (the 
subfamily), and another number (the form). CYP enzymes 
exhibit a high degree of structural homology, which is 
greatest for enzymes within the same family (e.g., 
CYP2C9 and CYP2C19). Despite this homology, each 
enzyme form has a distinctive pattern of drugs they 
metabolize (termed substrates) and a distinctive pattern 
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Selected Substrates, Inhibitors, and Inducers of Major Cytochrome P-450 Isoenzyme Systems in Humans 





ISOENZYME SUBSTRATES 

CYP1A2 Amitriptyline, clomipramine 
Caffeine, theophylline 
Clozapine, olanzapine 
Propranolol 

CYP2C9 Celecoxib 
Fluvastatin 
Nonsteroidal anti-inflammatory agents 
Sulfonylureas (e.g., glyburide, glimepiride) 

CYP2C19 Omeprazole, lansoprazole 
Diazepam, phenytoin 
Citalopram 
(S)-warfarin 

CYP2D6 Codeine 
Dextromethorphan 
Metoprolol 
Cyclic antidepressants 
Haloperidol 

CYP2E1 Acetaminophen 
Ethanol 
Fomepizole 
Volatile anesthetics 

CYP3A4 Alprazolam, diazepam 


Bupropion 

Erythromycin, clarithromycin 
Cisapride 

Diltiazem, verapamil, nifedipine 
Methadone 


Atorvastatin, cerivastatin 
Many antiretroviral agents 


INHIBITORS 


Amiodarone 

Cimetidine 
Fluoroquinolones 
Fluvoxamine 
Amiodarone 
Fluconazole 

Fluoxetine, fluvoxamine 
Metronidazole 
Cimetidine 

Fluoxetine, fluvoxamine 
Ketoconazole 
Sulfamethoxazole/trimethoprim 
Haloperidol 

Paroxetine 

Quinidine 

Terbinafine 


Ethanol (acute use) 
Disulfiram 
Fomepizole (acute) 


Amiodarone 

Ciprofloxacin, norfloxacin 
Clarithromycin, erythromycin 
Diltiazem, verapamil 
Grapefruit juice and segments 
Itraconazole, ketoconazole 
Many antiretroviral agents 


INDUCERS 


Charbroiled meats 
Smoking 

Brussels sprouts 
Omeprazole 
Rifampin 
Secobarbital 


Carbamazepine 
Prednisone 
Rifampin 


Dexamethasone 
Rifampin 


Isoniazid 
Ethanol (chronic exposure) 
Fomepizole (chronic) 


Barbiturates 
Carbamazepine 
Glucocorticoids 
Phenytoin 
Rifampin 

St. John’s wort 








of inhibition and induction by other drugs and 
xenobiotics (Table 4-2). 

From a clinical perspective, the most important CYP 
enzymes in humans are CYP1LA2, -2C9, -2C19, -2D6, -2E1, 
and -3A4.'*'® Collectively, these enzymes contribute in 
whole or in part to the biotransformation of the vast 
majority of drugs in common use.!” The clinical signifi- 
cance of induction or inhibition of CYP enzymes by 
other drugs is described in greater detail in Chapter 5. 
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The oxidation of a drug by the CYP450 enzymes is 
depicted schematically in Figure 4-3. In this sequence, 
both nicotinamide adenine dinucleotide phosphate 
(NADPH) and the drug are oxidized by the reduction of 
molecular oxygen to water. The heme iron of the CYP 
isoenzyme accepts one electron from NADPH via a flavo- 
protein reductase after forming a complex with the drug. 
The reduced form of the CYP-drug complex binds 
molecular oxygen, and another electron is introduced to 


FIGURE 4-3 Electron flow pathway 
in microsomal drug metabolizing 
system. Nicotinamide adenine dinu- 
cleotide phosphate (NADPH) is oxidized 
by the flavoprotein cytochrome P-450 
Oxidized reductase (Cyt P450), and an electron is 
drug transferred to the oxidized form of 
cytochrome P-450 that has formed a 
complex with the drug. The reduced 
form of cytochrome P-450 drug 
complex binds oxygen and another 
electron and is introduced to generate 
oxidized drug, oxidized P-450, and 
water. The oxidized cytochrome P-450 
is then available to bind another drug 
molecule and continue the cycle. 
(Adapted from Goldstein A, Aronow L, 
Kalman S: Principles of Drug Action, 
2nd ed. New York, John Wiley & Sons, 

1974, p 243.) 
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generate oxidized drug, oxidized CYP450, and water. 
Reduction biotransformation reactions also can occur, 
generally under conditions of low oxygen tension. 

Phase I metabolism generally reduces the biological 
activity of a drug, but that is sometimes not the case. 
Some prodrugs require CYP enzymes for bioactivation.!® 
One example is codeine, which is hydroxylated by 
CYP2D6 to its active metabolite morphine. Another 
example is the organophosphate pesticide parathion, 
which first must be converted to its active metabolite 
paraoxon for cholinesterase inhibition to take place.'9 
Figure 4-4 illustrates specific examples of phase I and 
phase II metabolism. 


PHASE Il METABOLISM 

In phase II metabolism compounds are covalently 
attached to compounds that have a large capacity for 
hydrogen bonding, often in a high-energy process 
catalyzed by specific enzymes called transferases. The 
resulting conjugates are highly water soluble and much 
more easily eliminated in the urine. The most common 
reaction is the conjugation to activated uridine diphos- 
phate (UDP)-glucuronic acid by the microsomal UDP- 
glucuronosyltransferases. Cytosolic enzymes catalyze 


other phase II conjugation reactions, including the sulfo- 
transferases that use activated 3’-phosphoadenosine-5’- 
phosphosulfate donors, the Macetyltransferases using 
acetyl coenzyme A (CoA), and the glutathione & 
transferases that deactivate electrophilic xenobiotics 
using glutathione. Phase II metabolism can involve 
parent drugs or metabolites produced by phase I 
metabolism. For example, acetaminophen is actively 
conjugated to glucuronic acid and sulfate, while its toxic 
phase I metabolite is conjugated to glutathione. This 
latter conjugate is then cleaved to a cysteine conjugate 
and acetylated in the kidney to form mercapturic acids. 

Phase II metabolism generally yields products that are 
pharmacologically inert, but this is not always the case. 
For example, both isoniazid and procainamide are N- 
acetylated to metabolites with biological activity and 
toxicities different from their parent compounds (see 
Figure 4-4). 


Excretion 


Excretion is the process by which toxins, drugs, and their 
metabolites are removed from the body. The most 
important route of elimination is via the kidneys into the 
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FIGURE 4-4 Typical metabolic reactions. A, Oxidations. 
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FIGURE 4-4 Continued. B, Reductions and other reactions. 


urine, but other routes include elimination via the 
intestine, lungs, bile, and sweat. 


RENAL ELIMINATION 
Many drugs depend on the kidney either largely or 
exclusively for elimination. The kidney is a highly 
vascular organ that normally receives about 25% of 
cardiac output. With the exception of very large 
molecules (>20,000 daltons) and drugs that are bound 
extensively to plasma proteins, most drugs undergo 
passive glomerular filtration, a process driven primarily 
by the pressure gradient between the afferent and 
efferent arterioles. 

Once in the lumen, drugs may be reabsorbed through 
tubular epithelial cells into the peritubular blood or 
eliminated in the urine. The degree of reabsorption is 
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glutathione complex in a multistep 
process are actually N-acetyl cysteine 
conjugates, called mercapturic acids. 


heavily influenced by lipid solubility, with poor 
reabsorption of drugs that carry an electrostatic charge. 
This feature sometimes can be exploited in the manage- 
ment of poisoned patients by therapeutic manipulation 
of urinary pH. The urinary excretion of weak acids (e.g., 
salicylic acid, phenobarbital, or chlorpropamide) is 
enhanced by alkalinization of the urine. Raising the 
intraluminal pH by the administration of sodium 
bicarbonate favors the formation of the ionized species, 
effectively “trapping” the compound in the urine and 
enhancing elimination. Although acidification of the 
urine with ascorbic acid or ammonium chloride can 
enhance the elimination of weak bases (i.e., ampheta- 
mine, phencyclidine, and quinidine), this rarely is done 
in practice because of the associated risk of metabolic 
acidosis and myoglobinuria. Importantly, manipulation 
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Inducer 


Dexamethasone 
Rifampin 
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Amiodarone 

Clarithromycin, 
erythromycin 

Cyclosporine 


Substrate 


Amiodarone 
Colchicine 
Cyclosporine Hypericum 

(St. John's wort) 
Itraconazole, 

ketoconazole 
Quinidine 
Ritonavir 


Digoxin 


Erythromycin 

HIV protease 
inhibitors 

Loperamide 

Lovastatin 

Morphine 

Tacrolimus 

Various anticancer 
agents (e.g., 
doxorubicin, 
etoposide, paclitaxel, 
teniposide, vincristine) 

Verapamil 


Verapamil 


of urinary pH does not significantly influence the 
elimination of strong acids or bases, which are ionized 
throughout the physiologic range of urinary pH. 

In addition to glomerular filtration, many drugs are 
actively transported into the lumen of the nephron. This 
generally is accomplished by one of three processes. The 
multidrug efflux pump P-glycoprotein (P-gp) is localized 
on the apical surface of proximal tubular epithelial cells 
and transports a wide variety of lipophilic compounds 
(Box 41), such as digoxin, colchicine, and many chemo- 
therapeutic agents. It is encoded by the multidrug 
resistance protein (MDRI1), named for the resultant 
resistance of tumor cells to vinca alkaloids and anthra- 
cyclines. Inhibition of P-gp by macrolide antibiotics, 
calcium channel antagonists, quinidine, and other 
compounds can lead to digoxin accumulation and 
toxicity. A variety of organic anion transport proteins 
(OATPs) have been characterized that nonselectively 
transport endogenous uric acid as well as benzyl 
penicillin, 3-hydroxy-3-methylglutaryl (HMG) coenzyme 
A inhibitors, and methotrexate. The OATPs can be 
inhibited by probenecid and nonsteroidal anti-inflamma- 
tory agents.'°?? Similarly, organic cation transport 
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proteins (OCTPs) transport procainamide, triamterene, 
and the endogenous bases choline and histamine, and 
they are inhibited by quinidine.*"** 

For drugs that are highly dependent on the kidney for 
elimination, the presence of renal disease hampers drug 
excretion and is a significant risk factor for the devel- 
opment of toxicity during therapeutic use. Appropriate 
dose adjustment and, when appropriate, selection of 
therapeutic alternatives can minimize the likelihood of 
this occurrence. 


PHARMACOKINETICS 


Clinical pharmacokinetics is the mathematical description 
of the time-dependent fate of a drug, toxin, or 
metabolite in the body. In other words, it is the study of 
“what the body does to the drug” as a function of time. 
Conversely, pharmacodynamics (discussed later in this 
chapter) describes “what a drug does to the body” as a 
function of dose or exposure. 

The concentration of most drugs that are predomi- 
nantly eliminated by the kidney can be considered to 
follow a “two compartment? pharmacokinetic model 
(Fig. 4-5). Following absorption, the drug distributes first 
into the central compartment, which includes the blood 
space and the richly perfused organs such as the heart, 
lungs, and kidneys. Once there, it may be eliminated by 
the kidney or undergo distribution into the peripheral 
compartment, which includes less well-perfused organs 
and tissues such as muscle and fat. A set of differential 
equations can be used to estimate changes in 
concentration and movement between compartments 
over time. 

To illustrate, serum digoxin concentrations can be 
modeled using typical two-compartment pharmaco- 
kinetics. Following the oral administration of a single 
dose, a concentration-time curve of a drug can be 
generated, as shown in Figure 4-6. From the figure, three 
phases are apparent: an absorption phase, a distribution 
(&) phase, and an elimination (B) phase. The two latter 
phases can be described mathematically by the half-life 
(denoted as t)/9, and tj 9g, respectively). The elimination 
half-life (t;/9g) is frequently reported in pharmacokinetic 
studies and reflects the time required for the drug 
concentration to decline by 50% after the drug is 
stopped. 

The clinical applicability of the compartment concept 
is also illustrated by lithium, which is easily removed 


FIGURE 4-5 Example of a two- 
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FIGURE 4-6 Phases of drug movement in a two-compartment 
model. 


from the plasma compartment by hemodialysis. How- 
ever, plasma concentrations rebound thereafter because 
lithium distributes slowly back into the vascular space 
from the tissue water compartment (Fig. 4-7). Similarly, 
the access of acetylsalicylic acid to the brain and other 
tissue compartments is strongly influenced by pH, and 
acidemia facilitates the movement of the nonionized 
acid across cellular membranes. 


Other Types of Pharmacokinetic Models 


Although compartmental models with first order 
transfer between compartments are widely used, they are 
mathematically abstract and have limited anatomical and 
physiologic relevance. Physiologic pharmacokinetic models 
use basic physiologic and biochemical data to describe 
the processes affecting chemical distribution and 
disposition. These models use a lumped compartmental 
approach, separating the body into a series of biologically 
relevant anatomical compartments of defined volumes, 
such as eliminating organ compartments (e.g., kidney 
and liver) and noneliminating tissue compartments 
(e.g., adipose tissue). All compartments are then 
connected in anatomical order based on the blood 
circulatory system to form an integrated model in which 
the transfer of drugs between compartments is governed 
by actual blood flow rates and tissue solubilities 
(partition coefficients). In contrast, noncompartmental 
pharmacokinetic models permit direct influx of drug 
into a central pool and indirect entry from a noncentral 
pool, as well as removal from either a central or a 
noncentral pool. The most significant advantage of 
noncompartmental models is that they do not assume 
specific compartments for chemicals or metabolites. 


Types of Pharmacokinetic Processes 


The elimination kinetics observed for a drug in vivo is 
generally described as either first order or zero order. 
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FIGURE 4-7 Serum and spinal fluid lithium levels in a 48-year- 
old lithium-intoxicated man who was anuric. Serum levels decline 
rapidly with dialysis and rise again as lithium redistributes from 
tissues. Spinal fluid levels respond slowly to changes in serum 
level. (From Amdisen A, Skoldborg H: Haemodialysis for lithium 
poisoning. Lancet 1969;2:213.) 


Although the terms may at first seem confusing, they are 
conceptually straightforward. 


FIRST ORDER KINETICS 

Most drugs follow first order kinetics at therapeutic 
dosing, meaning that the rate at which they are 
eliminated from the body is directly proportional to the 
blood concentration. In other words, a constant pro- 
portion of the drug is eliminated per unit time. The 
concentration-time curve of first order drug elimination 
is curvilinear, but when plotted on a semilogarithmic 
graph (i.e., a graph with a logarithmic Y axis) yields a 
straight line (Fig. 4-8). 

In an acutely poisoned patient, plotting serum 
concentrations against time allows for estimation of ty 9g 
after the calculation of the elimination rate constant 
(k.), which is the fraction of drug eliminated per unit 
time, given by: 

k = (In Ci — In Co) 
a= ee ee 
(ty — ty) 
where C, and Cy, reflect drug concentration at different 
times t and ty, respectively. The elimination half-life is, 
therefore, inversely proportional to the first order 
elimination rate constant, given by: 
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FIGURE 4-8 Concentration-time curves under zero 
order and first order kinetics. The dashed upper line 
illustrates the concentration-time plot for a drug with 
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Miscalculation of t)/93 occurs when the timing of blood 
samples is inaccurate or when drug administration 
(including absorption) is ongoing. The concept of half- 
life is only applicable under conditions of first order 
kinetics and represents the time needed for 
concentrations to fall by half. 


ZERO ORDER KINETICS 

Some medications are eliminated from the body in such 
a way that a constant amount (rather than a constant 
proportion) is removed per unit time. This sort of 
elimination is called zero order kinetics or nonlinear 
pharmacokinetics because a plot of concentration versus 
time is not described by a straight line on a semi- 
logarithmic graph. Important examples of drugs that 
exhibit zero order kinetics following typical doses 
include ethanol and acetylsalicylic acid. The rate of 
elimination is simply expressed as the fall in 
concentration per unit time. 


MICHAELIS-MENTEN KINETICS 

All active processes can be saturated, but they will appear 
not to be if the concentrations involved are below the 
limit of the saturable process. The rate of metabolism, 
therefore, depends on the substrate concentration in 
plasma (C,), and is given by: 


Rate = vmx % Gp 


(Km + G,) 
where V 


max 1S the maximum rate of metabolism (i.e., 
metabolic capacity) in mass per unit time and Kn is a 
constant with a value equal to the plasma concentration 
(mass per unit volume) at which the metabolic rate is 
half maximal. This is often referred to as Michaelis- 
Menten kinetics. 

Because the metabolism of most drugs takes place at 
concentrations well below this threshold (C, << Km), 
these drugs exhibit first order kinetics. For some drugs 
however, saturation occurs at or near therapeutic 
concentrations. Above this threshold (C, > Kp), 
elimination becomes zero order, and small increases in 






zero order elimination, whereas the lower solid line 
illustrates the concentration-time plot for a drug with 
first order elimination. Note that if the Y axis were 
expressed logarithmically, first order elimination would 
appear as a straight line. The time required for drug 
concentration to decrease by 50% is the half-life (t1,2), a 
concept that does not apply in zero order kinetics since 
a constant amount is eliminated per unit time. The 
concentration (C) at any given time (t) can be predicted 
from the formulas shown, although the elimination rate 
constant must be known if first order kinetics apply. This 
value is equivalent to 0.693 / ty,. 


dose can produce dramatic increases in plasma 
concentrations. This concept is especially relevant in the 
setting of drug overdose, in which concentrations are 
often much higher than the normal therapeutic range. 
Phenytoin is perhaps the best example of a drug 
exhibiting Michaelis-Menten kinetics, since its K,, values 
often overlap with therapeutic levels.*? For phenytoin, 
values of V max and K,, generally vary in adults from 100 to 
23,24 


1000 mg/day and 1 to 15 mg/L, respectively. 


Clearance 


Drugs are eliminated from the body at varying rates. An 
important kinetic concept is the clearance of a drug, 
which is the rate of its elimination by all routes relative to 
its concentration in a biological fluid, given by: 


CL _ mass rate of elimination (mass per time) 
(volume per time) concentration (mass per volume) 


Most often, the fluid of interest is blood or plasma, and 
these concentrations constitute the denominator of this 
equation. It follows that clearance can also be estimated 
from the slope of the elimination phase of the 
concentration versus time (k.) when the volume of 
distribution is known: 


CL (volume per time) = ke (per time) x Vd (volume) 


The rate of infusion or dosing of a medication can be 
substituted for mass rate of elimination in the equation 
above under steady-state conditions, to target a 
therapeutic serum concentration at steady state: 


Target concentration _ dosing rate (mass per time) 
(mass per volume) CL (volume per time) 


By mass balance and integrating the definition of CL 
given above over time: 


dose (mass) 


CL (vol ti = TIC ane ia Oe. 
(volume per time) AUC (mass x time/volume) 


where AUC is the area under the concentration-time 
curve. Like Vd, clearance can sometimes assume very large 


values that do not appear to be physiologic. For example, 
the clearance of transdermally administered nitroglycerin 
from venous blood may exceed 30 L per minute. 

Clearance also may be thought of as the hypothetical 
volume of a fluid from which a substance is totally and 
irreversibly removed per unit time. However, because 
some drugs rely heavily on other organs such as the liver 
or bile, total body clearance (CL,,,)) 1s actually the sum 
of the clearance by all routes (i.e., Clijaney + CLiver + 
CLiother)- 

The clearance of a drug by an organ (or system) can 
be calculated if one knows the blood flow and drug 
concentrations in the afferent and efferent blood, using 
the following formula: 


x (Cay -— C 
Clor = Q ( on OUT) 


where Q is blood flow (volume per time) and Cyn and 
Cour are the concentrations in incoming (often arterial) 
and outgoing (often venous) blood. The expression 
(Cmn — Cour) / Cyr is sometimes termed the extraction 
ratio. If a drug is efficiently removed by an organ 
(typically the liver), the concentration of drug in efferent 
blood will be far lower than that in afferent blood and 
the extraction ratio will approach 1. Lidocaine, verapamil, 
and propranolol are examples of drugs with high hepatic 
extraction ratios. 

The clearance of drugs and toxins can sometimes be 
markedly increased by hemodialysis. This is most 
effective with small, water-soluble molecules with 
minimal protein binding and a low Vj, (i.e., do not 
partition extensively to tissues in the extravascular 
space), such as methanol. The clearance of drugs by a 
dialysis membrane can be calculated by sampling 
concentrations in both limbs of the dialysis circuit in a 
similar fashion, as outlined above. 


Bioavailability 


Bioavailability, denoted in pharmacokinetic equations by 
the symbol F, is the proportion of drug that reaches the 
systemic circulation. Following absorption, orally admin- 
istered drugs entering the portal circulation may be 
partly metabolized by the liver. For some drugs, such as 
propranolol, this “first pass” metabolism is extensive and 
explains why oral doses often are much higher than 
intravenous doses. Inasmuch as it influences absorption 
(above), solubility also is an important determinant of 
bioavailability, with very hydrophilic drugs having limited 
absorption because they cannot easily pass through lipid 
membranes. Finally, some drugs are unstable at gastric 
pH (e.g., penicillin G), which significantly limits their 
bioavailability. 

By definition, drugs administered by intravenous 
injection have F = 1, since all drug enters the blood 
space. The bioavailability of an orally administered drug 
can be determined experimentally by plotting serial 
measurements of drug concentration against the time 
from administration. Integrating the total area under 
this curve and multiplying by the clearance indicates the 
quantity of drug absorbed, which may then be compared 
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to the amount administered. For example, if 100 mg of a 
drug whose CL = | L/hour is administered by mouth and 
the calculated AUC is 75 mg x hour/L, then F = 0.75. 


PHARMACODYNAMICS 


Pharmacodynamics describes the effects of drugs and 
toxins on human physiology mediated by interactions 
with molecules within the patient. Such effects are a 
function of dose and duration of exposure to drugs, a 
relationship that can be expressed using dose-response 
curves. The quantitative relationship between the dose 
of a xenobiotic and the magnitude of its biological effect 
as it relates to poisoning often is termed toxicodynamuics. 


Targets of Drug Action 


In most instances, drugs interact with specialized cellular 
proteins in ways that alter the function of the 
macromolecule and, consequently, the cell itself. These 
target proteins often involve enzymes, ion channels, 
carrier molecules, and receptors. Receptors can be 
located at various locations in a cell, including on its 
surface, within the cytoplasm, or in the nucleus. The 
endogenous compounds that bind to these receptors are 
termed ligands and include neurotransmitters, hormones, 
and other autacoids. Drug-receptor interactions mediate 
the biological effects of the vast majority of drugs. 
Notable exceptions include ethanol and the volatile 
anesthetics, such as halothane and enflurane, which may 
exert their effects by altering the physical chemistry of 
cell membranes. 

The formation of a drug-receptor complex generates 
a biological response, which is a function of the number 
of drug-receptor complexes formed: 


Drug + Receptor <> Drug-Receptor Complex — Response 


This reaction is governed by the law of mass action, and 
the clinical effect is therefore proportional to drug dose. 
A dose-response curve describes the theoretical relationship 
between receptor occupancy and the clinical effect of a 
drug. The typical sigmoidal dose-response curve is shown 
in Figure 4-9. The X axis usually is expressed in logarith- 
mic units and may represent a single administered dose, 
a serum concentration, an infusion rate at steady-state, 
or a more complex measure of exposure such as inhaled 
gas concentration multiplied by duration of exposure. 
The Y axis may represent the proportion that 
experiences a binary outcome, such as death in an 
animal study, or a continuous outcome, such as analgesia 
or fractional decrease in mean arterial pressure 
measured in a single individual. 


RELATIONSHIP BETWEEN DOSE AND RESPONSE 

A graded dose-response curve permits inference regarding 
the important concepts of potency and efficacy. Potency 
refers to the location of the curve along the X axis and 
describes the concentration of a drug needed to exert a 
specific physiologic effect. The potency of an agonist 
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FIGURE 4-9 Dose-response curves of various agonists. Y axis 
represents degree of drug response, and X axis represents 
logarithm of dose. The dose-response curve for a strong agonist 
(drug A) shows that half-maximal effect occurs at dose EDso. Drug 
B is a weaker agonist (i.e., a higher dose is required for the same 
effect as occurred with drug A) but has equal efficacy. This curve 
could also represent the dose-response curve for drug A in the 
presence of a noncompetitive antagonist. Drug C is a partial 
agonist, and, although it is more potent than drug C (which has a 
higher EDs»), it is less efficacious because it has a lower maximal 
efficacy. 


often is expressed in terms of the concentration 
producing a half-maximal response (the EC,,). For 
example, hydromorphone is a more potent analgesic 
than morphine, and it therefore has a lower ECs) and a 
dose-response curve to the left of that produced by 
morphine. Efficacy, on the other hand, reflects the 
maximum effect that can be achieved with a drug and is 
reflected in the height of the dose-response curve. 
Hydromorphone and morphine have equal analgesic 
efficacy despite differences in potency. 

Quantal dose-effect curves differ in that the Y axis reflects 
the percentage of individuals with a dichotomous event 
(e.g., seizure, systolic blood pressure < 80 mm Hg, or 
death). Such curves often are expressed in terms of the 
median effective dose (EDs9), the dose at which 50% of 
individuals exhibit the specified beneficial effect. If the 
quantal end point is death of a group of experimental 
animals, the median lethal dose (LDs59) is often reported. 
Assuming the threshold for attaining the response is 
normally distributed in the population, then the shape 
of the dose-response curve is described by the sigmoidal 
probit function, which is the cumulative area under a 
Gaussian normal distribution. 


Agonists and Antagonists 


Drugs that modulate receptor function can be character- 
ized according to their effects relative to the endogenous 
ligand. An agonist elicits cellular and physiologic effects 
similar to those of an endogenous ligand. Agonists 
may be further classified according to the mechanism 
by which they produce this effect. Agonists that bind 
to and stimulate the receptor are termed direct agonists. 
Examples include pentobarbital at Yaminobutyric acid 


(GABA) receptors; phenylephrine and isoproterenol, 
which mimic the effects of norepinephrine and epine- 
phrine at œ- and B-adrenergic receptors, respectively; 
and methacholine, which mimics the actions of acetyl- 
choline at muscarinic receptors. Indirect agonists have 
little or no inherent activity at receptors themselves, but 
they can enhance the activity of endogenous ligands by 
increasing the amount of ligand available for binding, 
either by enhancing its release, impeding its removal, or 
impairing its catabolism at or near the effector site. An 
example is physostigmine, which indirectly augments the 
activity of acetylcholine at muscarinic and nicotinic recep- 
tors by inhibiting its metabolism by acetylcholinesterase. 
Conversely, antagonists reduce or abolish the effects of 
a drug or ligand. Antagonism can be mediated by a 
variety of processes. Most often, antagonists act by 
occupying receptor sites and preventing the binding of 
agonists. Common examples include naloxone (an 
opioid receptor antagonist), pancuronium and related 
compounds (which block the activity of acetylcholine at 
nicotinic receptors in the neuromuscular junction), and 
flumazenil (a benzodiazepine receptor antagonist). 
Chemical antagonism describes the process whereby 
one agent hinders the effect of another by reacting or 
binding to it directly. The antidotes succimer (see 
Chapters 71, 73, and 74), dimercaprol (see Chapter 73), 
and hydroxycobalamin (see Chapter 88) are examples of 
chemical antagonists commonly encountered in clinical 
toxicology. Pharmacokinetic antagonism assumes special 
importance in toxicology. It refers to instances in which 
one drug reduces the effect of another by decreasing 
its absorption (e.g., activated charcoal), enhancing its 
elimination (e.g., sodium bicarbonate for salicylate 
intoxication), or hastening its degradation or inactiva- 
tion (rarely employed in clinical toxicology but typified 
experimentally by the use of butyrylcholinesterase as an 
antagonist of cocaine toxicity and hydrolase enzymes in 
the treatment of organophosphate poisoning) .7°?” 
Agonists and antagonists can be classified further 
according to whether their effects are reversible (some- 
times termed surmountable) or irreversible. The former is 
more common in clinical medicine, where agonists and 
antagonists often “compete” for the same receptors, and 
the clinical result reflects the balance of these processes. 
For example, 0.1 mg of naloxone is generally adequate 
to reverse the unwanted effects of morphine in many 
clinical settings, but a 50- to 100-fold higher dose may be 
needed in a patient with a large overdose of a more 
potent synthetic opioid. Irreversible agonists and antago- 
nists are characterized by receptor dissociation that 
occurs very slowly or not at all, and is a characteristic 
feature of interactions involving covalent binding. Some 
clinically relevant examples include phenoxybenzamine, 
an irreversible inhibitor of catecholamine activity at 
a-adrenergic receptors, and soman, which irreversibly 
inhibits acetylcholinesterase (following dealkylation). 
Whereas the number of available receptors for a given 
ligand or drug can be considered static in the acute 
setting, changes in receptor density can occur over time 
as part of an adaptive response. Up-regulation (or 
sensitization) refers to an increase in receptor density 


resulting from low levels of the endogenous ligand or 
chronic exposure to an antagonist, while down-regulation 
(or desensitization) denotes a decrease in receptor 
density with prolonged exposure to large amounts of 
ligand or persistent exposure to another agonist. Up- 
regulation and down-regulation also may result from 
alterations in postreceptor processes (i.e., downstream 
signaling protein changes) and occur independently of 
changes in receptor density. In general, when down- 
regulation has occurred, a decreased effect is noted with 
continued or subsequent exposure to the same 
concentration of a xenobiotic. 

The term toxicodynetics has been proposed to describe 
the time course of toxic effects in poisoned patients. 
Increasingly complicated mechanistic or empirical 
mathematical models are being used to estimate when 
such toxicity is likely to occur and how long it should last, 
as in the example of circulating blood cell counts 
following chemotherapy. The models build upon 
pharmacokinetic concepts, but they describe the drug 
effect (rather than the serum drug concentration) as a 
function of time.*® 


GENETIC VARIABILITY IN DRUG 
RESPONSE 


One of the most rapidly developing areas in pharma- 
cology is the burgeoning appreciation of the determi- 
nants of individual variability in drug response. Genetic 
variation can influence any aspect of a drug’s absorption, 
metabolism, distribution, or excretion, and it can also 
modulate its effects at the site of action.!® 


Genetic Differences in Drug Response 


Pharmacogenomics is the study of the many different genes 
that influence drug response, whereas pharmacogenetics 
denotes the study of inherited variations in drug 
metabolism and response. Like other hereditary traits, 
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genetically determined differences in drug response are 
subject to significant ethnic and geographic variability, 
with clustering in specific populations. In most instances, 
variability results from single-nucleotide polymorphisms 
(SNPs) that can yield a gene product with only one 
different amino acid residue but a dramatically less 
functional protein. Less commonly, genetic polymor- 
phisms or multiple allelic duplication can result in 
increased functional activity of the resultant protein.*” 

The influence of genetic variability on drug absorption 
and excretion is perhaps best illustrated by polymor- 
phisms in the multidrug efflux pump P-glycoprotein 
(P-gp). The C/C genotype is associated with greater 
P-gp activity and is present in 83% of individuals from 
West Africa but only 26% of Caucasians.*°°! This 
polymorphism confers decreased bioavailability as well as 
enhanced renal and biliary clearance of P-gp substrates 
such as digoxin, cyclosporine, and protease inhibitors 
(see Box 41), and it conversely imparts greater clinical 
relevance to P-gp inhibition by drugs such as macrolide 
antibiotics and azole antifungals.’ 

Genetic variability also influences the biotransfor- 
mation of many drugs and can involve either phase I or 
phase II metabolism.'® Polymorphisms in the CYP450 
system (Table 4-3) can have dramatic effects on the safety 
and efficacy of treatment. For example, the antihyper- 
tensive agent debrisoquine is no longer in clinical use 
today because approximately 7% of Caucasian patients 
who took the drug experienced a profound hypotensive 
response. Originally labeled “debrisoquine sensitive,” 
these patients were later found to have no functional 
debrisoquine hydroxylase, an enzyme now referred to as 
CYP2D6. Polymorphisms of CYP2C9 also are common, 
and they can dramatically enhance the hypoglycemic 
effects of glyburide and the hypoprothrombinemic 
response to warfarin, two common drugs that rely heavily 
on CYP2C9 for inactivation.**°° 

Genetic variation in phase II metabolism is perhaps 
best illustrated by variation in the metabolism of 
isoniazid and other drugs containing aromatic amines or 


Selected Pharmacogenetic Variants of Drug Metabolizing Enzymes 





APPROXIMATE FREQUENCY OF 


ENZYME POOR METABOLIZER PHENOTYPE RELEVANT SUBSTRATE DRUGS 
CYP2C9 15% of Caucasians* (S)-warfarin 

4% of Africans/Asians* Glyburide and other sulfonylureas 
CYP2D6 7%-10% of Northern Codeine 


Europeans 
1% in Asians, Indians 


Butyrylcholinesterase 1 in 3500 Caucasians 
(pseudocholinesterase) 
N-Acetyltransferase-2 40%-70% in Caucasians 


18% in Japanese 


EXAMPLES OF CLINICALLY 


Cyclic antidepressants 
Methamphetamine, MDMA 
Metoprolol 

Succinylcholine 


Isoniazid 
Hydralazine 


CLINICAL CONSEQUENCE OF 
POOR METABOLIZER PHENOTYPE 


Heightened sensitivity to 
anticoagulant effect 
Enhanced hypoglycemic response 
Decreased conversion to 
morphine; reduced analgesic effect 
Enhanced drug effect 
Enhanced drug effect/toxicity 
Slightly enhanced drug effect 
Markedly prolonged paralysis 


Enhanced drug effect 


Procainamide 


1 in 300 Caucasians 
1 in 2500 Asians 


Thiopurine 
S-Methyltransferase 


Azathioprine 
Mercaptopurine 


Enhanced drug effect 


*Frequency of genetic polymorphisms conveying at least moderate reductions in metabolic capacity. 
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hydrazine moieties, such as procainamide, dapsone, and 
hydralazine. The expression of N-acetyltransferase 2 
(NAT2) in liver and gut mucosa is highly polymorphic, 
resulting in a bimodal distribution of plasma isoniazid 
concentrations. Patients with the slow acetylator pheno- 
type (approximately 40% to 70% of Caucasians and 10% 
to 30% of Asians) exhibit reduced presystemic extraction 
(i.e., higher bioavailability) and slower elimination of 
isoniazid. Slow acetylator status may enhance the 
effectiveness of therapy yet increase the risk of isoniazid- 
associated complications such as neuropathy and 
hepatitis.9°°7 


Future Applications of 
Pharmacogenomics 


As the many genetic variations within the human 
genome are more completely characterized, anticipating 
the response of a patient to a drug before treatment 
is initiated will become increasingly possible.** To 
accomplish this, an individuals DNA would be 
sequenced for the presence of specific SNPs. Whereas 
this was previously a laborious, expensive process, DNA 
microarrays are increasingly available as a tool for the 
rapid identification of thousands of SNPs in an 
individual patient’s genome within a few hours.*® 

Such technology may predict not only a drug’s efficacy 
but also the likelihood of toxicity. For example, several 
polymorphisms in the B.-adrenergic receptor have been 
described.*? These polymorphisms significantly influence 
the clinical response to albuterol and may modulate its 
arrthymogenicity.*” Indeed, in the near future it is 
probable that the enrollment of patients in clinical trials 
will be governed by whether they will experience benefit 
or harm from a drug, as determined by their genetic 
makeup. Although this will make it easier for clinical 
trials to identify treatment effects, it will also likely 
hamper the generalizability of results to patients whose 
genetic makeup is different or not known. 


ACKNOWLEDGMENT 


Drs. B. C. Metts, Jr., W. J. Hunter, and J. Ambre wrote 
previous editions of this chapter. 


REFERENCES 


l. Green R, Sitar DS, Tenenbein M: Effect of anticholinergic drugs 
on the efficacy of activated charcoal. J Toxicol Clin Toxicol 
2004;42:267-272. 

2. Wacher VJ, Salphati L, Benet LZ: Active secretion and enterocytic 
drug metabolism barriers to drug absorption. Adv Drug Deliv Rev 
2001;46:89-102. 

3. Dresser GK, Bailey DG: The effects of fruit juices on drug 
disposition: a new model for drug interactions. Eur J Clin Invest 
2003;33 (Suppl 2):10-16. 

4. Bailey DG, Dresser GK: Interactions between grapefruit juice and 
cardiovascular drugs. Am J Cardiovasc Drugs 2004;4:281-297. 

5. Markowitz JS, DeVane CL: The emerging recognition of herb-drug 
interactions with a focus on St. John’s wort (Hypericum 
perforatum). Psychopharmacol Bull 2001;35:53-64. 

6. Ruschitzka F, Meier PJ, Turina M, et al: Acute heart transplant 
rejection due to Saint John’s wort. Lancet 2000;355:548-549. 


10. 


Li, 


L. 


13: 
14. 
15; 
16. 


I7. 


18. 


19. 


20. 


21. 


ao 


20. 


24. 


20: 


26. 


vale 


28. 


29, 


30. 


ol. 


32, 


DO: 


. Breidenbach T, Kliem V, Burg M, et al: Profound drop of 


cyclosporin A whole blood trough levels caused by St. John’s wort 
(Hypericum perforatum). Transplantation 2000;69:2229-2230. 


. Gualandi-Signorini AM, Giorgi G: Insulin formulations—a review. 


Eur Rev Med Pharmacol Sci 2001;5:73-83. 


. Fromm MF: P-glycoprotein: a defense mechanism limiting oral 


bioavailability and CNS accumulation of drugs. Int J Clin 
Pharmacol Ther 2000;38:69—74. 

Kim RB: Organic anion-transporting polypeptide (OATP) 
transporter family and drug disposition. Eur J Clin Invest 
2003;33 (Suppl 2):1-5. 

Benet LZ, Hoener BA: Changes in plasma protein binding have 
little clinical relevance. Clin Pharmacol Ther 2002;71:115-121. 
Rodriguez M, Ortega I, Soengas I, et al: Alpha-l-acid glycoprotein 
directly affects the pharmacokinetics and the analgesic effect of 
methadone in the rat beyond protein binding. J Pharm Sci 
2004;93:2836—2850. 

Israili ZH, Dayton PG: Human alpha-l-glycoprotein and its 
interactions with drugs. Drug Metab Rev 2001;33:161-235. 
Guengerich FP: Role of cytochrome P450 enzymes in drug-drug 
interactions. Adv Pharmacol 1997;43:7—35. 

Michalets EL: Update: clinically significant cytochrome P-450 drug 
interactions. Pharmacotherapy 1998;18:84-112. 

Weinshilboum R: Inheritance and drug response. N Engl J Med 
2003;348:529-537. 

Dresser GK, Bailey DG: A basic conceptual and practical overview 
of interactions with highly prescribed drugs. Can J Clin Pharmacol 
2002;9:191-198. 

Mitchell JR, Nelson SD, Thorgeirsson SS, et al: Metabolic 
activation: biochemical basis for many drug-induced liver injuries. 
Prog Liver Dis 1976;5:259-279. 

Eyer F, Meischner V, Kiderlen D, et al: Human parathion 
poisoning. A toxicokinetic analysis. Toxicol Rev 2003;22:143-163. 
Mikkaichi T, Suzuki T, Tanemoto M, et al: The organic anion 
transporter (OATP) family. Drug Metab Pharmacokinet 2004;19: 
171-179. 

Perri D, Ito S, Rowsell V, Shear NH: The kidney—the body’s 
playground for drugs: an overview of renal drug handling with 
selected clinical correlates. Can J Clin Pharmacol 2003;10:17-23. 
Lee W, Kim RB: Transporters and renal drug elimination. Annu 
Rev Pharmacol Toxicol 2004;44:137-166. 

Levy RH: Phenytoin: biopharmacology. Adv Neurol 1980;27: 
315-321. 

Richens A: Clinical pharmacokinetics of phenytoin. Clin Pharma- 
cokinet 1979;4:153-169. 

Buckley NA, Whyte IM, O’Connell DL, Dawson AH: Activated 
charcoal reduces the need for Macetylcysteine treatment after 
acetaminophen (paracetamol) overdose. J Toxicol Clin Toxicol 
1999;37:753-757. 

Sun H, Shen ML, Pang YP, et al: Cocaine metabolism accelerated 
by a re-engineered human butyrylcholinesterase. J Pharmacol Exp 
Ther 2002;302:710—716. 

Petrikovics I, Hong K, Omburo G, et al: Antagonism of paraoxon 
intoxication by recombinant phosphotriesterase encapsulated 
within sterically stabilized liposomes. Toxicol Appl Pharmacol 
1999; 156:56-63. 

Krzyzanski W, Jusko WJ: Multiple-pool cell lifespan model of 
hematologic effects of anticancer agents. J Pharmacokinet 
Pharmacodyn 2002;29:311-337. 

Kirchheiner J, Henckel HB, Meineke I, et al: Impact of the 
CYP2D6 ultrarapid metabolizer genotype on mirtazapine 
pharmacokinetics and adverse events in healthy volunteers. J Clin 
Psychopharmacol 2004;24:647-652. 

Kurata Y, lIeiri I, Kimura M, et al: Role of human MDRI 
gene polymorphism in bioavailability and interaction of digoxin, 
a substrate of P-glycoprotein. Clin Pharmacol Ther 2002; 
72:209-219. 

Schaeffeler E, Eichelbaum M, Brinkmann U, et al: Frequency of 
C3435T polymorphism of MDRI gene in African people. Lancet 
2001;358:383-384. 

Yu DK: The contribution of P-glycoprotein to pharmacokinetic 
drug-drug interactions. J Clin Pharmacol 1999;39:1203-1211. 
Taube J, Halsall D, Baglin T: Influence of cytochrome P-450 
CYP2C9 polymorphisms on warfarin sensitivity and risk of over- 


34. 


3, 


56; 


a1, 


anticoagulation in patients on long-term treatment. Blood 
2000;96:1816-1819. 

Niemi M, Cascorbi I, Timm R, et al: Glyburide and glimepiride 
pharmacokinetics in subjects with different CYP2C9 genotypes. 
Clin Pharmacol Ther 2002;72:326-332. 

Kirchheiner J, Brockmoller J: Clinical consequences of 
cytochrome P450 2C9 polymorphisms. Clin Pharmacol Ther 
2005;77:1-16. 

Clark DW: Genetically determined variability in acetylation and 
oxidation. Therapeutic implications. Drugs 1985;29:342-375. 
Huang YS, Chern HD, Su WJ, et al: Polymorphism of the 
N-acetyltransferase 2 gene as a susceptibility risk factor for anti- 
tuberculosis drug-induced hepatitis. Hepatology 2002;35:883-889. 


I8: 


39, 


40. 


CHAPTER 4 Principles of Pharmacology 95 





Evans WE, McLeod HL: Pharmacogenomics—drug disposition, 
drug targets, and side effects. N Engl J Med 2003;348:538-549. 
Dishy V, Sofowora GG, Xie HG, et al: The effect of common 
polymorphisms of the beta2-adrenergic receptor on agonist- 
mediated vascular desensitization. N Engl J Med 2001;345: 
1030-1035. 

Israel E, Chinchilli VM, Ford JG, et al: Use of regularly scheduled 
albuterol treatment in asthma: genotype-stratified, randomised, 
placebo-controlled cross-over trial. Lancet 2004;364:1505-1512. 





Drug Interactions 


MICHAEL W. SHANNON, MD, MPH 


Over the past 5 years there has been an explosion of 
interest in the causes of adverse drug effects and 
potential mechanisms for preventing them. In the 
monograph To Err is Human, The Institute of Medicine 
identified medication-related adverse events as a leading 
cause of preventable death.! One area of concern has 
been adverse effects that result from drug-drug 
interactions, particularly since many of these effects are 
predictable. 

The modification of drug effects has the potential to 
reduce the effectiveness of a drug, enhance the drug’s 
toxicity, or both. Also, adverse interactions do not occur 
only between drugs; they can occur between drugs and 
diet (e.g., potentiation of calcium channel blockers by 
grapefruit juice), drugs and environmental agents (e.g., 
photosensitivity eruptions in those exposed to sunlight 
while taking sulfonamides or tetracyclines), drugs and 
alternative remedies (e.g., potentiation of Coumadin- 
induced anticoagulation by tonka beans), and between 
drugs and substances of abuse (e.g., serotonin syndrome 
in those taking monoamine oxidase inhibitors who use 
methylenedioxymethamphetamine [Ecstasy]).* 

Drugs may interact with each other through a number 
of different mechanisms, which may be classified as 
pharmaceutical, pharmacokinetic, or pharmacodynamic 
(Box 5-1). Interactions through any of these mechanisms 
may result in unpredictable clinical effects or toxicologic 
responses. Pharmaceutical interactions include those 
that produce drug inactivation when compounds are 
physically mixed together before administration. For 
example, aminoglycosides are inactivated by certain 
B-lactam antibiotics when these drugs are mixed 


Pharmaceutical 


Drug compatibility 
Drug stability 


Pharmacokinetic 


Absorption 

Distribution 
Metabolism 
Excretion 


Pharmacodynamic 


Receptor binding 

Receptor reactivity 

Enzyme inhibition 
Competitive 
Noncompetitive 


together in the same intravenous fluid. Pharmacokinetic 
interactions can occur when the disposition charac- 
teristics of one compound (1e., absorption, distribution, 
metabolism, or excretion) are influenced by those of 
another. This type of interaction may involve one or 
more specific aspects of a drug’s pharmacokinetic profile. 
For example, a compound may displace a drug from 
its protein-binding sites, consequently increasing its 
elimination from the body. Finally, drugs may interact 
pharmacodynamically (i.e., compete for the same 
receptor or physiologic system), altering a patient’s 
response to drug therapy. A small group of drugs is 
involved in serious drug interactions with some 
frequency (Box 5-2). 

The number of known, clinically important drug 
interactions, combined with the ever-increasing number 
of available pharmacologic agents underscores the 
need to understand the pharmacologic basis of drug 
interactions. This chapter reviews the pharmacokinetic 
and pharmacodynamic basis of drug interactions, using 
clinically important interactions as examples. 


EPIDEMIOLOGY 


The prevalence of adverse drug interactions has 
been estimated to range between 2.2% and 30% in 
hospitalized patients and 9.2% and 70.3% in ambulatory 
patients.” The emergency department is a focal point 
for the diagnosis or development of adverse drug 
reactions; emergency department surveillance data 
suggest that adverse drug events account for 7 per 1000 


Cyclosporine 

Erythromycin 

Fluconazole 

Itraconazole 

Ketoconazole 

Monoamine oxidase inhibitors 
Meperidine 

Phenytoin 

Protease inhibitors 

Rifampin 

Selective serotonin reuptake inhibitors (SSRIs) 
Theophylline 

Warfarin 


Adapted from Kohn LT, Corrigan JM, Donalson MS (eds): To Err is Human: 
Building a Safer Health System. Washington, DC, The Institute of Medicine, 
National Academy Press, 1999. 





97 


98 CONCEPTS IN MEDICAL TOXICOLOGY 





visits. The events take on multiple origins. First, patients 
may present to the emergency department with 
manifestations of an adverse drug reaction. In cases in 
which the diagnosis of drug interaction is not obvious, 
the emergency physician may be unsuspecting; the 
patients may even be discharged without the diagnosis 
being made. For example, serotonin syndrome, which 
often is the result of a drug interaction, is commonly 
overlooked by clinicians from all specialties.” Additionally, 
an estimated 70% to 85% of emergency department 
encounters result in prescription therapy.'° The 
emergency physician therefore has a significant role in 
making therapeutic decisions that do not result in a 
predictable drug interaction. 


PHARMACOKINETIC MECHANISMS OF 
DRUG INTERACTIONS 


Gastrointestinal Absorption 


Absorption is defined as the translocation of drug from its 
site of administration into the systemic circulation. Drugs 
administered extravascularly, by the oral, sublingual, or 
intramuscular routes, must cross several membranes to 
reach the systemic circulation before distribution to their 
sites of action. The process of absorption can be divided 
into and influenced by two distinct domains: rate and 
extent. Both domains are influenced by the physico- 
chemical properties of the drug as well as various host 
factors. The physicochemical properties of a drug that 
affect absorption include molecular weight, degree of 
lipid solubility, extent of ionization at physiologic pH, 
and type of formulation (e.g., tablet, capsule, or liquid). 

Several potential types of interactions between two or 
more compounds can influence the rate or amount of 
drug absorption from the gut (Box 5-3). For example, 
foods or drugs capable of altering gastrointestinal pH 
could theoretically modify the absorption characteristics 
of a compound by altering the proportion of drug that is 
in its ionized, less lipid-soluble state. ‘Thus, coadministra- 
tion of antacids, histamine-2 (Hs) receptor antagonists, 
or proton pump inhibitors, all which alter gastro- 
intestinal pH, could substantially influence the amount 
of drug—particularly a weak base—that is absorbed from 


Alteration of gastric emptying rate or gastrointestinal motility 
Modification of volume, composition, or viscosity of gastrointestinal 


secretions 
Effects of pH on drug ionization and dissolution 
Effects of mucosal and bacterial drug metabolism 
Interactions with active transport systems 
Alterations of splanchnic blood flow 
Complexation and chelate formation 
Toxic effects on gastrointestinal mucosa 





Selected Clinically Important Interactions 


Due to Alteration of Drug Absorption 





DRUG COMPOUND AFFECTED 

Antacids Captopril 
Ketoconazole 
Isoniazid 


Cholestyramine Digitalis glycosides 
Thyroid hormone 
Ciprofloxacin 

Digoxin 
Ketoconazole 
Phenytoin 

Quinolone antibiotics 
Tetracycline 
Theophylline 
Valproic acid 


Sucralfate 





the stomach.!! Conversely, these drugs, by decreasing 
gastric acid secretion, might promote an increase in the 
absorption of acid-labile drugs (e.g., penicillin G). 
Concomitant administration of antacids with other 
medications can lead to clinically important interactions 
arising from the gastrointestinal and chemical effects of 
the aluminum, calcium, and magnesium ions liberated 
from the antacid preparation.!! For example, a clinically 
relevant interaction occurs between antacids and 
quinolone antibiotics (Table 5-1). Other agents may 
affect drug absorption. Cholestyramine resin also has 
been shown to reduce the systemic absorption of 
common pharmaceuticals. Sucralfate, another treatment 
for gastritis, can lower the absorption of digoxin, 
phenytoin, and quinolone antibiotics significantly. 
Drugs that affect gastrointestinal motility may 
influence the gastrointestinal absorption of orally 
administered drugs by controlling the rate of drug 
delivery to the major absorptive surfaces, as well as the 
duration of contact with these surfaces.!? For example, 
coadministration of an anticholinergic agent has been 
shown to increase the rate and extent of digoxin 
absorption; conversely, digoxin absorption appears to 
decrease after metoclopramide administration.!? Co- 
administration of gastric promotility agents (e.g., 
metoclopramide) has been shown to decrease the time 
to peak serum drug concentration (Tmax) and increase 
the peak serum drug concentration (Cmax), but in 
general it has no appreciable effect on the drugs’ overall 
extent of bioavailability.” Consequently, the clinical 
significance of this drug interaction is unclear. 
Interestingly, the magnitude of the effect of gastro- 
intestinal promotility agents on the Tmax and Cmax of 
orally administered drugs appears to be more common 
and much greater when the motility agent is 
administered intravenously rather than orally. 


Distribution 


Drug distribution describes the movement of a pharma- 
cologically or toxicologically active moiety from the 
systemic circulation into various body compartments, 


tissues, and cells. The pharmacokinetic parameter 
estimate, volume of distribution (Vd), is an apparent 
value that attempts to describe the relationship between 
the amount of drug in the body, including the blood. 
The process of distribution depends on the partition 
coefficient of a drug between blood and tissue, regional 
blood flow, and the extent of binding to plasma protein 
or tissues. 

Alterations in drug distribution most commonly result 
from the displacement of bound drug from circulating 
plasma proteins. Acidic compounds typically bind 
albumin whereas basic compounds bind predominantly 
to O,-acid glycoprotein.*:!* The free or unbound fraction 
of a compound is the pharmacologically active moiety, 
capable of traversing cellular membranes, diffusing into 
tissues, and binding to receptors. As such, changes in 
drug binding that result in an increase in the amount of 
free drug may increase the amount of drug available for 
tissue distribution, increasing the drug’s concentration 
at the site of action and amplifying its effect. For 
example, the displacement of Coumadin from serum 
albumin-binding sites by other highly protein-bound 
compounds (e.g., aspirin) represents a classic example 
of such an interaction.’ This traditional view of simple 
competitive displacement of drug from circulating 
proteins, however, is based on a number of assumptions, 
many of which have not been clinically validated.*" 

A number of variables may directly influence the 
physiologic impact of a drug displacement interaction. 
For such reactions to be important clinically, both 
compounds must be at least 80% bound to the same 
protein species. In addition, the displaced compound 
must exhibit capacity-limited body clearance or have a 
relatively small apparent Vd (<0.15 L/kg).*'* This last 
factor is likely to be the most important, because as the 
Vd increases, less of the total amount of drug in the body 
is present in the plasma compartment. Thus, with 
proportionately less compound to displace and a larger 
“space” in which to distribute, the effect of a 
displacement interaction would be minimal. Finally, it is 
important to recall that increasing the amount of free 
drug concurrently increases the amount of compound 
available for metabolism or excretion and can result in 
an accelerated elimination rate for the displaced drug.” 

The physiologic impact of drug-drug protein displace- 
ment reactions clearly depends on the balance among a 
large number of variables. Importantly, after a drug 
overdose there is great uncertainty about the impact of a 
single large dose of a displacing agent on the overall 
biodisposition of the displaced agent. Moreover, the 
magnitude and duration of the interaction are 
determined by the normal saturability of the drug- 
plasma protein complex. In some cases, protein binding 
for some highly protein-bound drugs has clinical 
significance in overdose. For example, an increase in 
free valproic acid concentration appears to make the 
drug easier to remove by extracorporeal drug removal 
techniques, such as hemodialysis.'°:'© These preliminary 
reports confirm the importance of identifying potential 
changes in the extent of protein binding for highly 
protein-bound drugs; any significant change in the 
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amount of free, unbound drug could affect the timing 
and severity of clinical manifestations and the approach 
to treatment. 

Changes in a drug’s Vd that result from altered tissue 
binding, although rare, are exemplified by the now well- 
known interaction between digoxin and quinidine.'” 
The decrease observed in quinidine Vd and the con- 
current increase in serum digoxin concentrations most 
likely are due to digoxin tissue-binding displacement by 
quinidine. These changes in digoxin pharmacokinetics 
have been noted to occur after administration of a single 
dose of quinidine. In addition to causing tissue displace- 
ment, quinidine also decreases the renal and nonrenal 
clearance of digoxin. Quinine, the S-isomer of quinidine, 
also has been shown to interfere with nonrenal clearance 
of digoxin.!® 


Metabolism 


Drug metabolism is divided into the two general 
categories of phase I and phase II transformation 
reactions.'? Phase I reactions involve structural alteration 
of drug, typically by processes including oxidation, 
hydrolysis, and reduction. Phase II reactions most 
commonly involve conjugation of a water-soluble moiety 
to the parent drug. Phase II reactions include glucuro- 
nidation, sulfation, and methylation. Most phase I 
reactions are performed by the cytochrome P-450 family 
of isoenzymes. 

The cytochrome P-450 (CYP450) enzymes are found 
primarily in the gut and liver. Their name is derived from 
the characteristic of maximal absorption at a wavelength 
of 450 nm. According to current nomenclature, the cyto- 
chrome isoenzymes are grouped into families (1, 2, and 
3), divided into subfamilies (A through E), and specified 
by number. 

The cytochrome isoenzymes have many features that 
give them great variability in action, both within and 
among individuals. As a result, they and their activity are 
a common cause of drug interactions, particularly drug- 
drug interactions.*! The four most important variables 
that affect CYP450 activity are genetic heterogeneity, age- 
related changes, enzyme induction, and enzyme inhibition. 

The genes encoding for each drug-metabolizing 
enzyme can develop mutations that result in the 
production of a protein that has decreased, increased, or 
absent enzymatic activity.** Examples of CYP450 
isoenzymes with clinically important genetic polymor- 
phisms include CYP2D6 and CYP2E1. Such poly- 
morphisms can lead to unexpected drug responses.*° 
However, over the last decade, technology that permits 
both genotypic and phenotypic probing of the 
cytochrome enzymes has greatly improved the ability to 
identify individuals with abnormal activity. This growing 
field of pharmacogenetics has greatly increased the 
ability to reduce the risk of developing adverse drug 
reactions by identifying susceptible individuals before 
their receipt of the drug.?*79 

The development of CYP450 enzyme activity occurs 
progressively in postnatal life and undergoes additional 
changes throughout life. Consequently, the risk of devel- 
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oping a drug interaction often is a function of patient 
age. As an example, CYP1A2 has negligible activity in the 
newborn”; after reaching peak activity in adults, it 
appears to have waning activity in the elderly years. 

Induction refers to an increase in enzyme activity. 
Induction results either from increased production of 
enzyme (through enhanced transcription and trans- 
lation) or through a reduction in the natural rate of 
enzyme breakdown.*” Not all cytochrome enzymes are 
inducible; of the major isoenzymes, CYP1A2, CYP2C9, 
CYP2E1, and CYP3A are best known for having clinically 
relevant inducers. 

CYP450 enzyme inhibition is classified as either revers- 
ible or irreversible. The most common type, reversible 
inhibition, occurs when a second substrate competes with 
the primary drug for the active site of the enzyme. This 
process also may be referred to as competitive inhibition. 
An example of such inhibition occurs after the coadmin- 
istration of diltiazem and cyclosporine. Diltiazem is a 
reversible inhibitor of CYP3A4, the enzyme responsible 
for the elimination of cyclosporine. Diltiazem coadmin- 
istration interferes with cyclosporine clearance, resulting 
in higher serum cyclosporine concentrations. Competi- 
tive inhibition is transient with the enzyme returning to 
normal activity once the inhibitor has been cleared. In 
irreversible inhibition, a substrate binds to a CYP450 enzyme, 
sometimes altering the enzyme structure and producing 
permanent enzyme inactivation. With irreversible 
inhibition, only synthesis of new enzyme can restore its 
normal physiologic function. Monoamine oxidase 
inhibitors produce such permanent effects on the enzyme. 

Drugs used to treat HIV infection have a significant 
propensity for drug-drug interaction via the CYP450 
isoenzymes. 


The six cytochrome isoenzymes of greatest importance 
are described in more detail below and are summarized 
in Table 5-2. Many reviews of CYP450 function and drug 
interactions have been recently published.!*.?°?9 


CYP1A2 

Many commonly used medications, including caffeine, 
theophylline, tricyclic antidepressants, and warfarin, are 
metabolized by CYPIA2. Activity of CYP1A2 can be 
induced by tobacco smoke, charbroiled foods, and 
cruciferous vegetables. Several medications induce 
CYPIA2 activity, including phenytoin, phenobarbital, 
and rifampin. Omeprazole and ritonavir simultaneously 
may induce CYP1A2 and inhibit one or more other CYP 
isoenzymes. Inhibitors of CYP1A2 include erythromycin, 
ciprofloxacin, fluvoxamine, and grapefruit juice. 


CYP2C9 

CYP2C9 is responsible for the metabolism of medications 
including ibuprofen, phenytoin, and warfarin. Rifampin 
is a powerful inducer of CYP2C9 activity and therefore 
decreases serum concentrations of its substrates. 
Amiodarone, fluoxetine, and fluconazole are among 
several drugs known to inhibit CYP2C9 activity. Genetic 
polymorphisms occur in 1% to 3% of Caucasians, 
contributing to abnormally decreased enzyme activity in 
these individuals. 


CYP2C19 

Medications metabolized by CYP2C19 include several 
benzodiazepines, citalopram, tricyclic antidepressants, 
and omeprazole. Rifampin induces CYP2C19 activity, 
whereas fluvoxamine, fluoxetine, and ritonavir inhibit 
this enzyme. Genetic polymorphisms are responsible for 
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CYTOCHROME SUBSTRATES 


CYP1A2 Caffeine, theophylline, 
tricyclic antidepressants, 
warfarin 

Diclofenac, glipizide, 
ibuprofen, phenytoin, 
tolbutamide, warfarin, 

Diazepam, imipramine, 
nelfinavir, omeprazole, 
pantroprazole, propranolol, 

Codeine, dextromethorphan, 
flecainide, fluoxetine, 
haloperidol, metoprolol, 
paroxetine, perphenazine, 
propranolol, sertraline, timolol, 
tricyclic antidepressants, 
venlafaxine 

Acetaminophen, ethanol 

Alprazolam, astemizole, 
atorvastatin, carbamazepine, 
cisapride, cyclosporine, 
diltiazem, losartan, 
lovastatin, midazolam, 
nifedipine, simvastatin, 
terfenadine, theophylline 
verapamil 


CYP2C9 


CYP2C19 


CYP2D6 


CYPZE1 
CYP3A 


INDUCERS 


Charbroiled food, omeprazole, 
phenobarbital, phenytoin, 
tobacco smoke 

Phenobarbital, Rifampin 


Rifampin 


Disulfiram 

Carbamazepine, ethanol, 
phenobarbital, phenytoin, 
rifampin, St. John’s wort 


INHIBITORS 


Erythromycin, fluvoxamine, grapefruit 
juice, quinolone antibiotics 


Amiodarone, cimetidine, fluconazole, 
fluoxetine, itraconazole, ketoconazole, 
metronidazole, ritonavir 

Fluoxetine, fluvoxamine, omeprazole, 
ritonavir, sertraline 


Cimetidine, dextromethorphan, 
fluoxetine, haloperidol, 
paroxetine, sertraline 


Ethanol, isoniazid 

Cimetidine, clarithromycin, cyclosporine, 
diltiazem, erythromycin, fluoxetine, 
fluvoxamine, grapefruit juice, 
HIV protease inhibitors, itraconazole, 
ketoconazole, nifedipine, verapamil 





significant interpatient variability in CYP2C19 activity. 
The enzyme is absent in 13% to 23% of Asians and 3% of 
Caucasians.*? 


CYP2D6 

CYP2D6 comprises a relatively small percentage (2% to 
6%) of the total cytochrome P-450 in the liver but is 
involved in the metabolism of many medications (up to 
25%). Multiple tricyclic antidepressants, B blockers, 
haloperidol, sertraline, paroxetine, and thioridazine are 
among the common drugs metabolized by CYP2D6. 
Interestingly, the conversion of codeine to the active 
form, morphine, is catalyzed by CYP2D6; patients with 
low CYP2D6 activity demonstrate a poor analgesic 
response to codeine.** There are no significant inducers 
of this activity. However, several medications inhibit 
CYP2D6, the most potent being cimetidine, fluoxetine, 
haloperidol, and paroxetine. Genetic polymorphisms 
play a significant role in determining CYP2D6 activity. 
Approximately 1% to 3% of African American and 
Asian patients and 5% to 10% of Caucasians lack this 
enzyme, placing them at risk for increased toxicity 
from medications that are metabolized by CYP2D6.** 
A subpopulation with higher than usual activity also 
has been described (“extensive and ultrarapid 
metabolizers” ) 2°25 


CYP2E1 

Although CYP2E]1 metabolizes a relatively small fraction 
of medications, it plays a significant role in the activation 
and inactivation of many agents. CYP2E1 metabolizes 
small organic molecules (e.g., ethanol, carbon tetra- 
chloride) as well as acetaminophen and dapsone. 
Although only a small percentage of acetaminophen is 
metabolized by CYP2E1, the drug’s hydroxylation 
produces Macetyl-pbenzoquinone imine (NAPQI), the 
putative molecule responsible for acetaminophen 
hepatotoxicity. Chronic ethanol use can induce CYP2E1 
activity, leading to a greater percentage of aceta- 
minophen metabolized to NAPQI, increasing the risk of 
hepatotoxicity from acetaminophen use. Many scientists 
question the existence of an important ethanol- 
acetaminophen interaction.°**° 


CYP3A 

CYP3A is the most abundant, clinically significant group 
of cytochrome P-450 isoenzymes. The CYP3A group is 
composed of four major isoenzymes: CYP3A3, CYP3A4, 
CYP3A5, and CYP3A7. CYP3A4 is the most common and 
is implicated in the majority of drug interactions. How- 
ever, since these enzymes are so closely related (having as 
much as 97% sequence homology), they often are referred 
to collectively by the subfamily name, CYP3A. Up to 60% 
of the liver’s total cytochrome P-450 is CYP3A, and nearly 
50% of all clinically relevant medications are metabo- 
lized by CYP3A. The presence of CYP3A in the small 
intestine results in decreased bioavailability of many 
ingested drugs. CYP3A inducers include the gluco- 
corticoids, rifampin, carbamazepine, phenobarbital, and 
phenytoin. Among the many significant CYP3A inhibitors 
are grapefruit juice, erythromycin, ketoconazole, 
clarithromycin, and verapamil. 
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NONMICROSOMAL DRUG METABOLISM 

ENZYMES 

A number of compounds can impair or directly inhibit 
hepatic drug metabolism by interacting with non-CYP450 
(nonmicrosomal) enzymes. Disulfiram (Antabuse) is a 
potent inhibitor of the nonmicrosomal enzyme acetalde- 
hyde dehydrogenase, which is responsible for the 
metabolism of ethanol to acetic acid. Concurrent 
ethanol consumption and disulfiram administration 
leads to acetaldehyde accumulation and the classic 
Antabuse reaction, characterized by unpleasant symptoms 
that include facial flushing, throbbing headache, nausea, 
vomiting, sweating, palpitations, hypotension, and 
syncope. Another important nonmicrosomal reaction is 
the serotonin syndrome that results from administration 
of agents such as meperidine by patients who are taking 
monoamine oxidase inhibitors.’ 

Acetylation by the enzyme Macetyltransferase (NAT) 
is another important, non-CYP pathway of drug metab- 
olism. Dapsone, hydralazine, isoniazid, procainamide, 
and the sulfonamides are examples of drugs metabolized 
via acetylation. Acetylation polymorphisms are well 
described. Variants in the alleles coding for NAT occur in 
50% of Americans, Caucasian and black, resulting in 
slow acetylator status. Slow acetylator phenotypes occur 
in 60% to 70% of Northern Europeans and 5% to 10% 
of Asians. Slow acetylators have an increased risk of drug 
toxicity, but they also experience longer drug 
effectiveness. Those with the fast acetylator phenotype 
may fail to experience the desired therapeutic response 
to treatment as a result of the rapid metabolism of drug. 


Elimination 


The most common pathway by which drugs or their 
metabolites are eliminated from the body is via the 
kidneys. Interactions that influence renal clearance of a 
compound primarily alter the physiologic processes of 
glomerular filtration, tubular reabsorption, or active 
tubular secretion. Additionally, agents that alter renal 
blood flow also may influence renal elimination. 
Nevertheless, for such interactions to be of clinical 
importance, the overall elimination of active drug must 
depend primarily on renal mechanisms. For example, as 
discussed earlier, displacement interactions may 
transiently increase the amount of free drug in the 
vascular compartment, resulting in an increase in the 
amount of drug available to be filtered by the glomeruli 
and excreted. 

In contrast to displacement interactions, a number of 
drugs can directly influence glomerular filtration 
through other mechanisms. The nonsteroidal anti- 
inflammatory drugs (NSAIDs)—aspirin, ibuprofen, 
indomethacin, naproxen, and others—all have been 
shown to reversibly depress renal function. This drug- 
induced decrease in renal function most likely is a result 
of NSAIDs’ inhibition of renal prostaglandin synthesis 
and can result in increased side effects because of 
accumulation of other concurrently administered drugs 
(e.g., lithium). 

Modification of the passive distal tubular reabsorption 
of weak acids and bases is another mechanism by which 
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drugs may interact and represents a potentially 
important therapeutic modality in the treatment of 
certain intoxications. An inverse relationship exists 
between the compound’s degree of ionization and the 
overall amount of a compound reabsorbed from the 
urine—that is, the greater the amount of compound 
present in the urine in the un-ionized, more lipid-soluble 
State, the greater the amount reabsorbed. In general, for 
renal clearance to be sensitive to changes in urine pH, 
acidic and basic drugs must have pK, values that range 
between 3 to 7.5 and 7 to 11, respectively. This principle 
of altering urinary pH has been used in the management 
of a number of drug intoxications, particularly those by 
salicylates and phenobarbital. Alkalization of urine by 
either intermittent or continuous intravenous infusion 
of sodium bicarbonate can significantly decrease distal 
tubular reabsorption of both of these drugs. Intra- 
luminal trapping of acids in their ionized form appears 
to be greatest when urine pH exceeds 7.5.°° Although 
the manipulation of urinary pH to promote ion trapping 
and to augment renal clearance appears desirable, it is 
not without risk. Rapidly raising urinary pH requires an 
increase in blood pH, a change that may be undesirable 
and possibly detrimental in certain instances.°°?’ 
Furthermore, clinicians must weigh carefully the 
associated risks of pH manipulation and the time 
necessary to achieve effective changes in urinary pH with 
the effectiveness of other therapeutic modalities and, 
most important, with the anticipated duration of serious 
symptoms.°° 

Finally, biliary secretion represents an often over- 
looked but relatively important means for the elimina- 
tion of a number of drugs and substrates, and a pathway 
with which drug interactions may occur. Parent 
compounds or their metabolites excreted via the bile 
may be reabsorbed into the systemic circulation from the 
distal ileum. This process of enterohepatic circulation 
is an important mechanism responsible for delayed 
and prolonged drug absorption and elimination of a 
number of commonly used drugs (e.g., carbamazepine). 
Increasing the total body clearance of such compounds 
by interfering with the enterohepatic circulation is the 
basis for administering repeated doses of oral activated 
charcoal as a therapeutic intervention to patients who 
experience intoxications involving compounds that 
undergo substantial enterohepatic circulation.*® 


Drug-Nutrient Interactions 


Nutritional habits may influence dramatically the 
response to pharmacologic intervention. The type and 
quantity of food consumed as well as the overall 
nutritional status of a patient may directly or indirectly 
alter drug disposition characteristics. For example, there 
is an extensive list of nutrients that interact with warfarin 
action (Box 5-4). The specific composition of a meal can 
markedly alter drug absorption. The most notable 
example of food-associated inhibition of drug absorption 
involves the complexation of tetracycline compounds 
when coadministered with divalent cation-containing 


compounds (e.g., milk, cheese, antacids, vitamins). 
However, it is unusual for such an interaction to result 
in significantly decreased systemic bioavailability. What 
occurs more frequently is that the rate but not the overall 
extent of drug absorption is decreased when the drug 
is administered in the presence of food. The intestinal 
absorption of some commonly administered drugs, 
such as acetaminophen, digoxin, many penicillin and 
cephalosporin analogs, and phenytoin, may be delayed 
or reduced when these agents are given in the presence 
of food.*? Conversely, the bioavailability of some orally 
administered drugs, including spironolactone, griseo- 
fulvin, and cefuroxime axetil, can be increased when the 
drugs are administered in the presence of food. 

Coadministration of certain medications with enteral 
nutrition formulas may result in altered drug absorption 
and poor therapeutic effect. Subtherapeutic patient 
responses have been noted in patients receiving 
carbamazepine or phenytoin when these drugs are co- 
administered with enteral formulas.*?*” The mechanism 
of this drug-nutrient interaction is unknown but clearly 
exceeds simple drug adherence to the feeding tubing. To 
minimize the effect that enteral nutrition formulas may 
have on the bioavailability of these drugs, the tube 
feeding should be stopped and the tubing flushed 
approximately | to 2 hours before drug administration. 
Tube feeding can be resumed 1 to 2 hours later. 


Vegetables 


Alfalfa 
Asparagus 
Broccoli 
Brussels sprouts 
Cabbage 
Cauliflower 
Kale 

Lettuce 
Onions 
Spinach 
Turnip greens 
Watercress 


Herbal Products 


Ginseng 
Green teas 
Melilot 
Tonka beans 
Woodruff 


Miscellaneous 


Avocado 
Fish oils 
Liver 
Soybeans 
Papain 


From Manzi S, Shannon M: Drug interactions—a review. Clin Ped Emerg 
Med 2005;6:93-102. 





Both hepatic drug metabolism and renal elimination 
can be influenced by the type and quantity of nutrient 
consumed. Cabbage, Brussels sprouts, and cauliflower 
all have been shown to contain bioactive indoles that 
are potent inducers of intestinal and hepatic drug- 
metabolizing enzymes. Conversely, compounds present 
in grapefruit juice are capable of inhibiting the activity of 
both cytochrome and noncytochrome enzymes.*! Diets 
high in protein (e.g., >40% of total calories) have been 
shown to increase the metabolic capacity of the hepatic 
mixed-function oxidase system; this results in increased 
clearances of a number of drugs (e.g., propranolol). This 
increase in body clearance is not observed when similar 
quantities of either carbohydrate or fat are substituted 
for protein. In addition, diets deficient in protein are 
associated with altered renal hemodynamics, a condition 
that leads to marked decreases in glomerular filtration, 
which further influences a drug’s body clearance and 
pharmacodynamics. 


Pharmacodynamic Mechanisms of Drug 
Interactions 


In patients receiving multiple drugs, the overall effects 
manifested are a summation of the similar or opposing 
but independent actions of these multiple agents on a 
given cell or organ system. These interactions historically 
have not been considered drug interactions, yet many 
are of extreme clinical importance. These interactions 
are properly termed pharmacodynamic drug interactions 
and are thought to involve drug-receptor interactions, 
either directly or indirectly. 

The types of interactions that might occur at the 
receptor level are varied. Moreover, the understanding 
of these interactions often is confounded because simple 
potentiation or antagonism is distinctly uncommon. 
Most of these interactions occur through an interplay of 
receptor mechanisms controlling the function of a given 
tissue or organ system. In a similar fashion, drugs may 
interact with physiologic or biochemical control loops, a 
process that leads to alterations in response to normal 
stimuli and input signals. Finally, one drug may prevent 
access of another to its site of action, and thus the 
pharmacodynamic process is abrogated. 


Direct Receptor Effects 


In a few instances, drug interactions occur through 
direct receptor site antagonism. Consider, for example, 
an asthmatic patient receiving the B.-adrenergic agonist 
bronchodilator albuterol who develops angina and is 
treated with propranolol. The nonselective blocker pro- 
pranolol clearly has the potential to inhibit the broncho- 
dilator effect of the B.-adrenergic agonist drug. The use 
of specific receptor agonists or antagonists (e.g., 
naloxone, phentolamine) represents desired interactions 
at the receptor level that are of immense clinical 
importance in the treatment of poisoned patients. 
Another example of direct pharmacodynamic 
interaction can occur during therapy with the warfarin 
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anticoagulants. Quinidine appears to augment the 
cellular uptake of warfarin, increasing warfarin’s 
effective concentration at the site of action. 


Indirect Receptor Effects 


Pharmacodynamic interactions associated with indirect 
receptor effects are side effects of one drug that mimic 
the pharmacologic effects of another. Augmentation of 
the hypoglycemic effects of insulin and oral hypo- 
glycemic agents by nonselective B-blocking agents is an 
example of agents with differing mechanisms of action 
that produce the same clinical effects. 

The use of drugs with actions on the myocardium, 
cardiac conduction system, or capacitance and resistance 
vessels predisposes to a large number of pharmaco- 
dynamic interactions. Calcium channel blockers and 
B-adrenergic receptor antagonists often augment the 
myocardial depressant, bradycardiac, and hypotensive 
effects of one another when used in concert. Other 
effects augmented by the simultaneous administration of 
vasoactive drugs and f-adrenergic blocking agents 
include exacerbation of first-dose hypotensive effects of 
prazosin and enhancement of the hypertensive response 
during clonidine withdrawal. 

The proliferation of NSAIDs (prescription and over- 
the-counter) have focused attention on a number of 
serious interactions that may occur with these agents. 
The sodium and water retention that result from long- 
term use of these agents may blunt the antihypertensive 
effects of angiotension-converting enzyme inhibitors 
(e.g., captopril, enalapril, and others), thiazide diuretics, 
and B-adrenergic blocking agents. These effects also may 
offset the benefits of diuretic therapy in mild to 
moderate congestive heart failure. 


SUMMARY 


Drug interactions remain an important consequence of 
pharmacologic intervention. It is clear that the pharma- 
cologic response of a drug can be markedly influenced 
by concurrent administration of another therapeutic 
agent or food. These interactions may result in a 
decreased therapeutic effect or in an increase in the 
amount and extent of untoward reactions. Despite the 
well-described and real clinical consequences of certain 
drug interactions, this aspect of patient care often 
continues to be overlooked. 

Drugs can interact via a number of pharmaceutical, 
pharmacokinetic, or pharmacodynamic mechanisms. 
These interactions may occur as a result of concurrently 
prescribed therapeutic modalities, environmental 
variables, or the patient’s specific habits, such as diet, 
alcohol use, and tobacco use. The increasingly 
predictable nature of drug interactions underscores how 
important it is for all health care practitioners to 
understand the mechanisms of drug interactions, 
anticipate the possibility of their occurrence, and, 
ideally, prevent them. 
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The poisoned patient commonly presents with acid-base, 
volume, and electrolyte disturbances. The purpose of this 
chapter is to discuss the basic principles of acid—base 
balance, the regulation of body fluid volumes, intracellular 
and extracellular fluid, and electrolyte composition. 
Aberrations of these are common among intoxicated 
patients; an understanding of their basis and the rationale 
for certain intervention strategies are key in management. 


ACID-BASE DISORDERS 


Acid—base homeostasis may be affected by a toxic 
substance or its metabolite (primary disturbance) or by 
dysfunction or failure of various organ systems (secondary 
disturbance). In addition, disorders may arise because 
of an intervention (e.g., gastric lavage that leads to 
metabolic alkalosis or the use of cathartics that leads to 
hypernatremic dehydration). 


Fundamental Concepts of Acid-Base 
Homeostasis 


The pH of body fluids is regulated within a narrow range 
because of the participation and interplay of several 
regulatory systems. The most important systems are the 
lungs and the respiratory control center of the central 
nervous system (CNS), the kidney, and the body’s buffer 
systems. The most important buffer system is the 
bicarbonate-carbonic acid system, which regulates extracellular 
bicarbonate level and partial pressure of carbon dioxide 
(pCO,), the pCO, is regulated by the respiratory center 
and pulmonary system. Endogenous production of 
carbon dioxide leads to an increase in its concentration, 
which, in combination with water, forms carbonic acid; 
carbonic acid then readily dissociates to hydrogen ion 
and bicarbonate: 


CO, + HO > HCO; > H+ HCO; 
From this equation, the Henderson-Hasselbalch derivation 
is made, which states that 

pH = pK, + log (HCO;°) /(pCOx) 


where pH is the logarithm of hydrogen ion concentration, 
reflecting plasma acidity and representing the balance 
between serum bicarbonate level and pCO, (the respira- 
tory component). The normal serum bicarbonate level is 
24 to 28 mEq/L, and the normal PCO, is 36 to 44 mm Hg. 


Definitions 


ACIDEMIA VERSUS ALKALEMIA 
When serum pH is less than 7.36, the patient has 
acidemia; when serum pH is greater than 7.44, the 


Acid—Base, Fluid, and Electrolyte Balance 


patient has alkalemia. The pH itself indicates neither the 
origin of the disorder nor whether there is physiologic 
compensation in response to the initial disorder. In 
contrast, acidosis and alkalosis are disease states that, if 
left unopposed, can change the plasma pH. If the initial 
change in bicarbonate level or PCO, is severe enough to 
override the body’s buffer and defense mechanisms, 
then acidemia or alkalemia ensues. Acidosis or alkalosis 
can be present without concomitant acidemia and 
alkalemia, particularly if there is secondary compensa- 
tion (e.g., in respiratory alkalosis accompanying a severe 
lactic metabolic acidosis secondary to septicemia, such 
that the pH is normal or even alkalemic despite the 
presence of metabolic acidosis). 


METABOLIC VERSUS RESPIRATORY 

DISTURBANCES 

A metabolic acid—base disorder is a disturbance caused by a 
change in serum bicarbonate level. Metabolic acidosis is 
defined as a decrease in serum bicarbonate level to less 
than 24 mEq/L, whereas metabolic alkalosis is defined as 
an increase in the serum bicarbonate level to more than 
28 mEq/L. In contrast, a respiratory acid—base disorder refers 
to a disorder caused by a change in the PCO». Respiratory 
acidosis is defined as a PCO, greater than 44 mm Hg, and 
respiratory alkalosis is defined as a decrease in PCO, to less 
than 36 mm Hg. Physiologically, when these disturbances 
occur, secondary defenses, or compensatory mechanisms, 
are set into play with a goal of minimizing any change in 
serum pH. In the normal host, metabolic acidosis results 
in hyperventilation and a decrease in PCO», whereas 
metabolic alkalosis leads to secondary hypoventilation 
and an increase in PCO . These respiratory changes, 
particularly hyperventilation, may be blunted or absent 
in severely intoxicated patients. Respiratory acidosis 
leads to increased renal reabsorption of bicarbonate 
and net acid excretion, increasing the serum bicarbon- 
ate level, whereas respiratory alkalosis leads to an increase 
in the renal excretion of bicarbonate accompanied by a 
decrease in the serum bicarbonate level. These physio- 
logic responses are proportional to the magnitude of the 
initial disorder and tend to return pH toward normal— 
but never completely to normal. 


SIMPLE/MIXED ACID-BASE DISORDERS 

A simple acid-base disorder is defined as a single disturb- 
ance with an appropriate accompanying secondary 
physiologic response. A response that is disproportionate 
in magnitude to the appropriate response—for instance, 
marked respiratory acidosis accompanied by only a 
mild increase in serum bicarbonate level—implies the 
coexistence of another primary disorder and therefore is 
a mixed acid—base disorder. Mixed acid—base disorders are 
common particularly in critically ill poisoned patients, 
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such as those with salicylate poisoning who have both 
metabolic acidosis and respiratory alkalosis and those 
with ethanol intoxication who have a lactic acidosis with 
a concomitant respiratory acidosis occurring because of 
the drug’s CNS depressant effect. 


METABOLIC ACIDOSIS 


Metabolic acidosis, characterized by a serum bicarbonate 
level of less than 24 mEq/L usually, but not always, is 
accompanied by a decrease in bicarbonate level to give a 
pH of less than 7.36, and thus results in acidemia. Four 
general mechanisms produce metabolic acidosis: a loss 
of extracellular bicarbonate greater than extracellular 
chloride (e.g., with diarrhea or renal tubular acidosis); 
gain of hydrogen ions exogenously or endogenously, 
with subsequent metabolic consumption of extracellular 
bicarbonate (e.g., as with formic acid production after 
methanol ingestion or lactic acidosis from metformin 
use); failure to excrete the body’s obligatory daily 
acid load (e.g., as in renal failure); and dilution of 
extracellular bicarbonate. With the initial decrease in 
serum bicarbonate level and subsequent acidemia, 
secondary mechanisms initiate the return of pH toward 
normal. These mechanisms include extracellular 
buffering, intracellular buffering, the renal excretion of 
the acid load, and the respiratory compensatory 
response. Following an acid load, bicarbonate, the most 
important extracellular buffer, is called into action to 
buffer acid loss, milliequivalent for milliequivalent. After 
several hours, intracellular buffers also participate and 
buffer approximately 55% to 60% of the acid load. 
Excess extracellular hydrogen ions then enter the cell in 
exchange for sodium and potassium ions. In general, 
metabolic disorders such as metabolic acidosis tend to 
cause a greater shift of intracellular potassium to the 
extracellular space than do respiratory disorders. 
Bicarbonate itself can cause shifts of potassium ions 
without changes in pH. In organic acidosis, the organic 
acid ions (i.e., keto acids or lactic acid) can enter cells 
with the excess hydrogen ions, whereas chloride cannot. 
Therefore, organic acidosis does not cause significant 
potassium redistribution when compared with mineral 
acidosis. Although the described mechanisms act in 
concert to minimize drastic changes in pH, the kidney 
alone possesses the ability to generate new bicarbonate 
by excreting the excess hydrogen ions. This process begins 
early but takes several days and occurs due to an increase 
in both ammonium excretion and titratable acidity. 

An initial decrease in pH stimulates the ventilatory 
response mediated both by peripheral chemoreceptors 
and the medullary receptors in the CNS, which respond 
to changes in cerebral interstitial pH. A characteristic of 
the ventilatory response is an increase in tidal volume 
more so than in respiratory rate. Although occurring 
within minutes to hours, the maximum ventilatory 
response to metabolic acidosis may take 12 to 24 hours 
and probably reflects slow movement of hydrogen ions 
across the relatively impermeable blood-brain barrier. 
The ventilatory protective effect lasts only several days, 


probably because PCO, lowers renal bicarbonate reab- 
sorption and results in an appropriate bicarbonate loss. 
Secondary hyperventilation is a physiologic response to 
an initial aberration in homeostasis and should be 
proportional to the initial decrease in serum bicarbonate 
level. Mathematically, the appropriate PCO, response is 
determined by the following equation: 


Pco, = 1.5(HCO;7) + 8 


which defines a predictable relationship between PCO» 
and bicarbonate for any degree of metabolic acidosis. 
Any PCO» responses outside the predicted range would 
imply the presence of a secondary primary disturbance— 
that is, a mixed acid-base disturbance. For example, in 
severe metabolic acidosis, the serum bicarbonate of 
10 mEq/L would have an expected PCO, response of 
approximately 23 mm Hg; a PCO, greater than this would 
suggest concomitant respiratory acidosis along with 
metabolic acidosis. Conversely, if PCO, were less than 
23 mm Hg, respiratory alkalosis with concomitant 
metabolic acidosis would occur. Metabolic acidosis is 
described as either high or normal anion-gap acidosis. 
The anion gap equals the serum sodium level minus 
the sum of the serum chloride and serum bicarbonate 
levels, and it represents other unmeasured anions not 
accounted for by chloride and bicarbonate, such as 
plasma proteins and albumin, needed to maintain 
electric neutrality. The normal anion gap is 12 + 2 
(range, 8 to 16 mEq/L). If serum albumin is less than 
4 g/dL, a corrective addition of 3 for each gram of 
albumin below 4 must be added. 


Elevated Anion-Gap Metabolic Acidosis 


Metabolic acidosis with a high anion gap results from an 
accumulation of organic and inorganic acids and a 
subsequent decrease in extracellular bicarbonate level. 
Common causes of metabolic acidosis are listed in Box 6-1. 
Patients with elevated anion-gap acidosis frequently have 
multiple severe electrolyte disorders, a greater frequency 
of admission to intensive care units, and a greater 


Cyanide 
Ethylene glycol 
Formaldehyde 
Ibuprofen 
Inborn errors of metabolism 
Ketoacidosis 
Diabetic ketoacidosis 
Alcohol ketoacidosis 
Starvation 
Lactic acidosis 
Metabolic acidosis 
Methanol 
Renal failure 
Salicylate 
Toluene 
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mortality rate compared with those with a normal anion 
gap. Most often, elevated anion-gap acidosis is 
accompanied by identifiable increases in organic acids 
levels (e.g., as in salicylate, ethylene glycol, and methanol 
ingestions and in lactic acidosis). Severe salicylate 
ingestions are associated with anion gaps in the range of 
15 to 20 mEq/L, whereas ethylene glycol and methanol 
ingestions and lactic acidosis are associated with anion 
gaps greater than 30 mEq/L. Although an anion gap is 
most commonly associated with metabolic acidosis, it 
also may be present in metabolic alkalosis. This can be 
explained on the basis of coexisting elevated anion-gap 
acidosis and metabolic alkalosis (the mixed metabolic 
disorder), an alkalemia-induced increase in lactic acid 
production, or an increase in the negative charges on 
plasma proteins. Other causes are dehydration, therapy 
with sodium salts, strong acids, and certain antibiotics. 
Occasionally, organic acidosis (e.g., ketoacidosis) may be 
associated with a normal anion-gap metabolic acidosis if 
the organic acid excretion in catabolism equals the rate 
of organic acid production. Because excess organic acids 
are buffered milliequivalent for milliequivalent by 
extracellular bicarbonate, any elevation in anion gap is 
accompanied by a proportional decrease in serum 
bicarbonate level. Therefore, examination of both the 
decrease in serum bicarbonate level and the increase in 
the anion gap may suggest a mixed metabolic disorder. 
For instance, if the decrease in serum bicarbonate 
concentration is greater than the increment in the anion 
gap, another mechanism other than the elevated anion- 
gap acidosis is causing a decrease in serum bicarbonate 
(e.g., hyperchloremic metabolic acidosis), which there- 
fore constitutes the mixed elevated-normal anion-gap 
acidosis. On the other hand, an increase in the anion 
gap exceeding the decrement in serum bicarbonate level 
suggests that another mechanism is responsible for an 
increase in serum bicarbonate level (i.e., metabolic 
alkalosis), which now constitutes a mixed elevated anion- 
gap metabolic acidosis/metabolic alkalosis. In lactic 
acidosis, the ratio of change in the anion gap to the 
change in serum bicarbonate is approximately 1.6 to 
1.24, owing to buffering of much of the acidosis in the 
intracellular space. 

The osmolal gap also may be helpful in establishing 
the diagnosis of an elevated anion-gap acidosis. The 
osmolal gap is the difference between the measured and 
the calculated plasma osmolality and is given by the 
following formula: 


Serum osmolality = 1.8 x Na* + blood glucose (mg/dL) / 
18 + BUN (mg/dL) /2.8 


If the measured osmolality exceeds the calculated osmolality 
by 10 mOsm/kg or greater, then other osmotically active 
substances such as ethanol, methanol, ethylene glycol, 
isopropanol, and mannitol are present (see Chapters 1 and 
32 for further discussion of the osmolal gap). 


RENAL FAILURE 

Acute renal failure and chronic renal failure are 
common causes of elevated anion-gap acidosis. The 
metabolic acidosis of renal failure is the result of the 





inability to excrete the acid load. The anions contribut- 
ing to the elevated anion gap are predominantly sulfate, 
phosphate, and other unmeasured ions. In chronic renal 
failure, the anion gap usually is normal until the 
glomerular filtration rate decreases to below 30 mL/min 
and is accompanied by an anion-gap increase to 17 to 
23 mEq/L. Drug-induced causes of acute renal failure 
are discussed in Chapter 12. 


LACTIC ACIDOSIS 

Conversion of lactic acid back to pyruvate and in turn to 
glucose (via the Cori cycle) or to carbon dioxide (via the 
Krebs cycle) is the metabolic fate of lactic acid. However, 
conversion of lactic acid to pyruvate would release 
extracellular bicarbonate initially consumed during the 
generation of lactic acidosis. The normal serum lactic 
acid level is 1 mEq/L (range, 0.5 to 1.5 mEq/L). In most 
cases of lactic acidosis, there are components of 
increased production and decreased catabolism of lactic 
acid. It results most often from anaerobic metabolism 
whereby the cellular delivery of oxygen or its utilization 
is impaired, and anaerobic glycolysis with production of 
lactic acid results. Lactic acidosis is a common feature 
of severely poisoned patients and may be seen alone or 
superimposed on other forms of acidosis, such as alcoholic 
ketoacidosis, methanol intoxication, and salicylate 
poisoning. Lactic acidosis is associated with a profound 
illness that includes weakness, anorexia, impaired 
mentation, hypotension, tachycardia, and hyperventila- 
tion. Blood lactate levels are uniformly elevated, and the 
higher they are, the worse the prognosis. In the absence 
of renal failure, lactic acidosis is accompanied by a 
phosphate-to-creatinine ratio in blood greater than 3 and 
may be associated with hyperuricemia because lactate 
and urate compete for the same secretory pathways in 
the renal tubule. As mentioned earlier, potassium shifts 
from intracellular to extracellular compartments do not 
occur, and any associated hyperkalemia is due to another 
cause. Drug-induced causes of lactic acidosis are shown 
in Table 6-1 along with the proposed mechanisms 
responsible for the lactic acid production. 

In the treatment of lactic acidosis, attention should be 
directed toward the underlying cause. In addition, 
cardiovascular function and ventilation must be improved, 
and hypovolemia and hypoxemia corrected. Although 
intravenous sodium bicarbonate has been standard 
therapy, its use in the treatment of lactic acidosis is 
controversial. Dichloroacetate, which stimulates pyruvate 
dehydrogenase, the catalyst for oxidation of lactate to 
pyruvate, may be helpful in its treatment, particularly if 
volume overload or renal failure is present. 


KETOACIDOSIS 

Alcohol ketoacidosis is a common clinical entity and 
must be considered in the differential diagnosis of elevated 
anion-gap metabolic acidosis in the alcoholic. Depleted 
glycogen storage, poor caloric intake, and the direct 
effect of alcohol in suppressing gluconeogenesis can 
lead to hypoglycemia. Hypoglycemia along with volume 
depletion suppresses insulin release and stimulates the 
release of glucagon, which predisposes to ketosis. In 
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Drug or Chemical Causes of Lactic Acidosis 





DRUG OR CHEMICAL 


Acetaminophen 
Biguanides 
Carbon monoxide 
Cocaine 

Cyanide 

Ethanol 


Ethylene glycol 

Isoniazid 

Methanol 

Salicylates 

Papaverine, nalidixic acid, iron, 
streptozotocin, strychnine, chloramphenicol, 
sorbitol, xylitol 


MECHANISM 


Acute liver failure 

Decreased utilization and increased production of lactate 

Tissue hypoxia 

Seizures, vasoconstriction 

Anaerobic metabolism 

Acetate-induced increase in NADH/NAD, inhibition or conversion of 
lactate to glucose, thiamine deficiency, liver disease, seizures 

Seizures, acute renal failure, ethanol, cardiovascular collapse 

Seizures 

Acidemia, decreased lactate utilization, formic acid, hypotension 

Uncoupled oxidative phosphorylation 

Unknown 





addition, alcohol can stimulate lipolysis to produce 
acetaldehyde and, ultimately, acetate, which allows for 
increased keto production. Alcohol increases the 
NADH/NAD ratio in its metabolism; this, in turn, favors 
the conversion of acetoacetate to B-hydroxybutyrate, and 
an increase in the B-hydroxybutyrate-to-acetoacetate 
ratio is a characteristic feature of alcoholic ketoacidosis. 
Lactic acidosis also may accompany the ketoacidosis as a 
result of hypotension, sepsis, or gastrointestinal bleeding 
or as a consequence of ethanol intoxication. Blood 
glucose level usually is normal; however, if it is in the 
hyperglycemic range, it suggests the presence of diabetes 
mellitus. The treatment is volume resuscitation, and this 
treatment usually effects reversal of ketosis within hours. 
Any accompanying electrolyte abnormalities should be 
corrected; also, the administration of bicarbonate is 
required, as is the use of insulin. 


SALICYLATE INTOXICATION 

The metabolic acid—base disturbance characteristic of 
salicylate intoxication typically is a primary mild to 
moderate metabolic acidosis accompanied by a primary 
(not compensatory) respiratory alkalosis, the result of 
the drug’s potent respiratory stimulant action. These 
findings are invariable in severe aspirin toxicity unless 
the victim has ingested an agent that depresses respi- 
ratory drive. The origin of the acidosis is multifactorial 
but includes uncoupling of oxidative metabolism and 
salicylate stimulation of organic acid (lactic acid and 
ketoacid) production. Ketone products may be found 
in 25% of cases and may contribute to false elevations 
in serum creatinine. 

The importance of recognizing the complex acid—base 
disturbances of salicylate intoxication cannot be overem- 
phasized. Salicylate overdose is prominent among the 
agents and conditions that produce a mixed metabolic 
acidosis and respiratory alkalosis. In patients with a PCO, 
less than 30 to 35 mm Hg and/or a serum bicarbonate 
level of 18 mEq/L or less, a serum salicylate level should 
be obtained if these abnormal findings are unexplained. 
Salicylates are discussed further in Chapter 48. 


METHANOL 

Methanol intoxication is accompanied by the production 
of formaldehyde and formic acid; production of the 
latter leads to a profoundly elevated anion gap, which 
usually develops 12 to 24 hours after ingestion. Although 
controversial, formic acid seems to be the earliest cause 
of anion-gap elevation, although lactic and other organic 
acids may contribute to this disturbance. Additionally, 
multiple-organ failure results in decreased hepatic 
lactate utilization. In untreated patients, as methanol is 
metabolized, an early osmolal gap and normal or slightly 
elevated anion gap is followed by a decrease in the 
osmolal gap with an increase in the anion gap. Treat- 
ment includes correction of the profound academia 
with bicarbonate administration, use of fomepizole or 
ethanol to inhibit the metabolism of methanol, and 
hemodialysis to correct the profound acidemia and remove 
the toxic compounds. Methanol is further discussed in 
Chapter 32. 


ETHYLENE GLYCOL 

Ethylene glycol intoxication leads to serious, life- 
threatening anion-gap acidosis. The decrease in serum 
bicarbonate level is due to buffering of excess glycolic 
acid, which contributes primarily to the elevation of 
the anion gap. However, increases in lactic acid and B- 
hydroxybutyrate also occur with ethylene glycol intoxica- 
tion, adding to the metabolic acidosis. Lactic acidosis 
usually occurs in the later stages of ethylene glycol 
intoxication; its etiology is not completely understood. 
Hyperchloremic metabolic acidosis may occur also from 
accompanying proximal renal tubular dysfunction. As 
with methanol, ethylene glycol is associated with an 
increased osmolal gap; also like methanol, the metab- 
olism of ethylene glycol produces a reciprocal change 
in the osmolal and anion gaps. Treatment includes 
aggressive correction of metabolic acidosis and admin- 
istration of fomepizole or ethanol. Hemodialysis removes 
ethylene glycol and its breakdown products in addition 
to correcting the acidosis. Ethylene glycol is further 
discussed in Chapter 32B. 
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PARALDEHYDE 

Paraldehyde is a pungent, colorless liquid used primarily 
for the treatment of seizures; it has been supplanted by 
safer and more effective agents and rarely is used today. 
Paraldehyde is metabolized predominantly to acetalde- 
hyde and acetic acid and ultimately to carbon dioxide 
and water. The drug produces an elevated anion-gap 
metabolic acidosis by ill-defined mechanisms, possibly by 
increasing the NADH/NAD ratio, which favors the 
conversion of acetoacetate to B-hydroxybutyrate. 


TOLUENE 

Toluene is metabolized to benzoic acid and hippuric 
acid, which accumulate to yield an elevated anion-gap 
metabolic acidosis accompanied by hepatic and renal 
failure. Long-term toluene exposure can lead to type I 
distal tubular acidosis and type II proximal tubular 
acidosis associated with Fanconi’s syndrome with a 
normal anion gap. 


MISCELLANEOUS CAUSES OF ELEVATED ANION- 
GAP METABOLIC ACIDOSIS 
The miscellaneous causes of elevated anion-gap metabolic 
acidosis include ingestion of formaldehyde, ibuprofen, 
cocaine, theophylline, phencyclidine, cyanide, or iron. 
Historically, the commonly used mnemonic for meta- 
bolic acidosis has been MUDPILES (methanol, uremia, 
diabetic ketoacidosis, phenformin or paraldehyde, lactate, 
ethanol or ethylene glycol, and salicylates). However, this 
mnemonic has four shortcomings: not all of its elements 
are toxic agents; the toxins phenformin and paraldehyde 
rarely are used clinically, if at all; newer agents are 
associated with metabolic acidosis (e.g., metformin); and 
common and important agents (e.g., cyanide and 
ibuprofen) are not included. The mnemonic therefore 
no longer has great clinical value. 


METABOLIC ACIDOSIS WITH A NORMAL ANION 

GAP (HYPERCHLOREMIC METABOLIC ACIDOSIS) 
Metabolic acidosis with normal anion gap results from a 
loss of fluid with a bicarbonate concentration greater 
than chloride concentration, the addition of acids with 
chloride as their associated anion, or the transient 
dilution of extracellular bicarbonate with nonbicarbonate 
solutions. To maintain electroneutrality, the decrease in 
serum bicarbonate is associated with a proportionate 
increase in the serum chloride level. For example, in 
diarrhea, bicarbonate loss is greater than chloride loss; 
thus, hyperchloremia develops. Accompanying this 
is extracellular volume contraction, which stimulates 
renal retention of sodium with chloride, rather than 
of bicarbonate, because of the increased availability of 
chloride. This, in turn, leads to the development of 
hyperchloremic metabolic acidosis. Normal anion-gap 
metabolic acidosis can be divided into hypochloremic 
and hyperchloremic forms. Box 6-2 lists the causes of 
normal anion-gap metabolic acidosis. 

In the context of poisoning, diarrhea may occur after 
ingestion of many agents, including colchicine, arsenic, 
antibiotics, and iron. Drug-induced renal tubular 
acidosis (Box 6-3) may be seen with the use of ampho- 
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tericin, lithium, toluene, vitamin D, and analgesics (all of 
which produce type I renal tubular acidosis). In contrast, 
type II renal tubular acidosis may be caused by tetra- 
cycline, carbonic anhydrase inhibitors, cadmium, mercury, 
lead, uranium, toluene, and 6-mercaptopurine. Type H 
renal tubular acidosis usually is accompanied by a 
greater than 15% fractional excretion of bicarbonate, 
along with aminoaciduria, phosphaturia, glycosuria, and 
uricosuria (Fanconi’s syndrome). ‘Type IV renal tubular 
acidosis may be induced by tubular interstitial disease 
caused by ingestion of spironolactone, triamterene, 
lithium, nonsteroidal anti-inflammatory drugs (NSAIDs), 
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angiotensin-converting enzyme inhibitors, and cyclo- 
sporine. A normal anion-gap metabolic acidosis also may 
be seen in ingestions of elemental sulfur and of the 
sulfur-containing amino acids, methionine, cystine, and 
cysteine. Similarly, chlorine gas inhalation and intoxi- 
cation with hydrochloric acid, ammonium chloride, lysine 
hydrochloride, arginine hydrochloride, calcium chloride, 
and magnesium chloride—all of which contribute to 
generation of chloride ions—lead to normal anion-gap 
acidosis. 


Clinical Features, Consequences, and 
Treatment of Metabolic Acidosis 


Acidemia and metabolic acidosis produce several cardio- 
vascular effects. Acidemia directly impairs myocardial 
contractility, although it also possesses some positive 
inotropic action, the secondary result of catecholamine 
release. As pH decreases to less than 7.2, negative 
inotropic effects predominate and heart rate increases; 
as pH decreases to less than 7.1, the heart rate also may 
fall. Acidemia also predisposes to life-threatening 
ventricular arrhythmias and to arterial vasodilation and 
venoconstriction, both of which increase central blood 
volume. In combination with its negative inotropic 
effects, acidemia can lead to pulmonary edema. The 
hemodynamic consequences of acidemia lead to a 
vicious cycle of decreased myocardial contractility that 
produces tissue hypoxia and lactic acidosis, which in turn 
increase acidemia, further impairing myocardial 
contractility. All of these factors produce shock. 

Acidemia induces an increase in both respiratory rate 
and tidal volume. Because of the Bohr effect, academia 
produces a rightward shift of the oxyhemoglobin 
dissociation curve. In the CNS, acidemia induces a 
spectrum of altered consciousness—from confusion to 
coma—probably as a result of changes in cerebrospinal 
fluid pH and, in the case of respiratory acidosis, a direct 
CNS depressant effect of carbon dioxide (CO, narcosis). 
Respiratory acidosis tends to have a greater effect than 
metabolic acidosis on mental status. 

Gastrointestinal effects of acidosis include abdominal 
pain, nausea, and vomiting, particularly in the setting of 
ketoacidosis. Changes in serum potassium levels depend 
on the form of the acidosis (metabolic or respiratory) 
and the specific types of metabolic acidosis (mineral or 
organic), as well as other factors, including changes in 
serum osmolality and changes in plasma insulin, 
aldosterone, and catecholamine levels. Acidemia mobilizes 
skeletal calcium, leading to an increase in ionized 
calcium concentration. 

The principal treatment is directed at the underlying 
cause of the metabolic acidosis. Factors to be considered 
are not only the etiology but also the magnitude of the 
metabolic acidosis and the rate at which it develops. The 
management of rapidly developing severe metabolic 
acidosis secondary to ethylene glycol poisoning with 
cardiovascular collapse is far more important than the 
treatment of a patient with a mildly elevated anion-gap 
metabolic acidosis after a seizure. 


Controversy surrounds the use of sodium bicarbonate 
in the treatment of metabolic acidosis. Proponents 
recommend the use of bicarbonate sufficient to maintain 
a blood pH greater than 7.20 because a systemic pH less 
than 7.20 is associated with adverse hemodynamic 
effects, including reduced cardiac output, arterial 
vasodilation, and arrhythmias. Conversely, critics argue 
that bicarbonate is not helpful and might be detrimental 
because, in models of lactic acidosis, exogenous alkali 
can increase lactic acid production. Therefore, it would 
seem prudent to use sodium bicarbonate judiciously in 
the treatment of metabolic acidosis, particularly if the 
pH is less than 7.2 and the bicarbonate level is less than 
10 to 12 mEq/L. Several formulas have been suggested 
to express the bicarbonate deficit. They are based on 
body weight and volume distribution of bicarbonate. 
However, these formulas should be used only as guides, 
especially because acidemia increases the volume of 
distribution of bicarbonate (e.g., at a pH of 7.1, the 
volume of distribution of bicarbonate is approximately 
80% of total body weight). Because rapid bolus adminis- 
tration of bicarbonate is dangerous, large amounts 
should be infused slowly over 30 to 60 minutes. 
“Overshoot alkalosis” may be seen in lactic acidosis and 
in ketoacidosis when the lactic acid and keto acids are 
oxidized to bicarbonate under severe reductive 
conditions in response to exogenous bicarbonate. 
Bicarbonate administration also may cause hypokalemia 
and hypocalcemia, which present their own risks. 
Similarly, volume and sodium overload from sodium 
bicarbonate may be seen; when the presence of volume 
overload precludes the use of sodium bicarbonate, 
hemodialysis should be considered. 


METABOLIC ALKALOSIS 


Metabolic alkalosis is defined as an increase in the serum 
bicarbonate level to greater than 28 mEq/L. Usually, but 
not always, this is accompanied by an increase in pH to 
greater than 7.40. Metabolic alkalosis is quite common in 
hospitalized patients and is associated with significant 
morbidity and mortality. It develops from a net gain of 
extracellular bicarbonate or of one of its precursors, a 
net loss of hydrogen ions from the extracellular space, or 
a loss of fluid containing more chloride than bicarbonate 
from the extracellular space. Metabolic alkalosis is 
maintained by a decrease in the glomerular filtration 
rate, a decrease in the real or effective extracellular 
volume, hypokalemia, hypochloremia, and hypercapnia, 
and an increase in mineralocorticoid effects. The initial 
increase in serum bicarbonate level produces alkalemia, 
which initiates secondary mechanisms to prevent drastic 
changes in pH. These include extracellular and intra- 
cellular buffering, increased renal excretion of excess 
alkali, and a respiratory compensatory response. The 
initial increase in pH depresses central and peripheral 
chemoreceptors and leads to hypoventilation and 
hypercapnia, which minimize the initial increase in pH. 
However, the respiratory response is not as predictable as 
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it is in metabolic acidosis and is limited by the 
development of hypoxemia, which occurs as a result of 
hypoventilation. Any decrease in PO to below 70 to 
80 mm Hg stimulates ventilation, which counterbalances 
the effects of metabolic alkalosis—hence, the respiratory 
response to metabolic alkalosis is more variable. Rarely 
does PCO, increase to greater than 55 to 60 mm Hg as a 
response to simple metabolic alkalosis. Hypoxemia is a 
result of hypoventilation and, therefore, the alveolar- 
arterial oxygen gradient is normal. PCO» increases by 0.5 
to 0.7 mm Hg for each milliequivalent per liter increase 
in serum bicarbonate level. A PCO», that is less than 
predicted suggests the presence of respiratory alkalosis 
along with metabolic alkalosis, whereas a PCO, that is 
greater than predicted suggests respiratory acidosis 
along with the metabolic alkalosis. 


Causes of Metabolic Alkalosis 


Metabolic alkalosis is divided into three categories: 
sodium chloride—responsive metabolic alkalosis, sodium 
chloride—resistant metabolic alkalosis, and miscellaneous. 
In sodium chloride—responsive metabolic alkalosis, there 
is a decrease in real or effective extracellular volume and 
hypochloremia accompanied by avid renal reabsorption 
of sodium chloride and a urine chloride concentration 
of less than 10 mEq/L (although, in diuretic-induced 
metabolic alkalosis, urine chloride level may be greater 
than 10 mEq/L) due to an increase in mineralocorticoid 
activity. Characteristically, there is an increase in the 
distal reabsorption of sodium and an increase in 
potassium and hydrogen ion excretion with urinary 
chloride levels greater than 20 mEq/L. Hypovolemia is 
not responsible, and administration of sodium chloride 
does not correct the alkalosis; rather, treatment is 
directed at inhibiting excess mineralocorticoid activity. 
Box 6-4 summarizes the causes of metabolic alkalosis that 
do not fall into the categories already discussed. 


Metabolic Alkalosis in Poisoning and 
Drug Overdose 


Metabolic alkalosis is a fairly uncommon acid-base 
disorder in the poisoned patient, but it may occur in 
those with eating disorders, diuretic abusers, and those 
with drug-induced Bartter’s syndrome. The latter may be 
caused by administration of aminoglycosides. Chewing 
tobacco and imported licorice that contains glycyrrhizic 
acid have potent mineralocorticoid activity; use of these 
products leads to metabolic alkalosis. Ingestion of excess 
bicarbonate may lead to metabolic alkalosis only if the 
kidney is unable to excrete the excess alkali or if renal 
failure is present. Overshoot alkalosis may occur in 
response to the correction of organic acidosis by excess 
bicarbonate. 


Clinical Features of Metabolic Alkalosis 


The features of metabolic alkalosis are in large part 
related to the specific cause; however, alkalemia per se 
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may produce neuromuscular irritability along with 
seizures, tetany, delirium, and hyperreflexia. Oxygen 
delivery to tissues is reduced because metabolic alkalosis 
shifts the oxyhemoglobin dissociation curve to the 
left. Concomitant with the alkalosis, there may be 
hypokalemia, hypocalcemia, decreased ionized calcium, 
hypomagnesemia, hypophosphatemia, and hypoxemia, 
which can further complicate the clinical picture. 


Treatment 


The primary treatment of metabolic alkalosis is to identify 
and manage the underlying cause. Sodium chloride is 
administered for sodium chloride-responsive metabolic 
alkalosis, and volume expansion will correct it. Sodium- 
resistant metabolic acidosis may respond to measures to 
increase the glomerular filtration rate and to correction 
of mineralocorticoid activity. In patients with metabolic 
alkalosis who are volume overloaded, such as in those 
with congestive heart failure, acetazolamide—a carbonic 
anhydrase inhibitor—may be helpful and can lead to 
increased renal bicarbonate excretion. In the patient 
undergoing continuous nasogastric suction or with 
protracted vomiting, the histamine-2 blockers reduce 
hydrochloric acid secretion and can be used as therapy. 
In the patient with renal failure who has significant 
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metabolic alkalosis, dialysate with a low bicarbonate or 
low acetate concentration and a low chloride concen- 
tration may be used in correcting the metabolic alkalosis. 


RESPIRATORY ACIDOSIS 


Respiratory acidosis generally is defined as an increase in 
the PCO, to greater than 44 mm Hg. The increase in PCO, 
and subsequent acidemia initiate changes aimed at 
preventing drastic changes in pH. Intracellular buffering 
via red cell hemoglobin, phosphate, and protein 
exchange intracellular sodium and potassium for the 
excess extracellular hydrogen ions. CO, retention, also 
known as hypercapnia, leads to increased renal 
hydrogen ion secretion and net acid excretion, as well as 
to increased bicarbonate reabsorption. Although 
beginning early, the maximum effect of these actions 
takes several days. For each 10 mm Hg increase in PCO», 
serum bicarbonate level increases by 1 to 2 mEq/L; in 
chronic respiratory acidosis, for every 10 mm Hg in PCO», 
the bicarbonate level increases 3 to 4 mEq/L. Any 
changes in PCO, or serum bicarbonate concentration 
outside those predicted indicate coexisting metabolic 
alkalosis as well as respiratory acidosis; likewise, 
bicarbonate levels less than those predicted imply the 
existence of metabolic acidosis as well as respiratory 
acidosis. Respiratory acidosis usually is the result of 
impaired ventilation secondary to CNS depression. It is 
one of the most common acid—base disturbances in 
the poisoned patient and may result from the drugs 
listed in Box 6-5. 


Features and Treatment of Respiratory 
Acidosis 


Altered states of consciousness are common in respi- 
ratory acidosis, as are abnormal ventilatory patterns, 
tachycardia, arrhythmias, diaphoresis, visual disturbances, 
headache, delirium, and coma. Many of the CNS effects 
are related to increased cerebral blood flow secondary to 
hypercapnia and subsequently increased cerebrospinal 
fluid pressure. The acidemia itself can have significant 
adverse hemodynamic effects. Treatment of the 
condition, therefore, is directed at improving ventilation. 


RESPIRATORY ALKALOSIS 


Respiratory alkalosis is defined as an acid-base 
disturbance characterized by a PCO, less than 36 mm Hg; 
the secondary changes it produces are brought about to 
prevent drastic changes in pH. Intracellular hydrogen 
ions are exchanged for sodium and potassium to 
neutralize the excess bicarbonate and, thus, minimize 
the increased PCO. The kidney decreases net acid 
excretion and bicarbonate reabsorption and, thus, tends 
to return pH toward normal. Although this process 
begins early, maximal response does not occur for 
several days. Serum bicarbonate level decreases by 1 to 
3 mEq/L for each 10 mm Hg decrease in PCOs, whereas 
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in chronic respiratory alkalosis, bicarbonate level 
decreases by 3 to 5 mEq/L for every 10 mm Hg decrease 
in PCO. Values outside this prediction indicate a 
metabolic alkalosis as well as respiratory alkalosis (when 
serum bicarbonate level is greater than predicted) and 
metabolic acidosis as well as respiratory alkalosis (when 
the serum bicarbonate is less than predicted). Rarely 
does serum bicarbonate decrease to less than 14 to 
16 mEq/L in compensation. Respiratory alkalosis is the 
most common acid-base disorder encountered in 
intensive care, and the greater the degree of hypocapnia 
and alkalemia, the worse the prognosis. Box 6-6 lists the 
causes of respiratory alkalosis, of which salicylate 
ingestion is the most common. 


Features and Treatment of Respiratory 
Alkalosis 


The main features are related to neuromuscular 
irritability, with certain oral and digital paresthesias, 
carpopedal spasm, tetany, seizures, and altered con- 
sciousness. Significant hypocapnia leads to a decrease in 
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cerebral blood flow and is linked to the CNS manifes- 
tations. The small increase in anion gap may be observed 
secondary to an increase in lactic acid production due to 
an increase in tissue anaerobic glycolysis brought on by 
alkalemia. Treatment is directed at the primary disorder; 
raising the PCO, by administering enriched inhaled 
carbon dioxide or by a rebreathing mask, or simply by 
having the patient breathe into a bag, may hasten the 
recovery from this disorder. 


MIXED ACID-BASE DISORDERS 


Drug intoxication may result in mixed acid—base 
disorders (i.e., the presence of two or more primary acid- 
base disorders). These are common in the overdose 
situation, either as a result of the primary ingestant or as 
a result of the therapeutic interventions used to correct 
the poisoning. 


REGULATION OF BODY FLUID VOLUMES 
AND TONICITY 


The body fluid, or whole body water, in an average 70-kg 
man consists of about 42 L of water. The fluid is divided 
into two distinct subgroups: the intracellular fluid and 
the extracellular fluid (Fig. 6-1). 

Except for bone, tissues that do not contain fat 
(the lean body mass) are 60% to 85% water; muscle 
and the gray matter of brain are the “wettest” tissues 
of the body, being 70% to 85% water. Connective tissue 
and erythrocytes are the driest nonadipose tissues (60% 
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FIGURE 6-1 Distribution of whole body water in a 70-kg human 
adult. Men = 42 L; women = 35 L. Most values shown are for men. 


water). Fatty tissue, in contrast, is 20% water; therefore, 
an obese person contains proportionately less water by 
weight than does a thin person. In obese individuals, 
whole body water decreases to closer to 40%. In general, 
women possess more fat than men; consequently, the 
water content of women is relatively less than that of men. 

The water content of the body is relatively high in 
infancy, decreases to adult levels by late childhood, and 
thereafter decreases slowly but progressively with age. 
The gender difference in body water content develops at 
puberty and continues throughout life. 

Intracellular water constitutes some 55% to 60% of 
whole body water. Excluding the relatively inaccessible 
bone water, total extracellular fluid water (plasma, as 
well as interstitial and transcellular water) makes up the 
difference. For an average man, total extracellular fluid 
water is 15 L (or approximately 20% to 25% of the body 
weight). The extravascular or interstitial fluid space 
accounts for 12 L of the extracellular fluid, whereas 3 L 
are present as plasma within the circulation. In an 
average young man, total blood volume is 6% to 8% of 
body weight (70 mL/kg); this gives absolute values for 
blood and plasma volumes of 5 L and 3 L, respectively. 

Intracellular and extracellular fluid compartments 
are separated by cell membranes that selectively control 
passage of ions and nutrients but are freely permeable to 
water; although ionic gradients may exist across cell 
membranes, movement of water establishes an osmotic 
equilibrium, and any osmotic gradients are corrected 


rapidly. 


INTRACELLULAR FLUID COMPOSITION 


The ionic composition of body fluids can be discussed in 
terms of chemical equivalents. Concentrations of all 
ionic constituents are expressed as the sum of con- 
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centrations of the positive ions (cations) and negative 
ions (anions). Ionic balance is obligatory in order to 
maintain the electrical neutrality of the body fluids. 
The principal cations in extracellular fluid are sodium, 
potassium, calcium, and magnesium, whereas the 
principal cations in intracellular fluid are potassium 
and magnesium. Conversely, the principal anions in 
extracellular fluid are chloride and bicarbonate, whereas 
the principal anions in intracellular fluid are phosphate, 
sulfate, and proteins. 

Electrical neutrality is maintained in all body fluids by 
a balance of cations and anions; however, in clinical 
practice, usually only plasma or serum sodium, potassium, 
chloride, and bicarbonate are measured, and it is 
assumed that levels of the rest of the cations and anions 
are balanced. 

The high intracellular—low extracellular concentration 
of potassium and the reverse for sodium favor the 
movement of potassium out of and that of sodium into 
cells. Such ionic gradients are maintained by the 
presence of sodium-potassium pumps in the cell mem- 
brane and are critical in protecting cell volume. High 
concentrations of osmotically active anionic protein 
within cells, relative to the interstitial fluid, establish a 
Donnan equilibrium that increases the osmotic activity 
within the cell. Any movement of water into cells is 
prevented by the act of extrusion of sodium, whereas 
interference with the potassium-sodium pump mechanism 
results in cellular accumulation of sodium and chloride, 
with loss of potassium and resultant cellular edema. 

Transcellular fluids are predominantly products of 
cell secretion. The composition of the fluids varies 
according to their cellular origin. Under physiologic 
conditions, secreted fluids tend to be recirculated or 
reabsorbed, but under pathologic (or treatment) 
conditions, failure to reabsorb continuously secreted 
fluids may lead to significant losses of volume and elec- 
trolytes, as seen with diarrhea, vomiting, and nasogastric 
suction. Drainage of intestinal fluids may result in 
considerable losses of chloride and bicarbonate (e.g., in 
the presence of small intestinal fistulae or with extreme 
diarrhea, such as that seen in cholera). Similarly, 
drainage of gastric and salivary juices may result in loss of 
considerable quantities of hydrogen ions as well as 
chloride. Diarrhea produced by cholera also results in 
massive sodium and water loss, which produces not only 
hypovolemia but also hyponatremia. Third space fluid loss 
refers to sequestration of fluids within cavities (e.g., 
pleural, pericardial, and intraperitoneal). 


MOVEMENT OF WATER BETWEEN 
INTRACELLULAR AND EXTRACELLULAR 
FLUID SPACES: OSMOLARITY AND 
OSMOLALITY 


Water moves freely across cell membranes, and an 
osmotic disequilibrium cannot be sustained. Thus, 
distribution of total body water depends on the number 
of active particles in the intracellular and extracellular 


spaces. The osmotically driven “shifts” of body water 
adjust intracellular and extracellular osmolality to 
maintain osmotic neutrality. One osmole is the mass of a 
solute (or mixture of a solute) that, when dissolved in 
1 L, gives a solution that has an osmotic pressure of 
22.4 atm at 0°C. Osmolar concentrations generally are 
determined indirectly by measuring changes of the 
physical function of solutions, such as depression of the 
freezing point below that of water. Osmolality determined 
in this fashion (or osmoles per 100 g of plasma water) is 
obtained. The term osmolality is preferred to the 
commonly misused term osmolarity (osmoles per liter of 
whole plasma) and is more appropriate in considering 
physiologic relationships. 

In practice, plasma osmolality mainly reflects plasma 
sodium concentration, and it must be remembered that 
water added to or removed from any fluid compartment 
behaves as though it were added to or removed from 
whole body water. Second, sodium added to or removed 
from extracellular fluid alters sodium concentration, as 
though it had been added to or removed from whole 
body water. Third, sodium concentration in plasma does 
not necessarily reflect changes in extracellular fluid 
volume because hypernatremia may exist with low, 
normal, or increased extracellular fluid. The same 
remarks apply to hyponatremia or normal serum sodium 
concentrations. Fourth, changes in the volume of intra- 
cellular fluid and extracellular fluid usually are 
proportional (and in the same direction) with a gain or 
loss of water, with intracellular and extracellular fluid 
volumes changing in opposite directions with gains or 
losses of restricted solutes, such as sodium and 
potassium. Other important solutes that contribute to 
plasma osmolality are glucose and blood urea nitrogen. 


CELLULAR RESPONSES TO 
REDISTRIBUTION OF FLUID 


Changes in extracellular osmolality can bring about 
major swelling or contraction of cells, but the primary 
effects are seen in the brain. Hyponatremia induced in 
animals causes brain swelling initially, with diminishing 
changes occurring within several hours. Correction of 
brain swelling is complete usually at 24 hours, with the 
brain responding to extracellular hypotonicity by losing 
potassium and chloride. In experimental models of 
hypernatremia, brain water is initially lost, with gains of 
sodium, potassium, and chloride soon achieved by brain 
cells. Between 4 hours and several days, brain water 
content returns to normal, and an increased osmotic 
activity is sustained through the generation and accu- 
mulation of organic solutes such as amino acids. Hypo- 
glycemia also can cause an acute loss of brain water, with 
a return to normal levels within a few hours, principally 
because of changes in the concentration of ions and 
organic solutes. Similarly, mannitol removes water from 
the brain but does not result in the generation of new 
intracellular organic molecules (idiogenic osmoles). For 
this reason, mannitol is not associated with effective 
adaptive changes in the regulation of intracellular 
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volume of the brain, and, consequently, brain volume 
decreases. 


REGULATION OF BODY FLUID VOLUMES 
AND DAILY FLUID BALANCE 


Because sodium is the dominant cation of extracellular 
fluid, it is the critical determinant of extracellular fluid 
volume by virtue of its osmotic activity, and by virtue of its 
effect on renal sodium chloride reabsorption. It is the 
major determinant of renal water reabsorption. It is 
through the reabsorption of sodium and water that the 
kidney regulates extracellular fluid volume. The 
reabsorption of sodium by the kidney is an intensely and 
finely regulated process for the conservation of sodium 
and water, and also for its secondary effects on hydrogen 
ion excretion through bicarbonate reabsorption; it is 
also linked to potassium secretion. A detailed discussion 
of sodium reabsorption by the kidney is beyond the 
scope of this text, but two major mechanisms in sodium 
homeostasis are worth discussing in relationship to the 
diagnosis and management of poisoned patients. 

Sodium is freely filtered at the glomerulus and is 
reabsorbed isotonically at the proximal convoluted 
tubule, with 60% to 70% of filtered sodium being 
proximally reabsorbed. Consequently, the glomerular 
filtrate volume is reduced by 60% to 70% in the proximal 
tubule; this provides substantial control of fluid balance. 
In the descending limb of the loop of Henle, the tubule 
is less permeable to sodium and urea but more 
permeable to water; consequently, the glomerular filtrate 
passing through the loop of Henle increases in sodium 
concentration, with consequent increases in osmolality. 
The thin ascending limb of the loop of Henle is 
permeable to sodium and urea but relatively imper- 
meable to water, whereas in the thick ascending limb of 
the loop of Henle there is active transport of chloride, 
which also facilitates sodium reabsorption. Subsequently, 
the ascending limb of the loop of Henle accounts for 
20% to 25% of sodium reabsorption. In the distal 
nephron (the distal convoluted tubule and collecting 
duct), 5% to 10% of sodium is reabsorbed, facilitating 
potassium secretion, and is in part responsive to 
aldosterone. 

Because the renal excretion of sodium is variable and, 
under physiologic conditions, equal to sodium intake, 
the kidney must vary its excretion of sodium in the wide 
range encountered in humans (i.e., one to several 
hundred milliequivalents every 24 hours). It follows that 
regulatory mechanisms closely govern sodium excretion. 
These mechanisms include: glomerular filtration; 
physical factors, such as postglomerular protein oncotic 
pressure; aldosterone; antidiuretic hormone; and atrial 
natriuretic peptide. These substances all are coordinated 
to maintain the balance of extracellular fluid volume. It 
is well known that infusion of saline increases glomerular 
filtration rate and reduces renin excretion, thereby 
reducing aldosterone secretion; such actions promote 
natriuresis, increasing urinary sodium excretion. The 
reverse occurs when volume contraction is present with 





sodium being retained by the kidney. Compensatory 
mechanisms, principally mediated by antidiuretic 
hormone secretion, are initiated to conserve water, 
whereas a reduction in renal blood flow probably leads 
to conservation of sodium. 

Antidiuretic hormone (ADH) is an octapeptide produced 
in the supraoptic and paraventricular nuclei of the 
hypothalamus. It is transported in the nerves from the 
hypothalamus in the posterior hypophysis and median 
eminence, where it is stored. In response to a variety of 
stimuli, ADH is released, altering the permeability of the 
distal tubule and collecting duct to water; the renal 
tubular cell contains receptors for ADH. A resultant 
increase in the water permeability of the distal tubule 
and collecting duct occurs, and, if there is hypertonicity 
of the medullary interstitium (brought about by the 
countercurrent concentration mechanism in the loop of 
Henle), water reabsorption occurs. The prime factor in 
producing ADH secretion is the plasma osmolality. A 
change in osmolality as small as 1% produces ADH 
secretion; a 1% to 2% change in osmolality initiates 
thirst. In contrast, a 6% change in the extracellular fluid 
volume is required to produce the same effect on ADH. 
Dehydration and hypernatremia lead to reduced renal 
perfusion and increased ADH secretion. The result is the 
excretion of small amounts of urine that are low in 
sodium and highly concentrated. Replacement of free 
water corrects the problem in patients with pure 
insensible water loss. In the syndrome of diabetes 
insipidus, water loss arises either because of a central 
defect in ADH production or release, or because of renal 
insensitivity to ADH (nephrogenic diabetes insipidus). 
Because of the action of ADH on the most distal sites 
of the nephron, it is possible for the patient to retain 
sodium maximally but still excrete volumes of water 
equal to 10% to 50% of the glomerular filtration rate. 
The loss of water in diabetes insipidus results in 10 to 
15 L of dilute urine with a low total sodium excretion. 
The result is concentration of plasma and stimulation of 
the thirst mechanism, which leads to the ingestion of 
large quantities of water for replacement of water losses. 
Drugs known to have an effect on ADH status are shown 
in Box 6-7. 

Detailed discussion of the factors involved in the pro- 
duction of hypernatremia and hyponatremia and of 
hyperkalemia and hypokalemia is beyond the scope of 
this text. However, the principal disorders associated 
with abnormalities of these cations in poisoned patients 
are shown in Table 6-2. The management of derangements 
of both sodium and potassium is outlined in Table 6-2. 


ASSESSMENT AND MANAGEMENT OF 
FLUID AND ELECTROLYTE IMBALANCE 


The two important clinical disturbances in fluid balance 
are volume overload and volume contraction. Volume 
overload is manifested by the presence of peripheral 
edema, ascites, and/or pulmonary edema. As a general 
rule, a 4% increase in whole body water is required to 
produce clinical signs of peripheral edema. Other signs 
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Central Reduction in ADH Secretion 


Ethanol 
Phenytoin/diphenylhydantoin 
Glucocorticoids 
Chlorpromazine 

Reserpine 

Morphine* 


Central Stimulation of ADH Release 


Clofibrate 
Chlorpropamide 
Nicotine 
Vincristine 
Cyclophosphamide 
Tolbutamide 
Carbamazepine 
Acetylcholine 
Carbachol 
Methacholine 
Barbiturates 
Meperidine 
Prostaglandin E, 
Isoproterenol 


Peripheral Reduction in ADH Activity 
Lithium 
Demeclocycline 
Acetohexamide 
Tolazamide* 
Glyburidet 
Propoxyphene 
Amphotericin 
Methoxyflurane 
Colchicine 
Vinblastine 
Norepinephrine 


Peripheral Enhancement of ADH Activity 


Chlorpropamide 
Acetaminophen 
Indomethacin 


“Mechanism not fully elucidated; raises threshold for osmotically induced 
ADH secretion. 
*Mechanism not fully elucidated; not due to reduction in ADH secretion. 





of volume overload are distended neck veins and 
congestive heart failure, manifested by tachycardia, and 
a gallop on cardiac auscultation. In contrast, volume 
contraction is manifested by diminished skin turgor; dry, 
cracked lips; and sunken eyes. Resting or orthostatic 
tachycardia and hypotension also may be seen with 
volume contraction. 


In the syndrome of inappropriate ADH (SIADH) 
secretion, urine sodium concentration is high, urine 
osmolality is high, and the blood urea nitrogen level is 
low; the condition is best treated with water restriction. 
Because of the risk of central pontine myelinolysis, 
serum sodium concentration in SIADH and other 
conditions associated with severe hyponatremia should 
be corrected slowly (at a rate of no more than 1 mEq/L). 

In intoxicated patients, especially those with expo- 
sures producing fluid and electrolyte disturbances, body 
weight should be measured daily; fluid intake and output 
should be recorded accurately. Using these measurements, 
the clinician can identify significant changes in fluid and 
electrolyte balance. 

Day-to-day management of fluid and electrolytes 
depends on multiple factors, including the total body 
deficits or excesses prior to institution of intravenous 
fluid therapy, the planned therapeutic interventions 
such as forced diuresis or hemodialysis, and the toxin. In 
the absence of complicating factors, one can assume 
the normal fluid and electrolyte requirements for a 70-kg 
person, which are defined as “basal” requirements, as 
outlined in Table 6-3. 


MANAGEMENT OF RELATIVE 
HYPOVOLEMIA IN POISONING 


In acute poisoning due to barbiturates, opioids, theo- 
phylline, tricyclic antidepressants, sedative-hypnotics, 
and many other drugs, an abrupt increase in the venous 
capacitance occurs, with a relative deficit of plasma 
volume. The relative hypovolemia due to increased 
venous capacitance also may be compounded by 
decreased venous return and extravascular fluid loss. 
These factors can result in significant hypotension. Such 
vasodilation often responds to augmentation of plasma 
volume by volume expansion. In some instances the use 
of vasopressor drugs may be necessary (see Chapter 2). 
However, improvement in central venous pressure 
may remain inadequate. In these circumstances a flow- 
directed pulmonary arterial catheter (Swan-Ganz) may 
be useful in assessing both central venous pressure and 
pulmonary capillary wedge pressure, serving as a more 
accurate guide to fluid replacement. 

In some ingestions, aggressive volume expansion with 
the use of crystalloid solutions may be disadvantageous 
because these solutions may reduce the osmotic 
hydrostatic gradient, thereby increasing pulmonary 
capillary water. This occurrence has been implicated in 
the development of adult respiratory distress syndrome 
(“shock lung”) in severely hypotensive patients. In view 
of the potential adverse effects of crystalloid solutions, 
colloid solutions such as albumin may be preferred for 
the treatment of hypovolemic shock in patients who 
might develop pulmonary edema. 


CHAPTER 6 Acid-Base, Fluid, and Electrolyte Balance 





Principal Disorders of Sodium and Potassium in Intoxicated Patients 





DISORDER AND EXAMPLES TREATMENT 
Hypernatremia Normal body Nat* Drug-induced diabetes insipidus Diuretics and water replacement 
Sweating (salicylates, organophosphates) 
High body Nat Steroids Water replacement 


Hypertonic saline, NaCl, NaHCO3 
Saline emetics 
Low body Nat Osmotic diuretics (mannitol) Hypotonic saline 
Sweating (salicylates) 
Diarrhea (organophosphates, antibiotics) 
Hyponatremia J ECF volume Diuretics (tubular and osmotic) Isotonic saline 
Rhabdomyolysis 
Steroid deficiencies 
Vomiting/diarrhea/pancreatitis 
T ECF volume Steroid deficiency Water restriction 
(nonedematous) Hypothyroidism 
Beer-drinker’s hyponatremia 
Drugs (see Box 6-3) 
TT ECF volume Drug-induced Water restriction 
(edematous) Hepatic, renal, cardiac failure 
ACE inhibitors 
Hyperkalemia T True K+ Acidosis Correct 
Arginine hydrochloride 
Digitalis intoxication Stop drug 
Geophagia 
K*-sparing diuretics Glucose/insulin 
Steroid deficiency 
NSAIDs 
Hemolysis lon exchange resins 
Rhabdomyolysis Dialysis 
Salt substitutes 
Penicillin 
B blockers 
Heparin 
Hypokalemia Without K+ deficit Respiratory alkalosis (salicylate or respirator induced) K* replacement 
With K+ deficit Nasogastric suction, vomiting K+ replacement 
Alcoholism 
Inadequate K+ replacement 
Laxative abuse 
Drug-induced diarrhea 
Excessive steroids 
Licorice abuse 
Osmotic diuretics (mannitol, glucose) 
Diuretics 
Carbenicillin/penicillin/aminoglycosides 


ACE, angiotensin-converting enzyme; ECF, extracellular fluid. 


Daily Basal Fluid, Electrolyte, and Caloric Requirements 





WATER/ELECTROLYTE 

REQUIREMENTS BASAL REQUIREMENTS METABOLIC REQUIREMENTS CALORIC REQUIREMENTS 

Water 1.5-2.0 L* 100 mL/100 cal 0-10 kg: 100 cal/kg 

Sodium 75 mEq 2-3 mEq/100 cal 11-20 kg: 1000 cal plus 50 cal/kg over 10 kg 
Potassium 60 mEq 2-3 mEq/100 cal >20 kg: 1500 cal plus 20 cal/kg over 20 kg 
Magnesium 8 mEq — 

Chloride — 4-6 mEq/100 cal 


*Insensible losses (approximately 700 mL) plus volume equivalent to urine volume. 
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Forensic Toxicology 


A General Principles 


JOHN HARRIS TRESTRAIL III, BSPHARM, RPH 


At a Glance... 


m The real science of forensic toxicology began in 1814, with the 
work of physician M.J.B. Orfila. 

m Poisoners are nonconfrontational, and the majority of known 
poisoners are male. 

m All things are potentially poisonous; it all depends on the dose. 

m Analytical toxicology can tell you that a poison is present, but 
not why it is there. 

m Approximately 41% of known poisoners have multiple victims. 

m To prove death was due to a poison, it must have been 
absorbed and in systemic circulation. 

m Every death with no visible signs of violence is a poisoning until 
facts prove otherwise. 

m = The Center for the Study of Criminal Poisoning is an organization 
that assists investigators on an international level. 


While toxicology admits of being extensively applied 
to other medical sciences, it is in medical jurispru- 
dence that its power and extent are most evident. 

Sir Robert Christison, British toxicologist 


A relatively new area for clinical toxicologists to enter, as 
consultants or expert witnesses, is for the use of their 
knowledge of poisons in the investigation of crimes in 
which these agents have played a role. The two major 
examples of this activity are in cases of product tam- 
pering, and murder by poison. It is the attempt of this 
chapter to review some of the principles of the forensic 
sciences as they apply to the area of toxicology. For 
brevity in these discussions, the author has used the term 
hein the description of the poisoner, but the reader can 
correctly substitute the term he/she without being in 
error. 


WHAT IS FORENSIC TOXICOLOGY? 


Forensic toxicology is that branch of the science that 
deals with the application of the study of poisons to the 
law. In this respect it overlaps into many other important 
forensic areas such as pathology, analytical chemistry, 
criminal investigation, and litigation. 

However, forensic toxicology as a science is still 
relatively young, going back only a few hundred years, 
and it is certainly true today that we stand upon the 
shoulders of giants in this field. 


HISTORICAL DEVELOPMENT OF 
FORENSIC TOXICOLOGY 


Poison is one of the oldest weapons for murder known to 
man. As were the stick and the stone, poisons were used 
long before the development of arrows, spears, and 
gunpowder. Even though it is an old tool for murder, 
writings on the subject began to appear only in the 
relatively recent past. 

Some of the earliest writings on the subject of criminal 
poisoning, and its investigation, were from India. Two of 
these early works are the Charaka Samhita, and the 
Susruta Samhita, which date from around 600 to 100 Bc. 
Another early Indian work, known as the Veda, provided 
physicians with specific directions in the detection of 
poisoners based on their demeanor. 

The beginning of the real modern scientific investi- 
gation of toxicology, and its application to forensics, 
started with the work of French physician Mathieu Joseph 
Bonaventure Orfila (1787-1853), who was to hold the 
chair of Legal Medicine at the Sorbonne in Paris. With 
respect to forensic toxicology, Orfila was to play an 
important role in the famous 1840 Paris poisoning case 
of Marie LaFarge, by adopting the then relatively new 
Marsh test for arsenic. 

Through his early animal experimentations, Orfila 
was able to determine the toxic dosages and physical 
effects produced by a number of poisonous compounds. 
His studies eventually led to the publication, in 1814, of 
his monumental two-volume work, Traité des Poisons: Tirés 
des Réegnes Minéral, Végétal et Animal; ou Toxicologie Générale 
[Dissertation of Poisons: Covering the Relevant Mineral, 
Vegetable and Animal; or General Toxicology]. In his work, 
Orfila divided the then known poisons into the following 
six classifications: corrosives, astringents, acrids, 
stupefying or narcotics, narcotico-acids, and septics or 
petreficants. This pioneering work in toxicology has 
garnered him the title “Father of Forensic Toxicology.” 
Translations of Orfila’s popular work soon appeared in 
Spanish, German, and Italian. An English translation of 
his work first appeared in 1816, and American editions 
were published in 1817 and 1826. The four augmented 
and corrected French editions of his work were 
published in 1818, 1826, 1843, and 1852. Other great 
toxicologists studied the works of Orfila and eventually 
wrote their own texts on the subject of poison and its 
application to the law. 

One of these early toxicologists was the Scottish 
physician Robert Christison (1797-1882), who published 
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his first work, A Treatise on Poisons, in 1829. Christison was 
appointed Medical Advisor to the Crown in Scotland, 
and from 1829 to 1866 he was the medical witness in 
almost every important toxicologic case in Scotland, and 
many in England. Further editions of his work appeared 
in 1832, 1836, and 1845. 

Another of the British toxicologists was the physician 
Alfred Swaine Taylor (1806-1880), who published his 
work On Poisons, in Relation to Medical Jurisprudence and 
Medicine in 1848. ‘Taylor was the leading author on the 
subject of medical jurisprudence in the 19th century. In 
his books on medical jurisprudence and poisons, which 
were the standard works throughout the world, he 
codified the legal precedents, judicial rulings, and 
anatomic and chemical data that bore on his special 
subject of study. His second British edition was published 
in 1859. The works of both Christison and Taylor were 
subsequently published in America, and became the 
standard references for physicians and scientists up until 
the beginning of the 1900s. 

America did not see a book published by one of its 
native sons until the publication of Microchemistry of 
Poisons, Including Their Physiological, Pathological, and 
Legal Relations: Adapted to the Use of the Medical Jurist, 
Physician, and General Chemist in 1869, by physician 
Theodore George Wormley (1826-1897). This book was 
considered his highest lifetime work, as never before in 
America had toxicologic subjects been handled with the 
high degree of literary skill and with such care to detail. 
The steel engravings of the images of microscopic poison 
residues, done by Wormley’s wife, remain a marvel of the 
steel engraver’s art. His work went on to a second edition 
in 1885. 

The first book that was dedicated totally to the criminal 
investigation of poisoners and their use of poison as a 
weapon for murder, was Criminal Poisoning: Investigational 
Guide for Law Enforcement, Toxicologists, Forensic Scientists, 
and Attorneys, by forensic toxicologist John Harris 
Trestrail HI (1944—), published in 2000. In this work, the 
epidemiology of criminal poisoning, the characteristics 
and advantages of ideal poisons, pathologic aspects of 
poisons, techniques for investigating murder by poisons, 
and trial strategies for attorneys when prosecuting a case 
involving poisons as weapons are discussed. 

For the expert consultant to be effective in the 
determination of the possible toxicologic consequences 
of exposure to a poison, he or she must be aware of both 
the qualitative and quantitative toxicologic information 
that is determined by the application of analytical 
toxicology to the body in question. 


HISTORICAL DEVELOPMENT OF 
ANALYTICAL TOXICOLOGY 


It is probably safe to assume that the development of the 
science of general toxicology closely followed along with 
the developments in the field of chemistry. The 
beginnings of analytical toxicology were not to be seen 
until well into the 1800s. 

The individual who first made it very difficult for the 
poisoner to get away with his murder by utilizing the 


then popular poison arsenic was Scottish chemist James 
Marsh (1794-1846). In 1836, Marsh developed and 
published a chemical test—that was to bear his name— 
that made it possible to detect the presence of arsenical 
compounds in food as well as in biologic specimens. 
Marsh observed that by taking a sample that contained 
arsenic and mixing it with zinc and sulfuric acid, the 
chemical reaction resulted in the production of arsine 
gas. The arsine gas produced by the chemical reaction, 
when heated, deposited a mirror of metallic arsenic on a 
cold surface. This test was so sensitive that it was able to 
detect the presence of arsenic in very minute con- 
centrations. It now became possible to prove in court the 
presence of arsenical compounds, and thus the probable 
cause of the death of an individual. For the poisoner, the 
Marsh test was a definite setback. Soon after Marsh’s 
contribution, other analytical test enhancements came 
into being. 

Hugo Reinsch developed a test that allowed for the 
detection of arsenic at a level of approximately 0.00002 
parts of a substance. Other analytical tests used during 
the first half of the 1900s included Bittendorf’s test, the 
Gutzeit test, Hefti tests, and the Kage modification. 

Over the years, with the development of more specific 
chemical testing and sensitive electronic instrumen- 
tation, the science of analytical toxicology has proven its 
invaluable role in aiding the forensic toxicologists in 
their work. 

With the combined expertise of the forensic and 
analytical toxicologists, they become effective aids for the 
criminal investigator when dealing with a possible case of 
criminal poisoning. 


CRIMINAL POISONING: INVESTIGATIVE 
ISSUES 


A lack of witnesses and a crime surrounded by secrecy 
make the investigations of poisoning crimes very 
difficult. As stated by professor of forensic medicine John 
Glaister in his work The Power of Poison, “The very fact that 
the poisoner does not prepare his poison in the presence 
of the victim or before witnesses, but that the process is 
carried out in great secrecy, is the principal reason why 
the bringing home of the guilt of the criminal concerned 
becomes even more involved.”! 

The basic tenet in investigating a possible homicidal 
poisoning begins with considering it in the first place. If 
one does not look for the possibility of a poisoning, one 
will never be able to find it. Basically, the poisoner does 
not worry about disposing of his victim, for he counts on 
the medical establishment to do it for him. As a 
murderer, the poisoner wants his victim’s death to 
appear most natural, which will result in the issuing of a 
death certificate and will not raise suspicion. This lack of 
suspicion will eventually lead to the burial or cremation 
of the remains, and thus the hiding of the most 
important evidence of the crime: the body. The body of 
the victim is the major source of important clues that tell 
the tale of what happened. 

If poison is found in the body of a victim, the first 
question that is raised is why the substance is there at all. 


One must always remember that analytical toxicology 
only tells one that a poison is there; it does not answer 
the question of why the poison is there. 


SOURCES OF POISON IN THE VICTIM 


There can be many reasons why there may be a quantity 
of a potential poison found in an individual. 


The source was accidental. Toxic levels of poisons can 
enter the body from such sources as the environ- 
ment (e.g., arsenic in the ground water), or the 
exposure may have been occupational (e.g., lead 
from shooting ranges, automobile battery recycling, 
or other occupational sources). 

The source was natural. Poisons can be found in the 
body after the consumption of certain food sources 
(e.g., arsenic after a large seafood meal or from the 
consumption of contaminated herbal remedies). 
High levels of a suspected poison can also be found 
in the body due to a medical condition (e.g., 
copper from Wilson’s disease). 

The source was self-administered. The victim might have 
received a toxic amount of a substance from a 
source that was administered by the victim himself 
(e.g., from misuse of a product, from substance 
abuse like a “hot shot,” or from suicidal intent). 

The source was administered by another individual. The 
victim might have received a toxic amount of a 
substance from a source that was administered by 
another individual (e.g., substance abuse, product 
tampering, or homicidal intent). 


If it is determined that the source of the poison was 
administered by another individual with homicidal 
intent, then the question arises for the investigators as to 
who might be a suspect they should begin to investigate. 
What are some characteristics of the homicidal poisoner 
that could guide their investigation? 


THE HOMICIDAL POISONER'S 
CHARACTERISTICS 


To date no major scientific studies have been conducted 
that would allow one to create the criminal investigative 
analysis (sometimes erroneously referred to as a psycho- 
logical profile) of the homicidal poisoner. However, 
some of the commonalities thought to be exhibited by 
this group of criminals include the following: non- 
confrontational, cowardly, greedy, fantasist, artistic, 
immature, possession of vanity (think they will not be 
discovered), and possessing a limited mind without 
sympathy.’ Because of the nature of the crime, it is very 
possible that a poisoner shares some commonalities with 
a bomber, whose commonality has been worked on by 
the U.S. Federal Bureau of Investigation. 

In 1996, criminal investigators Westveer, Trestrail, and 
Pinizzotto’ published the results of the first epidemi- 
ologic study of criminal poisoning in the United States. 
Their study group results came from an analysis of 
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criminal poisonings reported to the Department of Justice 
through the Uniform Crime Report program. Their 
investigation found that during the decade 1980 to 1989, 
in the 202,785 homicides reported, there were a total of 
292 poisoning cases, in which there was a single offender 
associated with a single victim. This represented 14 
poisonings per 100,000 reported homicides. Some of the 
information that was revealed in this study group of 292 
poisoning murders is listed below. 


Gender Relationships 


Victims were equally divided between male and 
female. 

If the victim was female, the offender was usually a 
male. 

If the victim was a male, the offender was equally a 
male or female. 

Offenders were male twice as often as female. 


Racial Relationships 


Victim and offender were usually of the same race. 

Victims were mostly white. 

If the victim was white, the offender was usually a male. 

If the victim was black, the offender was equally a male 
or female. 

Black victims were males twice as often as females. 

White victims were equally male or female. 

For both black and white offenders, there were twice 
as many males as females. 


Age Characteristics 


Victims were most numerous in the 25 to 29 year age 
range. 

Offenders were most numerous in the 20 to 34 year 
age range. 


Other Findings 


Poisonings averaged 1.47 per million population per 
year. 

The unknown offender rate for poisonings was 20 to 
30 times higher than in nonpoisoning homicides! 


An analysis of 900 cases of known criminal poisonings 
collected by the author of this chapter found the 
following: 


Sex of offender. male (45%), female (38%), unknown 
(17%), showing that the majority of known poisoners 
are male. It is assumed that males perpetrate most 
murders, but poison is probably the preferred 
weapon of females. It is very possible that females 
are better at getting away with their crime due to 
their almost universal domestic roles: preparation 
of meals, taking care of the sick, and cleaning up 
the home. 

Background of offender. dentist (1%), general public 
(68%), minister (1%), nurse (5%), juvenile (2%), 
pharmacist (1%), physician (7%), political (3%), 
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scientist (1%), unknown (11%). This seems to 
indicate that the vast majority of known poisoners 
are members of the general public, with no specific 
medical or scientific background. 

Poison used: arsenic (26%), cyanide (9%), strychnine 
(6%). These top three agents represented 41% of 
the poisons used. 

Number of victims: single (59%), multiple (41%). This 
shows that in known cases, poisoners were able to 
carry out multiple homicides before their crimes 
were eventually detected. 

Motive for the crime: individual profit (23%), personal 
cause (10%), domestic (9%), nonspecific motive 
(5%), political extremism (6%). Most of the time, 
the motive for a poisoning murder revolves around 
money or the elimination of a significant other due 
to abuse or to obtain another significant other. 

Location of the crime. United States (42%), Great 
Britain/England (21%), France (6%), Italy (4%). 
This analysis is naturally biased by the literature 
and news media available for analysis. 


Overall, these studies seem to once again support the 
hypothesis that murder by poison is one of the easiest 
homicides to remain undetected. There is no other form 
of homicide that produces a serial killer rate as high as 
the 41% found in the poisoner group, as well as an 
unknown offender rate, which is 20 to 30 times higher 
than other forms of homicide.! 

Certainly, further studies are warranted to try and 
determine if there are any commonalities found among 
the criminal poisoners. However, these studies await a 
focus of determination from interested parties, along 
with adequate funding to support this important 
research. Interviews of convicted poisoners whose cases 
are without appeal could be conducted in a manner 
similar to those studies already carried out that have 
looked for commonalities in convicted offenders of serial 
rape or serial murder. 

With all of the unknown offenders and lack of 
witnesses, is there anything that could guide the 
investigators as they look into who might have caused the 
death of the victim? The answer is yes. There are 
observable clues that might indicate that something 
untoward might have happened to the victim. 


WHEN SHOULD AN INVESTIGATOR’S 
SUSPICION BE AROUSED? 


Here are some questions regarding signs that should 
quickly arouse suspicion in the toxicologist or criminal 
investigators that something in the “natural death” is not 
what it initially appears: 


1. Was there a sudden death in a normally healthy 
individual? 

2. Was there any interference in getting medical 
attention for the victim? 

3. Was there the failure of a “natural disease” to respond 
to standard treatment? 


4. Were relatives or friends not sent for during the 
victim’s illness? 

5. Are there no visible signs of violence? 

6. Was there any history of a “cyclical illness” (in which 
the victim was ill at home, got better in a medical 
facility, then returned home and became ill again)? 

7. Were there any common symptoms in a group of 
individuals? 

8. Is there anyone around the victim with knowledge of 
poisons? 

9. Was anyone anxious to dispose of food, drink, or 
medications? 

10. Was a request made that there be no autopsy? 

11. Was a request made for a rapid cremation? 

12. Is the cause of death being vehemently insisted on by 
anyone in a possible suspect group? 

13. Is anyone in a possible suspect group attempting to 
guide the investigation? 


Certainly, the presence of one or more of these signs 
does not indicate that there was definitely a poisoning, 
or point the finger at the murderer, but all in all, any of 
these observed signs should make the investigator pause 
and ask the question, “Am I dealing with a possible 
homicidal poisoning in this case?” The prime mandate is 
that every death with no visible signs of violence is a 
poisoning until facts prove otherwise. Only through the 
constant practice of this rule will the victims of 
poisonings be found and given justice. 

When it has been determined that a possible 
poisoning has occurred, what agencies or groups can an 
investigator turn to for assistance in the investigation of 
criminal poisoning? 


ORGANIZATIONS AND RESOURCES FOR 
FORENSIC TOXICOLOGY 


National and international organizations dealing with 
the specialty of forensic toxicology include the following: 
Society of Forensic ‘Toxicologists (SOFT), The 
International Association of Forensic Toxicologists 
(TIAFT), and the toxicology section of the American 
Academy of Forensic Sciences (AAFS). These organi- 
zations deal mostly with the area of analytical toxicology, 
and more information on these organizations can be 
found at their individual websites. 

There is also an organization that specializes mainly 
on the aspects of the investigation of criminal poisoning. 
The Center for the Study of Criminal Poisoning (CSCP) 
was founded in 1997 in order to provide an international 
mechanism for the exchange of information on homicidal 
poisonings. To these ends, the CSCP carries out the 
following activities: 


1. Maintaining a database on criminal poisoning cases. 

2. Providing training workshops on the investigation of 
murder by poison. 

3. Conducting forensic research projects. 

4. Encouraging international communications on 
criminal poisonings. 


The CSCP has developed a reporting tool to be used 
in the sharing of information on homicidal poisoning 
cases and tampering incidents, and has made it available 
internationally to law enforcement agencies as well as 
forensic pathologists. This homicidal poisoning case 
registry reporting form is provided in Figure 7A-1 for 
duplication and submission of reports to the CSCP. 

Once the investigation has proven that there is 
sufficient proof that a criminal poisoning has occurred, 
and that there is a suspect, the strategy for trial planning 
must begin. 
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CRIMINAL POISONING: LEGAL ISSUES 


Murder by poison is one of the most difficult types of 
crime to take to litigation. One of the major problems is 
that in the vast majority of poisoning cases, there are no 
witnesses to the criminal action. This makes almost all 
of the available evidence indirect, or as it is otherwise 
termed, circumstantial. 

The main question to be resolved by the court is 
whether the accused killed the deceased by poison. As 
stated by Wigmore,’ the main question for the prosecution 


Homicidal Poisoning Case Registry 
(Please type or print, and use one form per VICTIM) 


About the Victim 


Victim’s name: 


Victim’s gender: 


Victim’s age: 


Victim’s race: 


About the Offender 


Offender’s name: 


Offender’s gender: 


Offender’s relationship to victim: 
Offender’s motive: 
Offender’s conviction status: 


Additional offender information: 


Offender’s age: 


Offender’s race: 


About the Poison 


Poison(s) used: 
Route of poison administration: 
Source of the poison: 


Location of the poisoning: 
(home, public place, etc) 


About Your Reporting Agency 


Your case #: 
Your name: 


Your address: 


Telephone (voice): 


E-mail address: 


Date: 


Your title: 


Telephone (FAX): 


Please mail or FAX this completed form, and any supporting materials to: 


John H. Trestrail, III RPb, FAACT, DABAT 

CENTER for the STUDY of CRIMINAL POISONING 
1840 Wealthy, S.E. Grand Rapids 

MI 49506-2968 USA 

Telephone: (616) 391-9099 (voice) 

Fax: (616) 391-8417 

E-mail: venomous @iserv.net. 





FIGURE 7A-1 Homicidal poisoning case registry. 
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really resolves into three component questions of fact, 
each of which must be proved: 


1. That the deceased’s death was caused by poison. 

2. That the poison was administered to the deceased by 
the accused. 

3. That the accused was aware of the lethal nature of 
the administered substance. 


Unless it can be proved by pathologic examination 
and/or analytical toxicology evidence that the deceased 
died from a poison, it is futile to inquire as to who might 
have murdered the person by this method. In attempting 
to prove that the poison was administered by the 
accused, one must be able to prove that the accused had 
an opportunity to administer the toxic agent. Lack of 
opportunity to administer the poison is one of the 
strongest arguments used for the accused by defense 
council. It is also important for the prosecution to be 
able to prove that the accused had possession of the 
poison and that no other person could possibly or 
probably have administered the poison. In proving that 
the accused had knowledge of the lethal nature of the 
compound in question, it is important for one to look at 
the educational background of the accused, references 
in his possession, and his possible access to information 
through vocation or avocation. One must always remem- 
ber to consider access to information by computer from 
various Internet resources. 

One of the difficulties in court is getting all the parties 
to agree on whether the agent in question is really a 
poison, by the acceptable definition of a poison. 


Definition of Poison 


Although it sounds easy, it is often very difficult to come 
up with an acceptable legal definition of what is a poison. 
The definitions of poison may differ by the laws of various 
states. Some of the definitions found in the legal 
literature include the following: 


“Poison: is any substance, where introduced into the 
system, either directly or by absorption, produces 
violent, morbid or fatal changes, of which destroys 
living tissue with which it comes in contact.” 
[Watkins vs. National Elec. Products Corp., C.C.A. 
Pa., 165, F.2d 980,982. | 

“Poison: any substance which, when relatively small 
amounts are ingested, inhaled, absorbed, or applied 
to, injected into, or developed within the body, 
has chemical action that may cause damage to 
structure or disturbance of function producing 
symptomatology, illness, or death.” [Stedman’s 
Medical Dictionary, 26th ed., Williams & Wilkins, 
Baltimore, MD, 1995. ] 

“Poison: any substance which when ingested, inhaled, 
or absorbed, or when applied to, injected into, or 
developed within the body, in relatively small 
amounts, by its chemical action may cause damage 
to structure or disturbance of function.” [The 


Sloane-Dorland Annotated Medical-Legal Dictionary, 
West Publishing Co., New York, NY, 1987.] 


What is really the major factor in defining a poison? 
To almost all toxicologists, the statement made by the 
famous 16th-century alchemist Phillippus Theophrastus 
Aureolus Bombastus von Hohenheim, also known as 
Paracelsus (1493-1541), comes about as close to the 
concept of poison as can be made. In his 1564 “Third 
Defense,” he wrote, “What is there that is not poison, all 
things are poison and nothing (is) without poison. Solely 
the dose determines that a thing is not a poison.” Just 
like the saying “everyone has his or her price,” every 
substance has its dose at or beyond which lethality can 
occur. One can kill with water just as well as drugs; the 
only difference is the amount (dependent on the factors 
of concentration and time duration of exposure) to 
which the victim is exposed. 


CRIMINAL POISONING: TRIAL 
STRATEGIES 


In order to be able to prove “murder by poison,” the 
following must be absolutely locked into place: 


1. The “chain of evidence” was maintained. Being able 
to absolutely prove who had possession of the case 
evidence and when he or she took possession of it. 

2. Presence of the poison has been proven by analysis. 
Utilizing information gained from both pathologic 
observations and chemical testing. 

3. The poison was absorbed systemically and in circu- 
lation. For a poison to kill, it has to get to the right 
target organ or system in a concentration that would 
cause damage to the site and result in a fatality. 


The prosecution will also have to be able to prove the 
following: 


1. The death was caused by the poison. This fact will be 
proved through a combination of information gained 
from the death scene investigation, pathologic 
examination, and chemical analyses. 

2. The accused administered the poison. Proving that 
the defendant had the opportunity and possession 
of the substance, and that it was not possible or 
probable that any other person could have given it. 

3. The accused was aware of the poison’s lethality. This 
is done by proving the possession of knowledge 
gained by conversation or research from reading. 


CASE EXAMPLES 


The following examples of actual homicidal poisoning 
cases show the effective results of a combined team of 
individuals from the specialties of forensic pathology, 
forensic toxicology, analytical toxicology, death investi- 
gators, and attorneys, working together to bring justice 
to the victim of this heinous type of crime. 


The Joanne Curley Case 


Beginning in 1990, Joanne Curley of Wilkes-Barre, 
Pennsylvania, began administering the toxic metallic 
rodenticide thallium to her husband, Robert. Her motive 
was the $300,000 life insurance policy on her spouse. She 
slowly began to administer the poison to him in his food 
and drink and also brought thallium-laced iced tea to 
him as he lay near death in the hospital. In order to 
throw investigators off the trail, she also administered 
small amounts of the poison to herself and her daughter. 
In 1994, under pressure from concerned family 
members, authorities exhumed the body of the 
deceased. Analysis of his hair gave a chronological time 
line of the administration of the poison and linked his 
wife as the only possible perpetrator of the occurrences. 
Faced with the solid evidence of analytical and forensic 
toxicology, and in order to avoid a trial and a possible 
death penalty, she pled guilty to her husband’s murder. 


The Ronald Clark O'Bryan Case 


On October 31, 1974, the children in Pasadena, Texas, 
were going about their normal Halloween activities. 
Eight-year-old Timothy Marc O’Bryan celebrated the 
evening by consuming some of his holiday candy. Shortly 
after consuming the powdery contents of a Giant Pixy 
Stick, he collapsed and died. Since it was the death of a 
normally healthy individual, suspicion centered on the 
product he had consumed. Subsequent analytical 
toxicology tests found that the product contained not a 
candy powder but potassium cyanide. Tampered treats 
were also found in the bags of four other children, who 
fortunately had not consumed any of the “candy.” Panic 
ensued around the area that a demented tamperer had 
struck in their community! On physical examination, it 
was found that the treats had been opened and crudely 
stapled shut. Investigation soon centered on the dead 
boy’s father, Ronald Clark O’Bryan, a Houston, Texas, 
optician. Investigators found that the suspect had 
recently taken out $65,000 worth of life insurance on 
his two children (motive), and witnesses stated that 
he had been making inquiries about the lethal dosage 
of cyanide and had attempted to purchase the same 
poison. At trial, without ever admitting to the crime, but 
with the damning forensic evidence, O’Bryan was found 
guilty. Ronald O’Bryan, whom the public dubbed the 
“Candy Man” and who nationally changed Halloween 
festivities forever, was executed by lethal injection on 
March 31, 1984. 
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CONCLUSION 


Although the study of toxicology can be applied to all 
areas of living—environmental, occupational, clinical, 
and many others—it is in the area of its forensic 
application where the need for this special knowledge 
clearly cries out. It is with the application of our 
knowledge of poisons, their kinetics, toxicology, and 
analysis that one day the chances of success of the 
poisoner will hopefully begin to diminish and the 
chances of law enforcement’s success will increase, to 
bring justice to the victims of this sinister and almost 
invisible crime. 


DISCLAIMER 


The information contained in this chapter is intended to 
serve the reader with general background information 
representing various aspects of toxicology as it applies to 
modern litigation. However, this is not intended to serve 
as a substitute for intensive research respecting various 
issues, as each case must be approached on a case-by-case 
basis. Some cases will require intensive research 
independent of this work. 
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B Clinical Issues 


PHILIPPE E. HANTSON, MD, PHD 


At a Glance... 


m The major obstacle to organ transplantation is the lack of 
suitable donors, but poisoned patients are often overlooked as 
potential organ donors. 

m Extremely strict brain death criteria have to be applied in this 
particular setting. 

m Experience with grafts obtained from intoxicated donors is 
limited, but the results appear similar to those observed with 
nonpoisoned donors. To date, no failure has been related to a 
toxic origin. 

m cach case needs to be evaluated on an individual basis 
according to the clinical, biologic, and morphologic findings in 
the donor, and to the knowledge of the toxicologic properties of 
the compound. 


INTRODUCTION AND EPIDEMIOLOGY 


Postmortem studies are particularly important in cases of 
fatal poisoning, not only to determine the cause of death 
but also to collect data on the target organs of some 
specific poisonings. They usually combine a morpho- 
logic analysis and a study of the toxicokinetics of the 
substance. This question is essential when organ 
donation is considered from a donor declared brain 
dead after acute poisoning. Even though this occurrence 
seems exceptional, poisoned donors should not be 
systematically overlooked as potential organ donors.!? 
Current data available from the transplant coordination 
organizations indicate that poisoned patients represent 
less than 1% of all organ donors. 

The purpose of this chapter is to present the 
experience of organ donation after fatal poisoning and 
to discuss organ acceptability criteria. 

In 1994, Leikin and colleagues published a series of 
17 poisoned patients who were accepted as organ 
donors.’ The toxicants involved were ethanol (n = 8), 
cocaine (n = 5), carbon monoxide (n = 5), barbiturates 
(n = 2), cannabis (n = 1), lead (n = 1), and phenyl- 
propanolamine (n = 1), with six patients having had 
multidrug involvement. There were 41 recipients, 
including 32 kidney transplantations and 9 liver 
transplantations. There were two fatalities in the early 
postoperative phase in the liver group, but it was 
concluded that death was definitely not related to the 
toxic origin of the graft. In the kidney group, renal 
function immediately after the procedure was good in 28 
of 32 patients (1 graft loss occurred on day 5 due to 
thrombosis, 3 had transient dysfunction) and remained 
satisfactory at 8-month follow-up in 31 of 32 cases. 

The experience of a single center in Belgium was 
described in a series of 21 poisoned donors collected 
over an 8-year period.*® In this center, poisoned donors 


in brain death status represented 7% of all the organ 
donors for this time period. The toxicants involved were 
benzodiazepines (n = 2), tricyclic antidepressants (n = 
1), benzodiazepines and tricyclic antidepressants (n = 1), 
barbiturates (n = 2), insulin (n = 2), carbon monoxide 
(n = 3), cyanide (n = 1), methaqualone (n = 1), paraceta- 
mol (acetaminophen) (n = 1), and methanol (n = 7). On 
the whole, 58 grafts were obtained: 39 kidneys, 6 hearts, 
2 lungs, 9 livers, and 2 pancreases. Overall recipient 
survival rates at | year and 5 years were, respectively, 
100% and 88% in the kidney group, 100% and 100% in 
the pancreas group, 67% and 67% in the liver group, 
50% and 33% in the heart group, and 100% and 100% 
in the single case of lung transplantation. One liver graft 
and one kidney graft failed to function after 1 month. 
Two additional kidney grafts and one liver graft failed 
after a longer delay. The analysis of the causes of mortality 
or morbidity (graft loss) did not reveal any correlation 
with the toxic origin of the grafts. 


CRITERIA FOR ORGAN AND DONOR 
ACCEPTABILITY 


Several criteria have to be met when organ donation is 
considered after fatal poisoning’: 


1. The first crucial issue is the accuracy of the brain 
death diagnosis in the presence of drugs influencing 
the central nervous system.® Even if brain death is 
basically a clinical diagnosis, confirmatory tests may 
be required. The confirmatory tests may demon- 
strate the absence of cerebral blood flow (four-vessel 
angiography, radioisotope technique, and trans- 
cranial Doppler) or the absence of cerebral 
electrical activity (electroencephalography [EEG], 
multimodality evoked potentials). Cerebral four- 
vessel angiography is the gold standard in this 
condition; however, this test is invasive and cannot 
be easily repeated at the bedside. There are several 
limitations to the use of EEG because this technique 
is very sensitive to hypothermia, drugs, and metabolic 
disorders. In experienced hands, multimodality 
evoked potentials investigations were found to be 
extremely helpful in this particular setting.® 

2. The patient considered as a potential organ donor 
should not be exhibiting any clinical sign of toxicity 
associated with the toxic exposure. 

3. The possible damages to the organs to be harvested 
are to be carefully evaluated. Direct toxic injuries 
may be found in the target organs of poisoning, 
while indirect injury due to anoxia or metabolic 
disorders may be noted in the other organs. Usually, 
the same methodology as for nonpoisoned donors 
can be applied. This is mainly based on routine 


laboratory analysis (biologic markers) and on 
morphologic examination; tissue biopsies after 
organ harvesting are then particularly helpful. 

4. Due to tissue storage with some substances, there is 
a theoretical risk for secondary poisoning of the 
recipient. This risk should be limited by a perfect 
understanding of the toxicokinetics of the concerned 
toxin. 

5. The problem of organ donation from nonintra- 
venous drug abusers remains an open issue.’ It is 
important that, particularly in the drug abuse 
population, all potential organ donors undergo a 
thorough infectious disease screening prior to 
transplantation to exclude as far as possible the 
transmission of an infectious agent (hepatitis B and 
C, human immunodeficiency virus). Such screening, 
however, will not detect the donors who are still in 
the window of infectivity. 


SPECIFIC SUBSTANCES 


Psychotropic Drugs 


Multiple organ procurements have been performed after 
fatalities due to benzodiazepine or barbiturate over- 
doses.*® Heart donation after barbiturate poisoning is 
possible provided hemodynamic disturbances have been 
corrected. 

Theoretically, with tricyclic antidepressants (TCAs), 
there is a risk of accumulation of the toxic substance in 
some tissues (lung, kidney, heart, liver). The literature 
includes at least one case that describes the possible 
transmission to the recipient of TCAs stored in the liver 
graft. The heart is obviously a target organ of TCA 
poisoning, and heart donation is contraindicated; more- 
over, extremely high TCA concentrations can be found 
in the myocardium at postmortem analysis. For the other 
organs, it seems advisable to wait until the donor plasma 
TCA concentration falls well below 2000 ng/mL. This 
cannot always be achieved because sustained high blood 
concentrations are sometimes observed after massive 
TCA overdose. Furthermore, quantitative analyses of TCAs 
are not universally available. 

Few data with regard to the more recent selective 
serotonin reuptake inhibitors (SSRIs) exist. Mortality 
directly due to SSRI overdose is low, but severe serotonin 
syndrome may rapidly progress to cardiac arrest, coma, 
seizures, or multi-organ failure with disseminated 
intravascular coagulation. Cardiotoxicity due to SSRIs is 
usually low and can be identified on the electrocar- 
diogram (ECG) (conduction abnormalities, prolonged 
QT interval). Death may exceptionally result from 
malignant arrhythmias. This obviously contraindicates 
heart donation. In a single case report, the heart was 
procured from a donor who died from ventricular 
fibrillation following venlafaxine and fluoxetine 
overdose.'! High doses of vasopressors were initially 
required in the donor before the heart was finally 
accepted. The recipient suffered multiple episodes of 
supraventricular arrhythmias during the postoperative 
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phase, and it was speculated that SSRI accumulation in 
heart tissue might have played a role. 

Before considering organ donation, it must be 
remembered that some SSRIs (e.g., fluoxetine) and their 
metabolites have a prolonged elimination half-life, 
suggesting the possibility of tissue storage (e.g., in the 
lung) with these agents. 


ACETAMINOPHEN 

Surprisingly, a relatively few number of heart or kidney 
transplantations have been reported from donors who 
died from acetaminophen poisoning.” Both oliguric and 
nonoliguric acute renal failure has been described 
following acetaminophen overdose, mostly as a com- 
ponent of multi-organ failure complicating fulminant 
hepatic failure.!* It occurs rarely in the absence of 
clinical or biochemical evidence of liver damage. 
Histologic findings are consistent with acute tubular 
necrosis. Kidney donation may be considered in fatal 
acetaminophen poisoning according to the laboratory 
data and the results of renal biopsy. There is no direct 
evidence that acetaminophen causes cardiotoxicity.’° 
Nonspecific ECG changes have been noted in patients 
with acetaminophen overdose. Postmortem studies 
revealed histological features in some cases that were 
consistent with toxic myocarditis, such as diffuse 
myocardial damage with interstitial edema or bands of 
necrosis and hemorrhage. It is very likely that other 
factors contributed to toxicity, because such lesions have 
been widely observed in fulminant hepatic failure not 
due to acetaminophen poisoning. At least three cases of 
uncomplicated heart transplantations have been 
reported in this setting.’’ The lung is also not directly 
damaged in case of acetaminophen poisoning, and lung 
donation is possible. Finally, pancreatitis seems also to be 
extremely rare after acetaminophen overdose. 


CARBON MONOXIDE 

Fatalities due to accidental exposure to carbon 
monoxide (CO) are still quite common, but it should be 
noted that few of these fatalities could result in organ 
procurement. CO reduces both the oxygen-carrying 
capacity of hemoglobin and oxygen delivery to tissues. 
CO binds to the cytochrome oxidase system to reduce 
cellular utilization of oxygen. As expected, tissues most 
sensitive to oxygen deprivation (central nervous system, 
myocardium) are most sensitive to CO toxicity. The 
pathologic substrate for myocardial toxicity from CO 
poisoning is the subendocardial region, characterized by 
scattered areas of necrosis, hemorrhage, and muscle 
fiber degeneration; these lesions are similar to those 
observed in anoxia from another origin. 

There are many case reports of successful kidney, 
pancreas, lung, or liver transplantation from CO- 
poisoned donors.'*!° The possibility of heart donation 
still remains controversial, in spite of the positive 
experience that has frequently been published (Table 
7B-1).'©?° Of concern are the reports of impaired cardiac 
contractility during the postoperative phase where 
the role of CO toxicity can be at least suspected.*' This 
is in agreement with an isolated report showing a 
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Experience with Heart Procurement from CO-Poisoned Donors 


DONORS 
AGE (YR)/ CARDIAC 
SEX COHb CPR ECG ENZYMES 
29/M 14.7% No NI CK-MMT 
27/F 43% Yes NI CK-MMÎ 
30/M >29% No Abn No 

25/M — No Abn — 

5 cases 16.4%- 3 NI CK-MMÎ 

20% 

31/F 36% Yes NI CK-MB îÎ 

25/F — Yes NI — 

46/M — Yes NI — 

40/F = _ NI = 

14/F =. = NI = 

20/M = — NI _ 

25/M = = NI = 

15/M = — NI = 

47/M = = NI = 

17/M 48% Yes Abn — 

30/M 10% Yes = = 

17/M 8% Yes NI No 


RECIPIENTS 
ECHO INOTROPIC DRUGS OUTCOME REFERENCES 
NI No + 17 
NI No + 17 
— — + 18 
— — + but X after 19 
1 yr (rejection) 
NI (2) Dopamine 2+,3X 20 


< 4 ug/kg/min, 
dobutamine 
< 1.5 ug/kg/min 
NI Postoperative + 21 
biventricular 
assist device 


NI Dopamine + 22 
10 g/kg/min 
NI No + 22 
NI Dobutamine X 23 
NI Dobutamine + 23 
NI No + 23 
NI — + 23 
NI No + 23 
NI Epinephrine + 23 
NI Dopamine X 24 
— No X 25 
— No X 16 


Abn, abnormal; COHb, carboxyhemoglobin; CPR, cardiopulmonary resuscitation; ECG, electrocardiogram; Echo: echocardiography; NI, normal; 


—, not available; a increased; +, alive; X, deceased. 





depression of myocardial contractility following acute 
CO poisoning in a patient who had no electrocardio- 
graphic, angiographic, or biologic evidence of myocardial 
infarction; electron microscopy of the endomyocardial 
biopsy showed ultrastructural changes in the mitochondria 
that are a primary target of CO intracellular toxicity. 
Some donors described in the literature had received 
prolonged resuscitation and vasopressors before the 
harvesting procedure. Some had an abnormal ECG or 
echocardiography, with increased cardiac enzymes. 
Therefore, it seems of utmost importance to exclude 
from heart donation the donors presenting these 
features. The determination of CO blood levels is not 
helpful for the decision to remove or not remove the 
heart, although myocardial ischemia following CO 
poisoning is usually seen with carboxyhemoglobin levels 
above 25%. 

Theoretically, lung donation is possible after pure CO 
poisoning.” When CO intoxication occurs following 
smoke inhalation, there is an increased risk for chemical 
or thermal injury to the lung. 


CYANIDE 

Acute pure cyanide poisoning is rare. Cyanide inhibits 
mitochondrial cytochrome-c oxidase activity. This results 
in a shift of aerobic to anaerobic metabolism, eventually 
leading to adenosine triphosphate depletion and lactic 
acidosis. Cyanide is distributed to all the tissues via the 
blood; its concentration in red cells is much greater than 
that in plasma. Cyanide is metabolized in the liver by an 


endogenous enzyme, rhodanase, to thiocyanate. Half-life 
for the conversion of cyanide to thiocyanate from a 
nonlethal dose in humans is between 20 minutes and 
1 hour. As expected, the brain and the heart are 
particularly sensitive to cyanide-induced hypoxia. 
Collapse of the cardiovascular system requires cyanide 
doses higher than those necessary for injury to the 
central nervous system. This explains why brain death 
may be observed in patients who underwent successful 
cardiopulmonary resuscitation after cyanide exposure. 
The experience with organ donation following fatal 
cyanide exposure is summarized in Table 7B-2. At least 
two cases of successful heart transplantation have been 
described in the literature.2°*° In addition, there are 
numerous reports of cornea, kidney, pancreas, or liver 
transplantations.**°* There is a theoretical risk for 
transmission of poisoning to the recipient. However, the 
elimination half-life of cyanide in patients treated with 
antidotes is usually much less than 24 hours. In forensic 
medicine, a blood cyanide of greater than or equal to 
1.0 mg/L (38.5 Umol/L) is generally considered to 
represent a potentially toxic concentration.” No clinical 
symptoms develop with whole blood concentrations 
below 0.2 mg/L (7.7 umol/L), and organ harvesting may 
then be proposed. It has also been shown that, during 
the course of pure cyanide poisoning, a plasma lactate 
concentration of at least 8 mmol/L was indicative of a 
toxic blood cyanide concentration (at least 1.0 mg/L). It 
seems therefore imperative to achieve the correction of 
lactic acidosis before any procedure. 
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Literature Data on Organ Procurement from Cyanide-Poisoned Donors 








TOTAL CYANIDE BLOOD LEVEL CYANIDE BLOOD LEVEL 

ORGANS NUMBER (ADMISSION) (PROCUREMENT) IMMEDIATE LATE OUTCOME 
PROCURED OF GRAFTS (pmol/L) (pmol/L) OUTCOME (1 YEAR) REFERENCES 
Heart 1 Thiocyanate: 0.34 Good Good (3 mo) 28 

1 — 0.95 (postmortem) Good Good 26,27 
Liver 1 — 0.95 (postmortem) Good Good 26,27 
Kidney 2 804 8 Dialysis (transient) Good 32 

2 4.2 1.8 Good Good 31 

2 — 0.95 (postmortem) Good (1 acute rejection) Good 26,27 

2 Thiocyanate: 0.34 Good Good (3 mo) 28 

2 — — Good 1 acute rejection 29 

2 261 23 Good Good (9 mo) 30 
Pancreas 1 4.2 1.8 Good Good 31 
Cornea 2 — — Good Good 33 

2 Thiocyanate: 0.34 — Good Good (3 mo) 28 

2 — 0.95 (postmortem) Good Good 26,27 

2 261 23 Good Good (9 mo) 30 
—, unavailable. 

ORGANOPHOSPHATES in grafts and ascribable to an ischemia-reperfusion 


The liver and kidneys were harvested from a 17-year-old 
boy who was declared brain dead 5 days after the voluntary 
ingestion of an unknown amount of malathion.’ Blood 
and tissue concentrations of malathion were not obtained. 
At the time of organ removal, there was no sign of 
hepatotoxicity or renal toxicity. No further cholinergic 
toxicity was evident after discontinuation of atropine and 
pralidoxime. These data cannot be extrapolated to other 
organophosphate compounds. Organophosphates are 
generally lipophilic and initially concentrate in the liver; 
redistribution may also occur to fatty tissues. Malathion 
can be activated to malaoxon but is rapidly hydrolyzed to 
nontoxic metabolites and excreted primarily by the kidney. 
Due to differences in disposition, each organophosphate 
compound should be analyzed on an individual basis 
before considering organ donation. 


METHANOL 

Methanol poisoning might still be regarded by some 
transplant physicians as an absolute or relative contra- 
indication to organ donation. However, the experience 
with organ procurement from patients poisoned by 
methanol is growing, as illustrated by some recent 
publications (Table 7B-3).2?°7* In contrast to the 
relatively rapid metabolism of ethylene glycol, methanol 
is Slowly metabolized into formaldehyde and formate by 
alcohol and aldehyde dehydrogenases. Formic acid 
accumulation may reflect the severity of methanol 
poisoning. While variable concentrations of formic acid 
have been found in different tissues (e.g., heart, liver, 
kidney) at postmortem studies, it seems unlikely that a 
significant toxicity could be transferred to the organ 
recipient. The brain and the retina are the main target 
organs of poisoning. Brain death may be the con- 
sequence of diffuse brain edema or of hemorrhagic 
lesions mainly originating in the basal ganglia. The 
largest experience exists now with kidney donation. 
Kidney graft biopsies performed before transplantation 
revealed minor tubulointerstitial lesions as usually seen 


sequence or, in some cases, minor hydropic changes.” 


No glomerular or vascular lesions were observed. Fatty 
changes and microvesicular fat have been described in 
the hepatocytes in an autopsy study. However, it should 
be recalled that the patients poisoned by methanol are 
often chronic ethanol abusers. The liver can be safely 
procured after methanol poisoning provided that liver 
function tests are normal with absence of steatosis at the 
biopsy. The incidence of pancreatic injury (increase of 
pancreatic enzymes or clinically severe acute necrotizing 
pancreatitis) after methanol poisoning probably has 
been underestimated. The pathophysiology remains 
unclear. Here also, the pancreas injury may be at least 
triggered by chronic ethanol consumption or ethanol 
administration as an antidote for methanol poisoning. 
This suggests that successful pancreatic transplantation 
may be difficult.27 Experience with lung or heart 
transplantation is far more limited.***°** The lung is not 
a target organ of methanol poisoning and trans- 
plantation is acceptable. As for the heart, it seems also 
that methanol poisoning is not an absolute contra- 
indication to organ donation. There is no clear evidence 
that methanol or its toxic metabolites may provoke direct 
injury to the myocardium. Cardiac dysfunction in fatal 
cases of methanol poisoning is usually related to the 
severity of metabolic acidosis. Heart donation should 
only be considered when no inotropic support is 
required in the donor. 

Before starting any harvesting procedure, it is essential 
to have achieved the correction of metabolic acidosis 
and to wait until methanol has completely disappeared 
from blood. 


ETHYLENE GLYCOL 

Ethylene glycol, due to its metabolism to glycoaldehyde, 
glycolic acid, and glyoxalate, causes severe metabolic 
acidosis. Most deaths occur during this period of 
metabolic acidosis, which is associated with cerebral 
edema, seizures, and multi-organ failure. Glyoxalate is 





CONCEPTS IN MEDICAL TOXICOLOGY 





Organ Donation after Fatal Methanol Poisoning 


ORGANS TOTAL NUMBER OF IMMEDIATE 
PROCURED GRAFTS OUTCOME 
Heart 4 1 death 

1 Good 

3 Postoperative 

complications in 2 
cases 

2 1 death 
Lung 1 double Good 

2 Good 
Liver 5 1 death 

1 Good 

4 1 death 

3 Good 
Kidney 29 Good 

13 Good 

2 at 

9+ 1 kidney and 1 death 

pancreas 
4 Good 
4 1 death 


LATE OUTCOME 


(SURVIVAL RATE OR GRAFT FUNCTION) REFERENCES 
1 YEAR 5 YEARS 
NI function in 3 cases — 43 
NI function NI function 41,42 
NI death after 18 mo; NI function (4-7 yr) 22 
NI function in 2 cases in 2 cases 
— — 37 
NI function NI function 44 
— — 37 
NI function in 4 cases — 43 
NI function after 5 mo — 45 
— — 37 
NI function NI function 39,41,42 
100% survival 83% survival 43 
100% survival 100% survival with NI 42 
function 
— — 45 
— — 37 
NI function after 2 yr — 40 
NI function — 38 


Fatalities and postoperative complications were not related to methanol poisoning. 


—, not available; NI, normal. 





converted to oxalate, which precipitates as calcium 
oxalate crystals in body tissues. Oxalate crystal deposition 
has been described not only in the kidney, but also in the 
brain and other organs. Renal failure usually occurs 
within 24 to 48 hours after ingestion. Because the kidney 
is clearly a major target organ, kidney donation remains 
contraindicated even though positive experiences have 
been reported. In contrast, there is no report of 
significant hepatic damage directly related to ethylene 
glycol poisoning, and successful liver procurement has 
been reported.*’ As for the heart, no transplant data are 
available. Cardiocirculatory failure may be a terminal 
event in presence of severe metabolic acidosis; heart 
donation should only be considered in patients with a 
normal ECG and echocardiography who do not require 
inotropic drugs. 

The same precautions (correction of metabolic 
acidosis, absence of detectable toxicant) should be 
observed as in methanol poisoning. 


ILLICIT SUBSTANCES 

Leikin and colleagues have reported successful kidney 
and liver transplantations from donors who were positive 
for cocaine on the toxicology screen.’ However, the 
possibility of heart donation remains debatable.*** 
Cocaine is an increasing cause of intracerebral bleeding 
in young people and is more and more frequently 
identified in the biologic fluids of patients presenting 
with traumatic brain death. It can be assumed that the 
incidence of nonintravenous cocaine use is increasing 
among the potential organ donors in the general 
population. Some transplant teams have suggested 
liberalization of donor acceptability criteria in order to 
increase the heart donor pool.® They claim that the 


outcome of patients who received transplanted hearts 
obtained from nonintravenous cocaine users was not 
significantly different from that observed with grafts 
procured from donors who had no history of cocaine 
use. This conclusion is not fully supported by some 
clinical observations and by our knowledge of the 
possible cardiotoxicity following acute or chronic cocaine 
use. At autopsy, cocaine-associated findings include 
myocarditis and myocyte and contraction band necrosis; 
left ventricular hypertrophy may occur after several years 
of cocaine abuse. For these reasons, heart donation 
should only be considered with extreme caution. In 
contrast, it does not seem that inhalation of cocaine or 
marijuana contraindicates lung procurement.” 

Published experience is now also appearing with the 
drug Ecstasy (3,4-methylenedioxymethamphetamine). 
Multi-organ procurements (heart, liver, kidney, kidney- 
pancreas, lung) were obtained from two donors who 
died from brain edema following ecstasy use.°! Two 
fatalities were observed among the eight recipients, but 
they were not related to a toxic origin. 


UNUSUAL SUBSTANCES 

Successful transplantations have been reported from 
donors who died from complications of long-acting 
anticoagulant therapy. Fatal fulminant hepatic failure 
due to Amanita poisoning led to heart and kidney 
donation. 


CONCLUSION 


Successful organ transplantation is possible with grafts 
coming from brain-dead donors following acute 


poisoning. A thorough examination of each individual 
case should be performed jointly by the members of the 
transplant team and medical toxicologists. 
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Cardiovascular Toxicology 


NANCY G. MURPHY, MD Ææ NEAL L. BENOWITZ, MD m NORA GOLDSCHLAGER, MD 


Cardiovascular complications account for a substantial 
proportion of the morbidity and mortality in cases of 
drug overdose. Drug- or toxin-induced cardiovascular 
syndromes include hypotension and circulatory shock, 
hypertension, arrhythmias, and pulmonary edema. This 
chapter focuses on disturbances of cardiac function, 
particularly circulatory failure and arrhythmias. Patho- 
physiology, recognition of specific types of overdose, and 
principles of management are discussed. 


HYPOTENSION AND CIRCULATORY 
SHOCK 


Mechanisms 


Hypotension occurs after overdosage with many different 
types of drugs. The mechanisms of hypotension are 
diverse, and hemodynamic patterns vary with different 
drugs in different stages of overdose and according to 
the presence and nature of underlying medical illness. 
Cardiac output may be reduced as a result of drug- 
induced myocardial depression, relative hypovolemia 
resulting from venous pooling, or true hypovolemia 
resulting from vascular injury and fluid loss from the 
vascular space. Peripheral vascular resistance may be 
reduced because of drug-induced vascular relaxation, 
adrenergic receptor blockade, or depression of central 
vasomotor tone. Myocardial and vascular dysfunction 
resulting from hypoxia, acidosis, and hypotension may 
complicate the picture. 

The importance of hypotension is that it warns the 
physician of possible circulatory insufficiency; blood 
pressure also is one of several indicators of response to 
treatment. The diagnosis of circulatory shock depends 
on evidence of tissue hypoperfusion. Urine output and 
markers of cellular metabolism, such as lactate, are 
useful indicators of hypoperfusion, but they must be 
interpreted in the context of physical findings, 
hemodynamic variables, and other metabolic parameters 


(arterial blood gas, glucose).! In patients with underlying 
coronary artery or cerebrovascular disease, the 
development of cardiac or cerebral ischemia may limit 
the tolerable extent of hypotension. 


Management 


Hypotensive patients should be placed in an intensive 
care unit where vital signs, fluid intake and output, body 
weight, and other parameters of circulatory function can 
be monitored continuously. Because indirect measure- 
ments of arterial blood pressure are difficult to obtain 
and often do not reflect true intra-arterial pressure in 
hypotensive states, direct measurement of intra-arterial 
blood pressure is preferred. 

If a patient has hypotension without signs of tissue 
hypoperfusion, fluids should be administered at sufficient 
rates to maintain urine output and to compensate for 
insensible losses. Fluids should be of appropriate compo- 
sition to provide electrolyte needs. In many patients with 
signs of hypoperfusion of tissues, correction of acid-base 
and electrolyte disturbances and modest fluid therapy 
are sufficient to increase perfusion to adequate levels. 
However, increased pulmonary vascular permeability 
complicates many cases of drug overdose, and fluid 
therapy may cause pulmonary edema. For this reason, 
fluids must be administered cautiously. A reasonably safe 
way to administer fluids is by short infusions of small 
volumes (100 to 200 mL) of normal saline solution. If the 
clinical response is inadequate and if the patient has no 
evidence of pulmonary edema, the short infusions 
should be repeated but should not exceed a total of 1000 
to 2000 mL over 1 to 2 hours. Evidence of pulmonary 
edema includes worsening hypoxia, decreasing lung 
compliance (manifested by increasing pressure necessary 
to ventilate a patient with a given tidal volume), and 
development of pulmonary rales. 

If shock persists despite fluid challenge, catheteriza- 
tion of the pulmonary artery and measurement of 
pulmonary artery and pulmonary capillary wedge 
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pressure, cardiac output, and mixed venous oxygen satu- 
ration from the pulmonary artery is useful to monitor 
subsequent fluid therapy and to optimize drug therapy. 
The goal of fluid therapy is to reestablish adequate tissue 
perfusion without producing fluid overload and/or 
pulmonary edema. As long as the pulmonary capillary 
wedge pressure remains low (<12 mm Hg), further fluid 
can be administered. If evidence of tissue hypoperfusion 
persists when pulmonary capillary wedge pressures have 
been restored to normal or pulmonary edema is evident, 
pressor or inotropic agents should be administered to 
restore adequate perfusion. In persons with chronic 
cardiac failure, higher pressures (220 mm Hg) may be 
necessary to maintain an adequate cardiac output, and 
fluid therapy must be managed more on the basis of 
clinical assessment of pulmonary edema than on filling 
pressures per se. 

Hemodynamic monitoring aids in the selection of 
pressor or inotropic drugs. For example, if circulatory 
failure is associated with low or low-normal peripheral 
vascular resistance, norepinephrine or dopamine should 
be selected. Both agents primarily are vasoconstrictors 
with some inotropic effects. Normalization of vascular 
resistance is a useful end point for titration of infusion 
rate. The renal vasodilatory effect of low dose dopamine 
has made it the preferred vasopressor; however, there is 
no evidence that “renal dose” dopamine provides any 
benefit to patients with impending renal failure or with 
concomitant vasoconstrictor therapy. In cases of overdose 
with drugs that have o-adrenergic receptor—blocking 
effects, such as phenothiazines or tricyclic antidepres- 
sants, more selective O-adrenergic agonists, such as 
norepinephrine or phenylephrine, may be required.* In 
vasodilatory shock refractory to standard high dose 
vasopressors, vasopressin as an adjunctive therapy may be 
helpful, although this agent has been studied primarily 
in septic shock and postcardiotomy shock.’ 

If vascular resistance is normal or high and depressed 
cardiac output is the determining factor in circulatory 
failure, drugs or interventions that increase cardiac output 
should be selected. Isoproterenol is useful particularly 
when myocardial depression is associated with brady- 
arrhythmias, although it may be arrhythmogenic; 
dobutamine, a dopamine analog with relatively selective 
inotropic activity and less arrhythmogenic potential, is 
useful when heart rate is already adequate. In some 
patients, the addition of the phosphodiesterase inhibitor 
amrinone to other vasopressors has resulted in hemo- 
dynamic improvement. Amrinone is both an inotropic 
and a vasodilating agent and should not be used when 
peripheral vascular resistance is low. In patients with 
both myocardial depression and low vascular resistance, 
epinephrine or combinations of norepinephrine or 
dopamine and isoproterenol may be useful. Specific 
agents that may improve myocardial contractility are 
calcium and insulin/dextrose in calcium channel 
blocker overdose and glucagon in B-blocker overdose. If 
fluid replacement, vasopressors, and other inotropic 
agents do not reverse drug-induced shock, circulatory 
assist devices should be used, such as intra-aortic balloon 
pump or cardiopulmonary bypass. 


Pressor therapy has potential risks: pressor-induced 
venoconstriction can increase venous return and worsen 
pulmonary edema, and arteriolar constriction can further 
reduce tissue perfusion. However, in studies of the 
effects of infusion of norepinephrine in patients who 
overdosed with sedative drugs, the positive effects of 
norepinephrine on cardiac output outweighed the 
vasoconstrictor effects, and blood pressure increased 
without an increase in vascular resistance.* 


ARRHYTHMIAS 


General Mechanisms 


Three basic mechanisms are involved in the production 
and maintenance of arrhythmias: abnormal impulse 
formation, abnormal impulse conduction, and abnormal 
triggering. 


ABNORMAL IMPULSE FORMATION 

The sinus node is the normal pacemaker since it has the 
fastest intrinsic firing rate. This intrinsic firing rate is 
influenced by the resting membrane potential, the 
threshold potential, and the slope of the diastolic depo- 
larization (phase 4). Conditions or agents that increase 
the slope of phase 4, lower the threshold potential toward 
the resting potential, or raise the resting membrane 
potential so that it approaches the threshold potential 
result in an increase in sinus rate as well as generation of 
automatic impulses from cells that do not normally 
manifest automaticity. A new site of pacing results when 
the rate generated by this abnormal focus exceeds the 
sinus pacemaker rate. Conversely, conditions or agents 
that decrease the rate of diastolic depolarization, raise 
the threshold potential toward 0, or lower the resting 
membrane potential so that it takes longer to reach 
threshold potential result in a decrease in the spontaneous 
firing rate. 


ABNORMAL IMPULSE CONDUCTION 

Delays in conduction or block of conduction of electrical 
impulses, together with differential refractoriness of 
myocardial tissues, may lead to reentry tachyarrhythmias. 
Such arrhythmias are initiated by early impulses that 
encounter refractory tissue or anatomic obstacles (e.g., 
scar), through which they cannot propagate because of 
their prematurity; thus, they travel down alternate slowly 
conducting pathways. If the impulses return to the area 
originally refractory but now excitable, the tissue is able 
to conduct them. This particular set of electro- 
physiologic circumstances (unilateral conduction delay 
and slow impulse transmission in alternate pathways) can 
lead to paroxysmal or sustained arrhythmias (Fig. 8-1). 


TRIGGERED RHYTHMS 

Triggered rhythms are abnormal initiations of impulses 
that occur as a result of afterdepolarizations, which are 
oscillations of the action potential during phases 2 to 4. 
Two types of afterdepolarizations are distinguished from 
each other by their temporal relationship within the 


Normal Reentry 
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FIGURE 8-1 Drug-induced reentry: Schema of Purkinje’s tissue 
or ventricular muscle through which impulse transmission occurs. 
A, Normal depolarization of a muscle segment. Impulses spread 
simultaneously down various conduction pathways to depolarize 
distal areas. Depolarization and repolarization proceed homo- 
geneously. B, Reentry. The hatched area represents a local area 
with depressed conduction, which might be produced by a 
membrane-depressant drug. An impulse traveling anterogradely 
in an area of depressed conduction is blocked (dark horizontal 
lines); impulses traveling in adjacent pathways, however, can pass 
through the area of conduction delay in retrograde fashion. If 
tissue proximal to the depressed area is repolarized already and is 
now excitable, restimulation (reentry) occurs. 


repolarization phase: early and delayed afterdepolariza- 
tions (EADs and DADs). EADs are the most common foci 
for triggered rhythms in the poisoned patient and are 
caused by blockade of outward potassium channels. The 
surplus of intracellular cations result in delay of return of 
the action potential to its baseline and upward oscilla- 
tions of the action potential above threshold. Torsades 
de pointes and ventricular tachycardias often are 
precipitated by these triggered responses. DADs occur at 
the end of repolarization and result from intracellular 
calcium overload, as seen in digitalis toxicity or excess 
catecholamine states. Although triggered rhythms have 
not been incontrovertibly proved to be responsible 
for specific arrhythmias in patients, many rhythm 
disturbances, particularly if they are pause or bradycardia 
dependent or occur in association with a prolonged 
QTU interval, are likely due to this underlying 
mechanism. 


Arrhythmogenesis in Poisoned Patients 


In the setting of drug overdose, cardiac arrhythmias can 
be caused by direct or indirect sympathomimetic effects, 
anticholinergic effects, the effects of altered central 
nervous system (CNS) regulation of peripheral autonomic 
activity, and myocardial membrane depression. 
Contributing factors to arrhythmogenesis during the 
course of drug overdose include hypotension, hypoxia, 
and disturbances in acid—base and electrolyte balance. 


SYMPATHETIC INFLUENCES 

The action of many drugs involves the autonomic 
nervous system, so it is useful to understand the effects of 
sympathetic and parasympathetic activity on cardiac 
electrophysiology. B-Adrenergic stimulation accelerates 
spontaneous diastolic depolarization, thereby increasing 
the sinus rate; enhancement of automaticity in other 
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pacemaker tissues (atrial, atrioventricular [AV] junctional, 
Purkinje) may result in accelerated ectopic rhythms. 
B-Adrenergic stimulation also increases conduction 
velocity in slow (calcium-dependent) channel fibers, thus 
leading to more rapid sinoatrial and AV nodal 
conduction of impulses. The effect of catecholamines on 
fast channel fibers such as normal Purkinje fibers is to 
accelerate repolarization and shorten the action 
potential duration and refractory period, although 
effects on conduction velocity are relatively negligible. 
Finally, B-adrenergic stimulation enhances afterdepo- 
larization magnitude, thereby increasing the potential 
for triggered tachyarrhythmias. B)-receptor blockade 
causes blunting of chronotropic, dromotropic, and 
inotropic effects of endogenous and exogenous 
catecholamines. 


PARASYMPATHETIC INFLUENCES 

Parasympathetic stimulation slows the rate of spontaneous 
diastolic depolarization, resulting in slowing of the firing 
rates of pacemaker tissues. Slowing of the sinus rate may 
result in the emergence of an escape rhythm originating 
in supraventricular or ventricular tissue. Delay in 
impulse transmission through the AV node as a result of 
parasympathetic stimulation may produce AV block; this 
“vagotonic block” usually occurs in the presence of sinus 
slowing and can take the form of progressive delay in 
impulse conduction through the AV node (Figs. 8-2 
and 8-3). The effects of cholinergic stimulation on 
ventricular conduction tissue include the raised electric 
threshold necessary for induction of ventricular 
fibrillation, particularly in the presence of high 
sympathetic activity. Inhibition of cholinergic receptors 
results in unopposed sympathetic stimulation, which 
results in sinus tachycardia (rate usually < 150 beats per 
minute) and a modest rise in blood pressure. 

An interesting arrhythmia resulting from increased 
parasympathetic tone has been recognized. It is 
characterized by supraventricular tachyarrhythmias, 
especially atrial fibrillation, occurring during periods of 
high vagal tone, such as sleep, and is not found during 
exercise or stress. Drugs such as digitalis or B-adrenergic 
blocking agents tend to precipitate or worsen these 
arrhythmias. These arrhythmias can be treated effectively 
(suppressed) by oral theophylline, if not otherwise 
contraindicated, or by cardiac pacing to eliminate the 
pause or bradycardia dependence. The underlying 
mechanism of production of this arrhythmia may be 
acetylcholine-mediated shortening and dispersion of 
atrial refractory periods, resulting in inhomogeneous 
atrial repolarization and depolarization sequences. 
Because these arrhythmias do not connote underlying 
heart disease, their recognition is important. Anti- 
cholinergic effects also may rarely predispose to AV 
nodal reentrant tachyarrhythmias via differential effects 
on nodal conduction velocity and refractoriness of 
reentrant pathways. 


MEMBRANE DEPRESSION 
In a drug-overdosed patient, a direct effect on myocardial 
membranes is another important mechanism contribut- 
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FIGURE 8-2 MCL, tracing recorded during ipecac-induced 
emesis in a patient with alleged barbiturate overdose. During the 
Valsalva maneuver of vomiting, marked slowing of sinus rate with 
prolongation of the PR interval occurs, resulting in a prolonged 
pause in rhythm terminated by a ventricular escape beat. Sinus 
slowing with or without concomitant AV block, such as depicted 
here, is due to hypervagotonia, and the arrhythmia is known as 
vagotonic block. This has no prognostic significance for underlying 
heart disease. The arrhythmia usually is transient and requires no 
specific treatment. 


ing to arrhythmogenesis. Depressant effects on membrane 
responsiveness are exemplified by quinidine, which 
inhibits the fast sodium current, so that for a given 
resting membrane potential depolarization is associated 
with a reduced rate of voltage change and a reduced 
maximum achieved voltage. As a result, impulse conduc- 
tion is slowed. In addition, membrane depressants shift 
the threshold potential toward 0, thus requiring stimuli 
of greater intensity to initiate the action potential. 
Additional effects of quinidine include prolongation of 
the action potential duration and refractory period, 
which prolong repolarization time. These electro- 
physiologic effects result in slowed repolarization and 
depolarization times, especially in His-Purkinje tissue. 
These events are reflected in the surface electro- 
cardiogram (ECG) as a prolongation of the QT interval 
and, in toxic doses, of the QRS duration. With severe 
intoxication, intraventricular block and asystole supervene, 
with inability to generate a response for any stimulus 
strength; this is manifested clinically by failure to 
respond to cardiac pacing at high stimulus voltage. 

The basis for the arrhythmogenic effect of quinidine 
lies in part in its ability to produce disparate depo- 
larization and repolarization times in His-Purkinje tissue 
and to delay impulse transmission. The production of 
unidirectional conduction block and the delay in 
impulse propagation in other areas enable reentry 


tachycardias to occur. Quinidine and quinidine-like agents 
also can cause a form of polymorphous ventricular 
tachycardia, termed torsades de pointes (Fig. 8-4), probably 
due to triggered rhythms when occurring in the setting 
of a long QTU interval, as discussed previously. 

The arrhythmogenic effects of most drugs during 
overdose are best understood as the combination of 
autonomic influences, membrane-depressant effects, 
and triggered rhythms. Our analysis attempts to 
categorize them in this way. 


Management of Arrhythmias 


Hypotension, hypoxia, and acid-base and electrolyte 
disturbances occurring during the course of drug 
overdose may contribute to arrhythmia production and 
should be corrected (Table 8-1). 


SUPRAVENTRICULAR ARRHYTHMIAS 

Sinus tachycardia and other supraventricular arrhythmias 
usually respond to supportive therapy and subside as the 
offending drug is excreted, but if they are associated with 
hemodynamic compromise, especially in patients with 
preexisting coronary or cerebrovascular disease, specific 
therapy is warranted. For excess sympathetic activity, 
benzodiazepines and a f,-selective blocker, such as 
esmolol or metoprolol, are appropriate. Physostigmine 
may be indicated for anticholinergic drug ingestions. 
However, with concomitant evidence of cardiac membrane 
depression, as occurs with overdose of tricyclic anti- 
depressants, such an approach may itself be hazardous, 
as discussed later. If the supraventricular tachycardia is 
due to theophylline toxicity, administration of esmolol or 
metoprolol is useful in slowing a rapid ventricular 
response to atrial fibrillation or flutter without significant 
compromise in blood pressure. Electrical cardioversion 
is an acceptable alternative when arrhythmias are life 
threatening and fail to respond to pharmacologic 
treatment. 


VENTRICULAR ARRHYTHMIAS 

Pharmacologic therapy for drug-induced ventricular 
arrhythmias is similar to that used in the setting of acute 
myocardial ischemia. An important exception exists in 
cases of overdose of membrane-depressant drugs such as 
quinidine or tricyclic antidepressants; in these instances, 
similar sodium channel blocking agents such as 
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FIGURE 8-3 A 13-year-old girl ingested 325 mg of phenylpropanolamine and presented with a headache and blood pressure of 130/100 
mm Hg. The electrocardiogram showed sinus arrhythmia with Wenckebach-type AV block, reflecting surges of vagal tone. The vagal 
discharge is a reflex response to phenylpropanolamine-induced vasoconstriction and hypertension. 
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FIGURE 8-4 V, rhythm strip showing polymorphous ventricular tachycardia occurring abruptly and without warning. This particular 
arrhythmia often is referred to as torsades de pointes, reflecting a twisting of the QRS complexes around the electrocardiographic 
baseline. It occurs in association with prolongation of the QT interval due to any cause (including idiopathic) and may be seen also in 
acute ischemic heart disease. In this tracing, the QT interval, measured from other leads, was 0.56 seconds. 


Arrhythmias and Their Management 


TYPE COMMENT TREATMENT 
Tachyarrhythmias 
All Correct hypotension and acid-base and electrolyte 


Sinus tachycardia 


Ectopic atrial tachycardia 


Atrial flutter 


Atrial fibrillation 


Junctional tachycardia 


Ventricular ectopy (couplets, 
triplets, multiform 
complexes, sustained 
tachycardia, fibrillation) 


Bradyarrhythmias 


Sinus bradycardia, including 
sinus arrest, sinoatrial block, 
and vagotonic bradycardia 

Vagotonic AV block 


AV block type | (Wenckebach) 


Type II (Mobitz II) high-degree 
or complete block 


AV, atrioventricular; IV, intravenous. 


Usually can be made to vary with 
respiration, exercise, carotid sinus 
massage 

If 2:1 AV conduction ratio, suspect 
digitalis toxicity 


Adenosine produces sufficient AV block 
to discern atrial activity. If QRS rhythm 
is regular and slow (<100), suspect AV 
block, which might be due to digitalis 
toxicity and/or B- and calcium entry 
blocker overdosage 

May appear to be regular at more rapid 
rates. Distinguish from multifocal atrial 
tachycardia by lack of defined atrial 
activity 


No variation in rate with respiration, 
exercise. Distinguish from sinus 
tachycardia with long PR interval or 
ventricular tachycardia (if QRS 
complex is wide). May be due to 
digitalis toxicity 

If due to membrane-depressant drugs, 
other drugs in this class are to be 
avoided. If due to bradycardia, 
increase basic rate 


AV block with varying PR intervals is 
associated with slowing of sinus rates. 
Seen in states with high vagal tone, 
including sleep and specific situations 
such as suctioning or endoscopy 


If atrial rate is increased by atropine or 
isoproterenol, increase in degree of 
AV block may occur 


*May be hazardous if associated with membrane-depressant drug overdose. 


disturbances 
No specific treatment indicated. If hemodynamic 
compromise, B blockade 


If hemodynamic compromise, B blockade, sotalol, 
amiodarone, or calcium channel blockade. If 
digitalis toxic, withdraw digitalis 

Direct current cardioversion (low energy levels 
usually suffice); pace termination; IV verapamil, 
diltiazem, esmolol, or metoprolol will slow 
ventricular rate; procainamide IV ibutilide for 
pharmacologic conversion 


Intravenous diltiazem, verapamil, esmolol, and/or 
metoprolol or amiodarone to slow ventricular 
response (if necessary). Direct current 
cardioversion if an accessory pathway is known 
or suspected and ventricular response is rapid 

If rate is rapid, B blockade, physostigmine,* pace 
termination; direct current cardioversion 


IV lidocaine, B blockade, isoproterenol, 
magnesium, and/or cardiac pacing if due to 
bradycardia or associated with long QT. Direct 
current cardioversion or defibrillation. 
Procainamide IV if sustained monomorphic 
ventricular tachycardia in ischemic setting. IV 
amiodarone if hemodynamically destabilizing 
rapid ventricular tachycardia 


No specific therapy. If hemodynamic 
decompensation, IV atropine, isoproterenol, 
cardiac pacing 

No specific therapy. Atropine, oral theophylline, 
if sustained. Note: Atropine should not be 
administered if vagotonic rhythm is a reflex 
response to drug-induced hypertension, because 
it will aggravate the hypertension 

If hemodynamic compromise, atropine, IV 
isoproterenol, cardiac pacing 

Cardiac pacing 
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procainamide and disopyramide are contraindicated. 
Selection of secondary drugs depends on the particular 
overdose; thus, benzodiazepines and a B, blocker might 
be indicated for sympathomimetic drug overdose, 
magnesium or digitalis antibodies for digitalis overdose, 
and high dose magnesium (1 to 2 g over 1 to 2 minutes) 
and overdrive pacing or isoproterenol for polymorphous 
ventricular tachycardia with a long QT interval (torsades 
de pointes).° Sustained ventricular tachycardia and 
fibrillation require electrical conversion or defibrillation; 
intravenous administration of amiodarone can be used 
to attempt to prevent recurrence. 


WIDE COMPLEX TACHYCARDIA OF UNCERTAIN 
ORIGIN 

The ECG occasionally shows a regular wide complex 
ORS rhythm without readily discernible atrial activity; 
the origin of the QRS rhythm may thus be uncertain. 
Rate alone is not a useful criterion in distinguishing 
ventricular tachycardia from supraventricular tachycardia 
with intraventricular aberration, especially in a patient 
suffering from a drug overdose. QRS morphology, on the 
other hand, can be helpful. Ventricular tachycardia is 
suggested by very bizarre QRS complexes; superior 
deviation of the mean frontal plane QRS axis; qR, RR’, or 
R waves in leads aVr and V}; rS or QS in leads aVL and 
Vs; or concordance (similarity) of QRS morphology in 
the precordial leads. Supraventricular tachycardia with 
intraventricular aberration is suggested by QRS 
morphology that closely resembles typical bundle branch 
block patterns. Past ECGs with which to compare current 
ones may be helpful if they have shown a previously 
present bundle branch block pattern or ventricular 
premature complexes that resemble the present rhythm 
(Fig. 8-5). 

The relationship of ventricular to atrial activity may 
afford another clue to the origin of the QRS rhythm. 
Establishing this relationship when atrial activity is not 
easily seen on the surface ECG often requires placing an 
electrode catheter in the esophagus or right atrium to 
register atrial electrical signals. The simultaneous 
recording of a surface ECG lead and intracardiac or 
intraesophageal electrogram permits recognition of 
atrial activity. If this activity occurs independently of (is 
dissociated from) the regular ventricular rhythm, the 
ORS rhythm is almost certainly ventricular tachycardia. If 
atrial activity occurs irregularly at rates faster than the 
regular ventricular rhythm, the rhythm is atrial 
fibrillation. Atrial activity that is dissociated from the 
regular ventricular rhythm suggests a junctional or 
ventricular tachycardia. If atrial activity occurs at a rate 
that is a multiple of the QRS rate, atrial flutter or atrial 
tachycardia with some degree of block is suggested. If a 
1:1 relationship between atrial and ventricular activity is 
demonstrated, the direction of impulse transmission (AV 
or ventriculoatrial) is not known; only by changing the 
conduction ratios may the correct diagnosis be made. 
For example, if carotid sinus massage is applied in a 
patient with regular wide complex tachycardia and 1:1 
AV relationship and ventricular asystole occurs despite 
persistence of atrial activity, the rhythm was supraven- 
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FIGURE 8-5 These lead | rhythm strips were obtained from a 40- 
year-old woman who ingested 6 g of amitriptyline (Elavil). In 
A, the rhythm is sinus with a long PR interval. In strips B and 
C, recorded within a 20-minute period, no P waves are seen and 
the QRS complexes are broad and bizarre. Close scrutiny reveals 
that the QRS complexes in strips B and C resemble those in strip 
A except that they are more aberrant. The value of previously 
recorded tracings when evaluating a wide complex tachycardia, as 
in strip C, is illustrated by these electrocardiograms. 


tricular in origin (Fig. 8-6). Some patients with hyper- 
kalemia have a wide QRS complex rhythm without 
discernible P waves, in which the QRS complexes are 
nevertheless stimulated via the His-Purkinje system by 
the sinus node. This rhythm is termed s¢noventricular 
conduction. The absence of P waves is due to 
hyperkalemia-related atrial arrest, and treatment of the 
hyperkalemia results in restoration of atrial muscle 
depolarization and appearance of P waves. 

Management of hemodynamically significant wide 
complex tachycardia while the diagnosis is being 
established should include carotid sinus massage as a 
readily applied initial maneuver but should be directed 
toward the potentially most life-threatening arrhythmia. 
Thus, intravenous lidocaine should be used for presumed 
ventricular tachycardia as the agent of first choice. When 
the nature of the overdose is unknown, however, 
electrical cardioversion may be the procedure of choice 
to avoid compounding the problem of arrhythmia and 
hemodynamic instability, provided there is reasonable 
certainty that the rhythm is not sinus in origin. Failure to 
convert a wide complex tachycardia to another rhythm 
after direct current cardioversion should suggest that 
sinus tachycardia may indeed be present. Certain 
antiarrhythmic agents, notably flecainide, can cause 
monomorphic ventricular tachycardia refractory to 
cardioversion attempts. Amiodarone, although not well 
studied in the context of toxicologic emergencies, may 
be used for refractory ventricular arrhythmias. 


Surface lead V, 


Intracardiac electrogram 


Intracardiac electrogram during carotid sinus massage 
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FIGURE 8-6 The patient is a 67-year-old man 
with chronic obstructive pulmonary disease. He 
developed tachycardia during treatment with 
aminophylline. The surface electrocardio- 
graphic V, lead (top) shows a QRS duration of 
0.12 seconds and no clearly discerned atrial 
activity. Intracardiac electrography (middle) 
reveals a 1:1 relationship between ventricular 
(the broad, large deflections) and atrial (the 
sharp, small deflections) activity. The direction 
of impulse transmission is not known. Carotid 
sinus massage (bottom) shows no change in 
atrial activity, whereas ventricular response is 
blocked, probably at the AV node. The change 
in the AV conduction ratio produced by carotid 
massage allows the diagnosis of atrial 
tachycardia to be made. 
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BRADYARRHYTHMIAS 

Bradyarrhythmias, particularly AV block, may occur 
unpredictably and may require temporary transvenous 
cardiac pacing. Before pacemaker insertion, transcu- 
taneous pacing and pharmacologic therapy may be 
necessary in an attempt to maintain heart rate, blood 
pressure, and cardiac output. Intravenous administra- 
tion of atropine should be tried to treat sinus or 
junctional bradycardia, except if hypertension is present 
(reflex bradycardia); intravenous administration of 
isoproterenol may be used for unresponsive sinus or 
junctional or ventricular bradycardias. These agents 
should be used with caution, however, because both may 
cause significant sinus or junctional tachycardia, and 
isoproterenol may cause ventricular extrasystolic activity, 
including ventricular tachycardia. If the bradycardia is 
corrected but the hypotension is persistent, inotropic 
agents and toxin-specific agents should be used (e.g., 
glucagon for B-blocker poisoning). 


CARDIAC PACING IN DRUG OVERDOSE 
Pacemaker-related difficulties encountered in drug- 
overdosed patients may be related to inability to sense a 
suboptimal intracardiac signal or to capture (depolarize) 
the atria or ventricles. To be sensed properly by a 
pacemaker generator, an intracardiac signal must have 
certain characteristics: adequate amplitude, rapid rate of 
change of voltage, and optimal signal duration. In 
patients overdosed with agents that alter impulse 
conduction or cause or contribute to myocardial 
ischemia or failure, the intracardiac signal often is of too 
poor a quality to be sensed, leading to improper demand 
pacemaker function. The resulting earlier-than-expected 
pacing stimulus that follows unsensed spontaneous beats 
may cause repetitive atrial or ventricular rhythms, 
including ventricular tachycardia and fibrillation. 
Another problem encountered in drug-overdosed 
patients is failure of the pacing stimulus to depolarize 
sufficient amounts of myocardial tissue to cause ventricu- 
lar activation, resulting in failure to pace. This can come 


about as a result of myocardial intercellular or intra- 
cellular edema or as a result of failure of pacing stimulus 
propagation throughout the muscle due to hyperkalemia, 
hypoxia, acidosis, or membrane-depressant agents. The 
failure to pace may be total, with all pacing stimuli failing 
to depolarize the ventricles, or intermittent, in which 
various degrees of pacemaker exit block may occur, 
including Wenckebach-type conduction (Fig. 8-7). 

Because transcutaneous pacing is not effective over 
time, it should not be used except in emergencies and 
should be followed by transvenous pacing to ensure 
stable heart rate support. 

Some patients in whom failure to pace is life 
threatening may require cardiopulmonary bypass or 
intra-aortic balloon (triggering off the pacing stimulus) 
support to maintain circulatory function. 


PULMONARY EDEMA 


Pulmonary edema frequently complicates overdose with 
drugs such as narcotics, sedatives/hypnotics, salicylates, 
and sympathomimetic agents. Acute inhalational non- 
cardiogenic pulmonary edema can be caused by smoke, 
ammonia, chlorine, nitrous oxide, and phosgene. The 
pathophysiology of drug-induced pulmonary edema 
involves increased pulmonary capillary permeability, as 
evidenced by normal or low pulmonary capillary wedge 
pressures and pulmonary edema fluid with a protein 
concentration similar to that of plasma. In contrast, 
cardiogenic pulmonary edema is characterized by 
increased capillary hydrostatic pressure and pulmonary 
wedge pressures of greater than 20 mm Hg. 

The mechanisms by which sedative-hypnotic drugs 
produce capillary endothelial damage are not fully 
understood. Depression of respiration may lead to 
hypoxemia, precapillary pulmonary hypertension, 
increased vascular permeability, and, finally, extrava- 
sation of fluid. An analogy has been made to cases of 
pulmonary edema at high altitude, in which hypoxia 
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FIGURE 8-7 The patient was a 76-year-old man who had chronic congestive heart failure, recurrent ventricular tachycardia for which 
he was being treated with procainamide, paroxysmal AV block for which a transvenous pacing system had been implanted, and renal 
failure. He was admitted to the hospital with acute pulmonary edema. His serum potassium level was 5.0 mEq/L, and his serum 
procainamide level was 19 ng/mL. The top MCL, rhythm strip shows a paced QRS rhythm with extremely wide QRS complexes; atrial 
activity is not discerned. The bottom two continuous MCL, rhythm strips, recorded shortly after the top strip, show episodic failure of 
ventricular capture by the pacing stimuli, with a pattern suggesting Wenckebach’s block of the pacing stimuli. Because there was no 
evidence of pacemaker generator malfunction, the failure to capture in this clinical setting was considered to result from myocardial 
stimulation threshold elevation and failure of impulse conduction owing to the membrane-depressant effects of the procainamide. 
Treatment with low-dose isoproterenol and intravenous steroids was without effect, and the patient died. 


produces a similar picture, which is rapidly reversed by 
oxygen therapy. Ethchlorvynol, when injected intra- 
venously, is an example of a drug that directly injures the 
alveolocapillary membrane. Infused salicylate, possibly 
by effects on prostaglandin synthesis, increases micro- 
vascular permeability. Pulsatile lymphatic activity is 
reduced and lymphatic drainage is retarded during 
barbiturate anesthesia. This also might contribute to the 
net accumulation of fluid in the lungs after drug 
overdose. 

Neurogenic pulmonary edema, possibly mediated by 
massive sympathetic discharge, has been well described 
after brain injury and has been suggested to occur after 
overdoses of drugs such as narcotics and salicylates. 
Sympathomimetic drugs can cause pulmonary edema 
owing to severe hypertension and diastolic noncom- 
pliance. This is most common after intravenous 
administration. By the time such a patient is evaluated by 
a physician, blood pressure may be normal or even low, 
with evidence of hypovolemia due to sequestration of 
fluid into the lungs and other extravascular sites. Direct 
depression of myocardial function by drugs may 
aggravate pulmonary edema caused by pulmonary 
capillary damage or, in the context of fluid therapy for 
hypotension, may result in cardiogenic pulmonary 
edema in the absence of pulmonary capillary damage. 

Drug-induced pulmonary edema can be present on 
admission or may develop subsequently during the 
clinical course; in either case, it complicates manage- 
ment of shock states. Fluid filtration into the lungs 
depends in part on pulmonary capillary pressure and, 
therefore, on left atrial pressure. A difficult clinical 
situation may arise in which intracardiac filling pressures 
adequate to maintain cardiac output may result in 
pulmonary transudation. Suggestions about fluid therapy 


and the use of pulmonary capillary wedge pressures have 
been discussed. Diuretics may not be effective in treating 
drug-induced pulmonary edema because filling 
pressures are already normal or low, and further diuresis 
can potentiate hypotension. Infusions of albumin have 
been proposed to increase plasma oncotic pressure and 
to draw fluid from the lungs. This is not useful because 
the protein content of the edema fluid is of similar 
composition to that of plasma, and this indicates that 
albumin passes through vascular endothelium as freely 
as water. 

Mechanical ventilation with positive end-expiratory 
pressure is an important tool used in the management of 
drug-induced pulmonary edema. Positive end-expiratory 
pressure increases functional residual capacity, reduces 
intrapulmonary shunting, and increases pulmonary 
compliance. Supplemental oxygen usually is necessary to 
maintain arterial oxygen tension at 60 to 70 mm Hg. 
Placing the patient in the prone position and using 
inverse ratio ventilation may improve ventilation- 
perfusion mismatches and oxygenation, respectively. 
The ventilatory technique of high-frequency oscillatory 
ventilation maximizes gas exchange while minimizing 
the complication of barotrauma.° 


RECOGNITION AND MANAGEMENT OF 
CARDIAC DISTURBANCES CAUSED BY 
SPECIFIC DRUGS 


Sedative-Hypnotic Drugs 
PATHOPHYSIOLOGY 


Sedative-hypnotic drugs are involved in many cases of 
drug overdose. Although cardiac complications per se 


are uncommon, it is important to understand how this 
class of drugs might influence cardiovascular disturbances 
caused by coingested drugs. The major action of 
sedative-hypnotic drugs is on the CNS and results in 
reduced sympathetic and increased parasympathetic 
peripheral autonomic tone. Barbiturates have been 
shown to depress myocardial function in animals, but 
severe myocardial depression is uncommon in humans. 
Cardiac output is commonly reduced because of relative 
hypovolemia caused by increased venous capacitance 
and absolute hypovolemia due to fluid loss into tissues, 
the latter a consequence of increased vascular perme- 
ability.’ Cardiac output and heart rate may be lower than 
normal as a result of hypothermia and reduced 
metabolic demands. As a consequence of inhibition of 
sympathetic function, heart rate frequently is less than 
expected for the degree of hypotension. 

An important complication of sedative-hypnotic drug 
overdose is pulmonary edema, which results from 
increased pulmonary vascular permeability, as just 
discussed. As a consequence, hypoxia and metabolic 
acidosis develop, and they may worsen myocardial 
performance and potentiate arrhythmias. 

The management of hypotension and shock due to 
sedative-hypnotic overdose includes judicious use of 
fluids and pressor drugs. Because venous pooling con- 
tributes to reduced cardiac output, the Trendelenburg 
position (head down, legs up) may substantially increase 
venous return, cardiac output, and blood pressure. 
Infusion of modest amounts of colloid or crystalloid 
fluids is sufficient to correct hypovolemia and to increase 
cardiac output and tissue perfusion to adequate levels in 
many patients. Failure to achieve adequate tissue 
perfusion despite increased cardiac filling pressure or 
evidence of pulmonary edema is an indication for the 
use of pressor drugs, as discussed. 


Sympathomimetics 
GENERAL CONSIDERATIONS 


Sympathetic overactivity can be caused by a number 
of drugs and toxins, as well as by sedative-drug with- 
drawal syndromes (Box 8-1). The typical manifestations 
are sinus or atrial tachycardia (Fig. 8-8), hypertension, 
seizures, hyperthermia, and, in massive ingestions, 
cardiovascular collapse and_ respiratory failure. 
Occasionally, ventricular irritability and, rarely, 
ventricular fibrillation with death are observed. 


Cocaine 

Cocaine is a potent sympathomimetic drug that is well 
known for its cardiovascular complications. It is abused 
for its euphoric effects but tolerance to CNS effects 
develops rapidly. Thus, the duration of euphoria is much 
shorter than the presence of the drug in the body. 
Repeated doses may result in accumulation of drug and 
cardiovascular toxicity at a time when the user exhibits 
neither euphoria nor a sympathomimetic toxidrome. 

Cocaine is a potent inhibitor of neuronal cate- 
cholamine uptake, which is a major mechanism of 
limiting the action of norepinephrine. In addition to its 
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Drugs 


Amphetamines 

Cocaine 

Phencyclidine 

Monoamine oxidase inhibitors 

Phenylpropanolamine and other over-the-counter 
sympathomimetics 

Theophylline 

Caffeine 

A?-tetrahydrocannabinol 

Lysergic acid diethylamide and other hallucinogens 

Chloral hydrate* 

Ethanol 

Hydrocarbon solvents* (such as toluene) 

Freon* (and other fluorocarbon aerosols) 

Sedative drug abstinence 


Cardiovascular Disturbances 


Sinus tachycardia 

Atrial tachycardia 

Sinus bradycardia‘ 
Ventricular premature beats 
Ventricular tachycardia 
Ventricular fibrillation 
Hypertension 

Hypotension* 


Other Common Manifestations 

Dilated pupils® 

Diaphoresis 

Fever 

Excitement, anxiety, psychosis (often paranoid)! 
Tremor 

Seizures 

Hypokalemia 

Metabolic acidosis 


*Sensitizes myocardium to catecholamines. 

‘Reflex response to vasoconstrictors such as phenylpropanolamine. 

*Late manifestation, usually severe overdose. 

‘Excepting phencyclidine and alcohols. 

llPhencyclidine, alcohols, and solvents may cause ataxia, lethargy, or coma. 


potent sympathomimetic action, in high doses cocaine 
blocks fast sodium channels in the myocardium; the 
result is depression of depolarization and slowing of 
conduction velocity. This is manifested on ECG as 
prolonged PR, QRS, and QT intervals, similar to that 
seen with type IA antiarrhythmics.® 

Other effects of cocaine include coronary artery 
vasoconstriction that is mediated by o-adrenergic stimu- 
lation and possibly by release of endothelium-derived 
vasoconstrictors, such as endothelin.’ A procoagulant 
effect of cocaine may predispose to in situ coronary 
artery thrombosis. The sympathomimetic effects of 
cocaine lead to increased myocardial oxygen demand 
and, in context of both the procoagulant effect and 
vasoconstriction, may result in myocardial ischemia, 
acute myocardial infarction, and arrhythmias.!° 
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FIGURE 8-8 The patient, a 27-year-old cocaine user, was admitted to the coronary care unit for electrocardiographic monitoring after 
having had two syncopal spells. The MCL, rhythm strip shows bursts of atrial tachycardia, which terminate spontaneously, and atrial 


premature beats, some of which are not conducted. 


Long-term cocaine use has been associated with left 
ventricular hypertrophy and diastolic dysfunction, 
systolic dysfunction, and dilated cardiomyopathy. Patchy 
myocardial necrosis with contraction band necrosis has 
been observed at autopsy and is believed to be the result 
of intense catecholamine stimulation of the heart. 
Arrhythmogenesis is thought to occur secondary to 
sympathomimetic activity and sodium channel blockade 
in the presence of myocardial ischemia, metabolic 
derangements, and anatomic abnormalities, as described 
earlier. 

Management depends on specific manifestations of 
toxicity (Table 8-2). Hypertension is typically managed 
with benzodiazepines and vasodilators such as nitro- 
glycerin and nitroprusside. Phentolamine, an O-antagonist, 
also can be used to counteract the vasoconstriction. 
Arrhythmias result primarily from B-adrenergic stimula- 
tion. B,-specific blockers, such as esmolol or metoprolol, 
should be selected rather than nonselective P blockers to 
avoid antagonizing the B.-mediated arteriolar dilation 
that may be opposing the o&-mediated vasoconstriction. 
Nonselective B blockade can worsen the hypertension. If 
the arrhythmia is a wide complex tachycardia, sodium 
bicarbonate should be used to counteract the sodium 
channel blockade effect of cocaine. Lidocaine also has 
been used safely in this context. Other type I 
antiarrhythmic drugs should be avoided. 

Myocardial ischemia and infarction are important 
manifestations of cocaine toxicity. Treatment should 


include oxygen, aspirin, nitrates, and benzodiazepines. 
Because vasospasm is a mechanism of myocardial 
ischemia in this context, calcium channel blockers 
should be used. Other treatment options for coronary 
vasoconstriction include phentolamine and labetalol 
(the latter in the presence of tachycardia). Propranolol 
should be avoided because of the potential harmful 
effects of Bə blockade, as discussed previously. The 
decision to administer fibrinolytics in cocaine intoxi- 
cation requires extreme caution because of the risk 
of hypertension-related complications (i.e., cerebral 
hemorrhage), associated trauma, and high frequency of 
misleading ECGs. Early repolarization variant (J point 
and ST elevation) is a common cause of abnormal ECG 
in young patients with cocaine-associated chest pain. If 
available, coronary angiography and _ revascularization 
with angioplasty, if required, is the preferred method of 
treatment of cocaine-induced acute myocardial infarction. 
If this is unavailable, and the patient has classic 
symptoms and signs of acute myocardial infarction and 
no contraindications, fibrinolytics can be given. 
Hyperthermia results from increased muscular activity 
due to agitation, seizures (increasing heat generation), and 
intense vasoconstriction (impairing heat dissipation).'! 
Immediate cooling and sedation are necessary to reduce 
morbidity and mortality. First-line agents are benzo- 
diazepines, which treat both agitation and seizures. 
Haloperidol and other dopamine antagonists should be 
avoided because they may lower the seizure threshold, 


Treatment of Cardiovascular Complications of Sympathomimetic Drug Poisoning 





MANIFESTATIONS 


Tachyarrhythmias 
Sinus or atrial 
Ventricular 

Hypertension 


TREATMENT 


Reduce environmental stimulation,* benzodiazepines 
None, metoprolol, esmolol, verapamil, diltiazem 
Metoprolol, lidocaine, cardioversion 

Reduce environmental stimulation,* benzodiazepines 


Phentolamine 
Nitroprusside 
B blocker (B,-specific if possible) if associated with tachycardia 


Convulsions 
Hyperthermia 


Lorazepam, diazepam, phenytoin, phenobarbital 
Stop seizures 


Pancuronium if seizures uncontrollable 
External cooling 
High inspired oxygen 


Myocardial ischemia/infarction 
Cardiovascular collapse 


Nitrates, calcium channel blockers, thrombolysis-esmolol/metoprolol 
Fluids (may require massive amounts in presence of hyperthermia) 


Pressors (unpredictable sensitivity) 


*Especially phencyclidine and hydrocarbons. 





further impair heat dissipation and/or potentiate 
cardiac arrythmias. External cooling measures and 
paralysis to reduce heat generation may be necessary to 
control hyperthermia. Even when muscle hyperactivity is 
prevented by paralysis, persistent seizure activity may cause 
brain injury. Therefore, electroencephalograms should be 
used to monitor paralyzed patients, and seizures should be 
controlled with anticonvulsant drugs or general anesthesia, 
if necessary. Ventilation with high oxygen concentrations is 
indicated in hyperthermia to meet the resultant extreme 
metabolic demands on organ systems. Acute renal failure 
may result from hypovolemia, hypotension, and 
rhabdomyolysis with myoglobinuria and may be prevented 
by vigorous fluid replacement, alkalinization of the urine, 
and, possibly, the use of mannitol. 


Amphetamine-Like Drugs and Over-the-Counter 

Products 

Many amphetamine-like drugs, such as ephedrine 
(ma huang) and related alkaloids, are available without 
prescription as herbal products advertised for their 
weight loss and athletic performance—enhancing effects. 
Caffeine usually is present in these supplements and may 
increase the risk of adverse cardiovascular events due to 
potentiation of sympathomimetic effects of ephedrine. 
Over-the-counter medications, such as decongestants, 
often contain sympathomimetic agents (phenylephrine, 
pseudoephedrine, or ephedrine) that have the potential 
to cause adverse cardiovascular events. Phenylpropano- 
lamine, which has a direct agonist effect on O-adrenergic 
receptors, has been removed from the U.S. market due 
to its association with hemorrhagic stroke in previously 
healthy young women.” Illicitly obtained amphetamines 
(methamphetamine, 3,4-methylenedioxymethampheta- 
mine/MDMA) and their derivatives are widely abused 
for their euphoric effects. The euphoria is associated 
with CNS and adrenomedullary sympathetic activation, 
producing the sympathomimetic toxidrome. Chronic 
use can lead to dilated cardiomyopathy, and these 
patients may present in frank congestive heart failure.!* 

Amphetamines displace and release catecholamines 
stored in neurons, directly stimulate postsynaptic 
adrenergic receptors, and may inhibit monoamine 
oxidase, the enzyme responsible for intraneuronal degra- 
dation of catecholamines. As a result of these actions, 
adverse cardiovascular events have been reported in 
temporal association with the use of amphetamines and 
amphetamine-like substances. These effects include 
acute myocardial infarction, severe hypertension, myo- 
carditis, and lethal cardiac arrhythmias.'* Other 
amphetamine-induced effects include cerebrovascular 
events, seizures, hyperthermia, and rhabdomyolysis. The 
management of amphetamine toxicity is similar to that 
discussed in the section on cocaine toxicity, as both the 
pathophysiology and manifestations of amphetamine 
toxicity are similar to that of cocaine (see Table 8-2). 


Monoamine Oxidase Inhibitors 

Clinical manifestations of monoamine oxidase (MAO) 
inhibitor toxicity resemble those of other sympatho- 
mimetic drugs: restlessness, hyperactivity, confusion or 
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stupor, neuromuscular irritability, hypertension, seizures, 
and hyperpyrexia. Hypertension, which most often 
occurs after ingestion of tyramine-containing foods or 
beverages or after taking other sympathomimetic drugs 
but can also occur after an overdose, may be severe, 
often is associated with severe headache, and has been 
associated with intracerebral hemorrhage. Hypotension 
also can occur after overdose. 

Understanding the pathophysiology of MAO inhibitor 
reactions requires understanding of the role of MAO in 
the body. MAO is located within adrenergic neurons, 
where it metabolizes catecholamines and related 
monoamines, and in the gastrointestinal mucosa and 
liver, where it metabolizes dietary monoamines, such as 
tyramine. Inhibition of MAO within the adrenergic 
neuron results in accumulation of both active and 
relatively inactive (such as octopamine) monoamines. 
Octopamine and other relatively inactive monoamines 
act as false neurotransmitters in that they are released by 
neuronal stimulation into nerve endings, where they 
do not effectively activate vascular receptors. As a con- 
sequence, MAO inhibitors, when taken continually, may 
lower blood pressure. However, MAO inhibitors, by 
slowing monoamine metabolism, also may increase 
pressor responses to catecholamines released by other 
drugs. Most important in causing hypertension is that 
MAO inhibitors in the gut and liver increase the bio- 
availability of tyramine, which in turn releases cate- 
cholamines stored in adrenergic neurons. Ingestion of 
foods rich in tyramine can lead to massive catecholamine 
release and hypertensive crisis.!° 

Tranylcypromine is an MAO inhibitor that causes cate- 
cholamine release itself and, among the MAO inhibitor 
class of drugs, has been implicated most commonly in 
cardiovascular toxicity. The newer, selective MAO 
inhibitors have less potential to cause hypertensive crises 
due to drug interactions or tyramine-containing foods. 
However, severe adverse effects have been described with 
moclobemide, a reversible inhibitor of MAO-A and 
selegiline, an irreversible MAO-B inhibitor.'® It is 
important also to recognize the potential interaction 
between meperidine and MAO inhibitors. The combina- 
tion has resulted in severe hypertension, hyperthermia, 
and seizures. The mechanism is thought to be related to 
excess serotonin effect in the brain. Therapy for MAO 
toxicity is similar to that of other sympathomimetic drugs. 

Serotonin reuptake inhibitors (e.g., fluoxetine) do 
not cause direct cardiovascular toxicity but do interact 
with MAO inhibitors and other serotonergic medications 
to produce the so-called serotonin syndrome. This 
syndrome is associated with confusion, fever, diaphoresis, 
hyperreflexia, and myoclonus and usually is self-limited 
with supportive care.!” 


Theophylline and Caffeine 

Cardiac toxicity of theophylline occurs in a different 
context from that of stimulant drugs. The most common 
circumstance is overdosage during therapy for obstruc- 
tive airway disease, often as a result of hepatic dysfunction, 
which reduces the rate of theophylline metabolism. 
Accidental or suicidal overdose occurs often in persons 
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with underlying medical illnesses. The nature and 
severity of these medical conditions have a strong impact 
on the course and severity of cardiac toxicity. 

The typical cardiovascular manifestations of theophyl- 
line overdose result from B-adrenergic stimulation and 
include tachycardia and arrhythmias (Fig. 8-9). Hypo- 
tension (rather than hypertension, as occurs with most 
other sympathomimetic drugs) is encountered in severe 
intoxications. Like amphetamines, theophylline causes 
systemic and local vascular catecholamine release. In 
addition, theophylline at high concentrations may 
inhibit phosphodiesterase, an enzyme that degrades 
intracellular cyclic adenosine monophosphate (cAMP), 
which, in turn, mediates -adrenergic actions. 
Theophylline also directly relaxes vascular smooth 
muscle and acts as an adenosine antagonist. Convulsions 
typically occur with an overdose, and cardiac and 
respiratory arrest are the usual causes of death. 

Management of cardiac toxicity due to theophylline 
ingestion in persons with chronic lung disease may be 
difficult. B-Adrenergic blocking agents are logical and 
effective treatment for supraventricular and ventricular 
arrhythmias, but they also may worsen airway obstruction. 
Relatively cardiospecific B blockers, such as esmolol or 
metoprolol, can be tried and the antiarrhythmic effects 
closely titrated against evidence of worsening airway 
obstruction. Esmolol is useful particularly in this instance 
because of its short half-life.!® 

Hypotension due to theophylline use usually results 
from peripheral vasodilation, at least early in the course 
of overdose. However, with prolonged f-sympathetic 
stimulation (many hours or even days), myocarditis with 
reduced ventricular function may occur late in the 
course of theophylline overdose. In addition, many older 
patients with chronic lung disease have ischemic heart 


aVR 


aVL 


III 
aVF 


disease. Extreme tachycardia (150 to 180 beats per 
minute, depending on myocardial function) and 
hypotension may reduce cardiac output and therefore 
myocardial perfusion, resulting in impaired myocardial 
function. 

Management of theophylline-induced hypotension 
includes correction of metabolic disturbances and 
arrhythmias and administration of fluids and pressor 
agents. If pressor drugs are to be used, it is useful to 
know the cardiac output and to be able to compute the 
systemic vascular resistance. If cardiac output is high and 
systemic vascular resistance is low, as in many cases of 
theophylline overdose, administration of vasoconstrictors 
such as norepinephrine and selective B-adrenergic 
antagonists, such as esmolol or metoprolol, are 
indicated. If cardiac output is low despite adequate 
cardiac filling pressures and systemic vascular resistance 
is normal or high as sometimes occurs late in the case of 
theophylline overdose and in persons with preexisting 
myocardial disease, inotropic agents such as dobutamine 
might be selected. 

In the presence of severe toxicity, particularly in a 
patient with serious underlying medical disease, the 
persistence of theophylline in the body and the time 
course of toxicity may be prolonged (224 hours), and 
acceleration of drug removal by hemoperfusion should 
be undertaken.’ 

Caffeine is widely consumed in beverages such as 
coffee and colas, in over-the-counter stimulants, and in 
various other combination analgesic and cold 
medications. Caffeine has pharmacologic actions similar 
to those of theophylline. Caffeine potentiates the effects 
of sympathomimetic drugs and might contribute to 
stimulant-induced adverse cardiac events. For example, 
ephedra-containing dietary supplements often contain 
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FIGURE 8-9 A 56-year-old female ingested an unknown amount of theophylline in a suicide attempt. She presented in atrial fibrillation 
with rapid ventricular rate (180 beats per minute) and a blood pressure of 60 mm Hg. She was treated successfully with esmolol, which 
immediately slowed the heart rate and increased the blood pressure. The initial theophylline level was 125 mg/L, which was treated with 
multiple-dose activated charcoal. Dialysis was recommended but was not performed, because the second level 4 hours later was 78 mg/L. 
Serial cardiac enzymes revealed an elevated troponin level, indicating myocardial injury as a complication. The patient recovered 


uneventfully thereafter. 


caffeine as well. Caffeine alone rarely causes severe 
cardiac toxicity, although cases of supraventricular 
tachycardias are reported. Patients with ischemic heart 
disease and preexisting ventricular arrhythmias may be 
particularly susceptible to these adverse events.'* Severe 
caffeine intoxication with tachyarrhythmias followed by 
cardiovascular collapse and death has occurred in 
children. We treated an adult who had ingested a massive 
amount of caffeine (NoDoz) and who had sinus 
tachycardia with a rate of 190 beats per minute, 
hypokalemia, hyperglycemia, metabolic acidosis, and 
rhabdomyolysis (Fig. 8-10). 


A?-Tetrahydrocannabinol and Hallucinogens 

The usual cardiovascular effects of A*-tetrahydro- 
cannabinol (THC), the principal psychoactive component 
in maryuana and other cannabis products, are tachycardia, 
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a slight increase in recumbent blood pressure, and, with 
large doses or in susceptible persons, orthostatic 
hypotension. THC acts on widely distributed cannabi- 
noid receptors and endocannabinoid systems. The 
effects of THC on heart rate result from centrally 
mediated sympathetic activation and reduced parasym- 
pathetic activity and systemic release of catecholamines. 
Orthostatic hypotension results from impaired 
sympathetic reflex responses and, in particular, deficient 
venoconstriction. 

Sinus tachycardia can reach rates of 140 to 150 beats 
per minute or higher and, manifested as palpitations, 
can contribute to the anxiety reaction occasionally 
reported by novice users or those consuming marijuana 
containing unusually large amounts of THC. In 
otherwise healthy persons, no specific treatment other 
than reassurance is necessary. Patients with ischemic 
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FIGURE 8-10 The patient is a 30-year-old schizophrenic woman who allegedly ingested the contents of four bottles of the over-the- 
counter preparation NoDoz, each containing 60 100-mg caffeine tablets. She was brought to the emergency room awake but mute and 
apparently hallucinating. Blood pressure was 112/74 mm Hg; heart rate, 180 to 200 beats per minute; serum potassium level, 2.2 mEq/L; 


and serum caffeine level, 200 ug/mL. 


This admission electrocardiogram shows a supraventricular tachycardia at a rate of about 180 to 190/min. The tachycardia is probably 
sinus in origin, judging from the P wave configurations. AV nodal Wenckebach’s block is present and probably the result of the 
tachycardia rate (and the inability of the AV node to respond) rather than of the pharmacologic effects of caffeine. Ventricular ectopic 


complexes also are present. 


The patient was treated with potassium and fluids, with prompt initial slowing of the sinus rate to 150 beats per minute, then with 


gradual return to normal during the next 48 hours. 
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heart disease are at greater risk from the effects of THC, 
although myocardial infarction is a rare occurrence. The 
combination of increased myocardial oxygen demand 
due to the tachycardia and increased myocardial con- 
tractility as well as decreased myocardial oxygen delivery 
due to effects of carbon monoxide derived from 
marijuana smoke may aggravate the ischemia. Persons 
with angina pectoris are not able to exercise as long after 
smoking marijuana. Ischemia combined with systemic 
release of catecholamines also might result in potentially 
severe arrhythmias. Orthostatic dizziness occasionally is 
reported by recreational users of cannabis, particularly 
after eating larger than usual quantities of THC in 
cookies or brownies. Patients receiving THC as an 
adjunct to cancer chemotherapy may exhibit orthostatic 
hypotension, particularly when they are dehydrated 
because of their disease. Hypotension responds well to 
placing the patient into a horizontal or Trendelenburg 
position and administering fluids; administration of 
pressors is rarely necessary.” 

Lysergic acid diethylamide, phenylcyclidine, psilocybin, 
and other hallucinogens commonly result in tachycardia 
and mild hypertension as part of a general sympathetic 
arousal syndrome. Cardiovascular disturbances rarely are 
serious and require only supportive care. 


Ethanol 

Chronically alcoholic patients with toxicologic prob- 
lems are seen frequently in emergency departments. 
Chronic or acute cardiovascular disorders may appear as 
primary problems or may complicate other overdoses. 
Alcoholic cardiomyopathy consisting of cardiomegaly, 
ventricular chamber dilation, reduced myocardial 
contractility, and pathologic alterations in the heart 
muscle involving both ventricles can be diagnosed in 
patients in whom the sole causative agent is ethanol 
consumption of more than 80 g per day for 10 years or 
more. Alcoholic cardiomyopathy is a leading cause of 
nonishemic and nonhypertensive cardiomyopathy in the 
United States. It is a low output form of heart failure. In 
contrast, beriberi, which is due to thiamine deficiency, 
results in peripheral vasodilation and high output heart 


failure. Alcoholic cardiomyopathy may result in low 
cardiac output, pulmonary congestion, diverse arrhyth- 
mias, or sudden death, and is treated medically like 
other types of congestive failure.!° 

Heavy binge drinkers may present with a sudden onset 
of arrhythmias, particularly atrial fibrillation or flutter 
with rapid ventricular response but also atrial or 
junctional tachycardia and ventricular arrhythmias 
(alcohol-induced atrial fibrillation has been termed 
holiday heart) (Fig. 8-11). The arrhythmias may be due to 
preclinical cardiomyopathy, electrolyte abnormalities 
(including deficiency of potassium, phosphate, or 
magnesium), or early stages of alcohol withdrawal. 

Abstinence from ethanol (and other sedative drugs) 
may be associated with intense sympathetic hyperactivity, 
hypertension, and many types of tachyarrhythmias, 
usually supraventricular but also ventricular arrhythmias, 
and sudden death. 

Lidocaine and B-adrenergic antagonists have been 
used to treat arrhythmias caused by ethanol. B blockers, 
verapamil, or diltiazem may be necessary to control the 
ventricular response rate in cases of alcohol-induced 
atrial fibrillation or flutter. Digoxin generally is not useful 
because it is not a direct AV nodal blocker. Alcohol- 
induced atrial fibrillation often is self-limited, resolving 
spontaneously in 24 to 36 hours. Metabolic disturbances, 
particularly hypokalemia, hypophosphatemia, and 
hypomagnesemia, common in alcoholic persons, may 
contribute to arrhythmias and should be corrected. 


Hydrocarbon Solvents and Fluorocarbon Aerosols 

An epidemic of sudden death was associated with 
widespread abuse of solvents by inhalation in the late 
1960s. The reported prodrome to death was described as 
victims becoming increasingly excited or panicky after 
sniffing or inhaling the solvent, exercising, then 
collapsing. The presumed cause of death was ventricular 
fibrillation. Death by solvent abuse accounted for 12.2% 
of deaths reported to poison centers in 2000 in the 13- 
to 19-year-old age group.*! Recently, a case report 
described a witnessed arrest of a 15-year-old girl following 
inhalation of butane gas. Ventricular fibrillation was 


FIGURE 8-11 These two continuous lead II rhythm strips were recorded in a 48-year-old alcoholic man admitted to the hospital after a 
syncopal spell preceded by palpitations. Sinus rhythm is interrupted by atrial tachycardia. Frequent premature ventricular complexes also 
are present, as well as bursts of ventricular tachycardia, which occasionally interrupt the atrial tachyarrhythmia. The rhythm was treated 
with intravenous lidocaine, which abolished the bursts of ventricular tachycardia but had no effect on the atrial arrhythmia. All 
arrhythmias resolved within 12 hours of admission. Work-up for organic heart disease was nondiagnostic, and 24-hour ambulatory 
electrocardiographic monitoring before hospital discharge failed to reveal any rhythm abnormalities. 


documented by paramedics and treated with defibrilla- 
tion and then epinephrine for the ensuing asystole. The 
patient survived the cardiac arrest but was left with 
significant neurologic impairment.** Animal studies have 
shown that many solvents, such as toluene, benzene, 
chloroform, trichloroethane, trichloroethylene, trifluo- 
roethane, and other fluoroalkenes (Freons), potentiate 
arrhythmias due to infused epinephrine. Thus, doses of 
epinephrine that usually produce no arrhythmias may 
cause ventricular tachycardia or fibrillation after solvent 
or fluorocarbon exposure. Solvent inhalation, even in 
the presence of normal oxygenation, may cause sinoatrial 
slowing followed by escape junctional or ventricular 
rhythms. The combination of depressed sinoatrial auto- 
maticity and myocardial sensitization to catecholamines, 
released by exercise or emotional stimuli, possibly 
accounts for the fatal ventricular arrhythmias. Toluene 
sniffing also causes renal tubular dysfunction as well as 
severe hypokalemia,” hypophosphatemia, and metabolic 
acidosis, which might aggravate arrhythmias. Ingestion 
of hydrocarbons typically is associated with a chemical 
pneumonitis and CNS depression; however, arrhythmias 
with ECG changes and elevation in cardiac enzymes 
suggestive of myocardial necrosis have been reported. 

Obviously, little can be done to treat “sudden sniffing 
deaths.” However, in persons who are intoxicated with 
solvents or fluorocarbons, steps can be taken to lessen 
the risk of arrhythmias, at least according to the current 
hypothesis of pathogenesis. Before hospital evaluation, 
patients should be advised to avoid strenuous exercise. 
Once in hospital, they should be placed in a quiet, 
nonthreatening environment and sedated, if necessary. 
Sympathomimetic drugs such as pressors and bron- 
chodilators should be avoided. Ventricular arrhythmias 
are best treated with B-blocking agents. 


Sympathetic-Inhibiting Drugs 


Cardiac disturbances caused by sympathetic-inhibiting 
drugs are listed in Box 8-2. 


B-ADRENERGIC RECEPTOR BLOCKERS 

Cardiac disturbances caused by fB-adrenergic receptor 
blockers result from receptor blockade, which all drugs 
in this class demonstrate, and other actions such as 
membrane-depressant or sympathomimetic effects, 
which differ among drugs within the class. B-Adrenergic 
blockade itself is associated with AV block (usually 
first degree), sinus bradycardia, and the emergence 
of ectopic escape pacemakers in healthy hearts.7* In 
persons with underlying cardiac conduction disease, 
advanced AV block with slow ventricular rates can occur. 
Occasionally, in the presence of severe underlying 
myocardial disease in which contractility depends on 
sympathetic activity, acute B-adrenergic receptor blockade 
can result in hypotension or cardiac failure, including 
shock or acute pulmonary edema and death. With gra- 
dual dose escalation, however, most patients with severe 
cardiac failure are able to tolerate B blockers with 
beneficial effects on mortality. 
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Propranolol and other B blockers 
Methyldopa 

Clonidine and other imidazoline derivatives 
Reserpine 

Guanethidine 

Prazosin and other œ blockers 


Cardiovascular Disturbances 


Sinus bradycardia 
Atrioventricular block 
Hypotension 

Cardiac failure* 


Other Common Manifestations 


Sedation’ 

Small pupils* 
Diarrhea 

Seizures? 
Hyperkalemia 
Bronchoconstriction! 


*Usually in patients with underlying myocardial disease. 

‘Except guanethidine and prazosin. 

*Particularly clonidine and prazosin. 

‘Propranolol and other membrane-depressant 2 blockers; rarely clonidine. 
llUsually in patients with previous asthma. 


In previously healthy persons, drugs such as pro- 
pranolol, with membrane-depressant effects, can in large 
doses directly depress myocardial function and result in 
hypotension caused by reduced cardiac output. Drugs 
such as pindolol, with intrinsic sympathomimetic activity, 
can cause tachycardia and hypertension despite 
concurrent B-blockade after an overdose. Sotalol, a B 
blocker with type III antiarrhythmic activity, is associated 
with OT prolongation and the development of torsades 
de pointes. QT prolongation and arrhythmogenesis is 
dose related and occurs both with therapeutic dosing 
(especially in the presence of renal insufficiency) and in 
overdose. 

Therapy is summarized in Table 8-3. Sinus brady- 
cardia usually is well tolerated and requires no specific 
therapy. If sinus bradycardia results in hemodynamic 
compromise, atropine, glucagon, or temporary trans- 
venous pacing should be considered. AV block resulting 
in hemodynamic compromise is an indication for tem- 
porary transvenous pacing, with dual-chamber preferred, 
if feasible. 

Hypotension usually can be managed with fluids and 
correction of bradyarrhythmias. In the presence of 
myocardial depression, glucagon, which activates 
adenylate cyclase by a nonadrenergic mechanism, may 
enhance myocardial contractility and increase cardiac 
output.*° Epinephrine, dobutamine, amrinone, and 
milrinone potentially are useful inotropic agents, 
although the doses may need to be higher than usual 
because of B blockade. Calcium chloride has been 
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MANIFESTATION TREATMENT 


Bradyarrhythmias 

Sinus or atrial 

Junctional and ventricular 
Ventricular tachyarrhythmias Lidocaine 
Cardioversion 


Hypotension 


None, glucagon,* atropine, pacing, isoproterenol 
Isoproterenol, pacing, glucagon* 


Trendelenburg’s position 


Treat bradyarrhythmias if present 

Fluids (invasive hemodynamic monitoring advised with preexisting cardiac disease) 
Glucagon, dobutamine* (if normal or high systemic vascular resistance) 
Dopamine, norepinephrine (if low systemic vascular resistance) 


Phentolamine 
Nitroprusside 


Hypertension? 


*Particularly when related to B-blocker overdose. 


tClonidine, methyldopa, guanethidine; note hypertension is often transient and is followed by hypotension. 





reported to increase blood pressure after propranolol 
overdose that is unresponsive to other medications.?’ 


Sympatholytic Antihypertensive Drugs 
and Other Centrally Acting a,-Adrenergic 
Agonists 


Clonidine is used in the treatment of hypertension, 
narcotic or alcohol withdrawal, perimenopausal hot 
flashes, and attention deficit hyperactivity disorder. Over- 
the-counter topical decongestants commonly contain 
imidazoline derivatives (naphazoline, tetrahydrozoline, 
oxymetazoline, and xylometazoline), which can cause 
systemic toxicity after either topical exposure or 
ingestion, particularly in children. 

Most patients who have ingested excessive doses of 
sympatholytic antihypertensive drugs have sinus brady- 
cardia and hypotension when first seen by a physician.*® 
Drugs such as methyldopa, clonidine, and reserpine, 
which are active in the CNS, commonly cause sedation or 
coma. After an overdose of clonidine or imidazoline 
derivatives, miosis and respiratory depression resembling 
narcotic overdose also may ensue. However, hypotension 
and bradycardia usually are more prominent than 
respiratory depression after clonidine or imidazoline 
poisoning. The reverse is true for narcotics. Clonidine 
and imidazoline derivatives, by direct O-adrenergic 
receptor agonist activity, and methyldopa, reserpine, and 
guanethidine, through systemic release of catecholamines, 
also have been associated with transient and sometimes 
severe hypertension (Fig. 8-12) 

Naloxone has been used in clonidine overdose with 
variable success and should not be relied on as the 
primary therapy for cardiovascular toxicity from this 
drug. Naloxone is recommended for cases of clonidine 
poisoning with severe respiratory depression and may be 
considered in patients with severe alteration of mental 
status and cardiovascular compromise. Naloxone use in 
topical imidazoline toxicity has not been studied.” 

In most cases, hypotension due to antihypertensive 
drug overdose is not severe and can be managed by the 
legs up, head down position and intravenous fluids. 


When hypotension is severe in the presence of 
bradycardia, atropine or cardiac pacing increases heart 
rate and cardiac output and usually increases blood 
pressure. Although often not necessary, modest doses of 
dopamine and norepinephrine usually are effective. 
Hypertension resulting from use of clonidine or other 
sympatholytic drugs is best treated with the short-acting 
a-adrenergic receptor antagonist phentolamine and, if 
necessary, vasodilators such as nitroprusside. The 
hypertensive phase after clonidine overdose is relatively 
brief, and antihypertensive treatment should be tapered 
before the subsequent hypotensive effects become 
manifested. 


Anticholinergic Drugs and Toxins 


Cardiac disturbances caused by anticholinergic drugs 
and toxins are listed in Box 8-3. 

The various anticholinergic drugs or toxins that may 
be ingested are too numerous to list separately. In most 
cases, they cause sinus tachycardia with mild hypertension. 
Serious arrhythmias resulting from purely anti- 
cholinergic compounds are uncommon unless a patient 
has underlying ischemic heart disease. For example, by 
increasing myocardial oxygen demand owing to 
tachycardia, atropine has caused ventricular tachycardia 
and fibrillation in patients after myocardial infarction. 
Many patients with anticholinergic signs have ingested 
antihistamine-sympathomimetic combinations or drugs 
such as tricyclic antidepressants or neuroleptics with 
both anticholinergic and membrane-depressant effects 
that result in more serious cardiovascular disturbances. 

If treatment is necessary because of hypotension, 
organ ischemia, severe hypertension, or severe central 
anticholinergic syndrome (i.e., delirium, coma) due to 
use of anticholinergic drugs, the most specific therapy is 
administration of cholinesterase inhibitors. Physostig- 
mine is used because it enters the brain and antagonizes 
the CNS and peripheral autonomic effects. Although 
benzodiazepines are used more commonly for treatment 
of agitation due to anticholinergic poisoning, physostig- 
mine may be more effective and result in fewer 
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FIGURE 8-12 A 54-year-old man allegedly took an overdose of clonidine. Presenting vital signs included a pulse of 60 beats per minute 
and a blood pressure of 165/110 mm Hg. While in the emergency department, he complained of sudden onset of black spots in his visual 
field in association with this rhythm. He did not lose consciousness and his blood pressure remained in the normal range. The cardiac 
monitor revealed an irregular sinus bradycardia followed by sinus slowing and arrest accompanied by complete AV block. The occurrence 
of AV block with sinus slowing/arrest is described as “vagotonic AV block” and is consistent with both the sympatholytic and vagotonic 
effects of clonidine. The arrhythmia resolved spontaneously and did not recur. 


Drugs 


Atropine, belladonna, scopolamine 

Antihistamines (including most over-the-counter hypnotics) 
Tricyclic antidepressants 

Plants (such as jimsonweed) 

Mushrooms (such as Amanita muscaria*) 

Antipsychotics? 


Cardiac Disturbances 


Sinus tachycardia 

Atrial tachycardia 
Ventricular premature beats 
Hypertension 


Other Common Manifestations 


Sedation 

Delirium, coma 

Fever 

Dry, flushed skin 

Dilated pupils 

Dry mucous membranes 

No sweating 

Hypoactive or absent bowel sounds 
Urinary retention 


*May have muscarinic as well as anticholinergic activity. 
‘Especially phenothiazines. 





complications.*” Alternatively, because anticholinergic 
drugs result in an imbalance between sympathetic and 
parasympathetic activity with a predominance of the 
former, B-blockers also may be effective in treating sinus 
and other supraventricular tachyarrhythmias. Both 
physostigmine and B-blockers may be hazardous when 
given to persons with depressed myocardial contractility; 
depressed AV conduction, such as after a tricyclic 
antidepressant overdose; or both (Fig. 8-13). 


Cholinomimetic Toxins and Drugs 


Cardiac disturbances and other common manifestations 
of poisoning by cholinomimetic drugs and toxins are 
listed in Box 8-4. The most common type of cholino- 
mimetic poisoning is that due to exposure to organo- 
phosphate or carbamate insecticides resulting in excess 
cholinesterase inhibition.*! The cardiovascular effects of 
organophosphates are unpredictable and often change 
over the time course of the poisoning. Early in the 
course, acetylcholine stimulates nicotinic receptors at 
sympathetic ganglia and causes tachycardia and mild 
hypertension. Later it stimulates muscarinic receptors or 
blocks ganglionic transmission by hyperpolarization, and 
bradycardia and hypotension result. The most common 
cardiac finding in organophosphate poisoning is sinus 
tachycardia. In severe poisonings, however, advanced AV 
block, bradyarrhythmias with hypotension, and asystole 
may occur. 
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FIGURE 8-13 The strips in the left panel are from a 32-year-old 
man who had ingested 2300 mg of amitriptyline and who received 
physostigmine, 2 mg intravenously, for treatment of status 
epilepticus. Subsequently, junctional bradycardia developed and 
was unresponsive to atropine, and asystole occurred. Junctional 
rhythm was restored after treatment with epinephrine and 
bicarbonate. Sinus rhythm returned, the QRS narrowed during the 
next 12 hours, and the patient recovered fully. 

The strips in the right panel are from a 25-year-old man who 
ingested 5000 mg of imipramine and 150 mg of propranolol. He 
received two doses of physostigmine, 2 mg intravenously, for 
recurrent motor seizures. After the second dose, sinus bradycardia 
developed and was unresponsive to atropine, and asystole 
occurred. After 10 minutes of closed chest cardiac massage and 
treatment with epinephrine and bicarbonate, sinus rhythm 
returned, although severe hypotension persisted. This patient's 
electrocardiogram results and blood pressure eventually became 
normal, but he died as a result of irreversible brain damage. 


Delayed ventricular tachycardia of the torsades de 
pointes type may occur as late as 5 days after acute 
intoxication with organophosphates. The mechanism 
is believed to be a persistent imbalance between 
sympathetic and parasympathetic influences on the 
heart. The result is nonhomogeneous repolarization 
(associated with a long QT interval) and a predisposition 
to ventricular arrhythmias. 

Bradyarrhythmias, if hemodynamically significant, 
usually can be treated effectively by administration of 
atropine or glycopyrrolate. Atropine or glycopyrrolate 
must compete with excess acetylcholine at the receptor 





Drugs 


Organophosphates 

Carbamates 

Physostigmine 

Bethanechol 

Pilocarpine 

Neostigmine, pyridostigmine 

Nicotine 

Central cholinesterase inhibitors (donopezil, rivastigmire, 
galantamine) 


Cardiac Disturbances 


Sinus bradycardia 

Atrial or junctional or ventricular bradycardia 

Atrioventricular block 

Sinus tachycardia* 

Ventricular tachycardia associated with QT interval prolongation‘ 
Hypotension 

Hypertension* 

Asystole 


Other Common Manifestations 


Pulmonary secretions and/or edema 
Small pupils 

Diaphoresis 

Lacrimation 

Salivation 

Urinary frequency and/or incontinence 
Abdominal cramps 

Diarrhea 

Fasciculations 

Convulsions 

Muscle weakness and paralysis 
Respiratory failure 


*May be seen in the early stages of cholinesterase inhibition and nicotine 
poisoning due to ganglionic stimulation. 
tMay be delayed up to several days after initial intoxication. 


site; thus, extremely large doses are required. Doses 
should be increased until cholinergic signs such as 
salivation, diaphoresis, and bronchorrhea are reversed.’ 
When anticholinergic drugs are not effective, cardiac 
pacing is indicated. Sinus or atrial tachycardia causing 
hemodynamic compromise is a greater problem to treat 
because drugs such as propranolol that might slow the 
rate might also worsen bronchoconstriction or aggravate 
conduction disturbances later in the course of the 
overdose. Patients with clinical signs of cholinesterase 
inhibition or an abnormal ECG (including QT interval 
prolongation) should have continuous cardiac monitor- 
ing for the possibility of developing ventricular 
tachycardia. The ECG findings may remain abnormal for 
several days. Treatment of ventricular tachycardia is 
similar to that previously described for torsades de 
pointes, except that anticholinergic drugs also may be 
used to normalize autonomic influences on the heart. 
Pulmonary secretions (sometimes presenting as apparent 
acute pulmonary edema) or respiratory failure also may 


result in hypoxia and acidosis, which aggravate 
arrhythmias and hypotension; anticholinergic drugs are 
the treatment of choice for bronchorrhea. Pralidoxime 
may be effective in reversing the neuromuscular- 
blocking effects of organophosphates, but it has little 
effect on cardiovascular toxicity. 

Reversible acetylcholinesterase inhibitors, such as 
donepezil, rivastigmine, and galantamine, are used in 
the treatment of mild to moderate Alzheimer’s disease. 
Experience with toxicity is very limited and has occurred 
in the context of dosing errors and unintentional 
overdose. These agents have a relatively high selectivity 
for neuronal acetylcholinesterases and a higher affinity 
for acetylcholinesterases than pseudocholinesterases but 
can, in overdose, cause peripheral cholinomimetic effects. 
In case reports and anecdotal experience with donepezil 
toxicity, presenting symptoms have consisted of nausea, 
vomiting, sinus bradycardia, and increased bronchial 
secretions.” Treatment should include supportive care, 
gastrointestinal decontamination with activated char- 
coal, and atropine. There is no known role for pralid- 
oxime. 


Membrane-Depressant Drugs and 
Toxins 


TYPE | ANTIARRHYTHMIC DRUGS 

Type IA, B, and C antiarrhythmic agents affect phase 0 
(upstroke velocity of the action potential) and action 
potential durations to various degrees in different 
portions of the conduction system and in ventricular and 
atrial muscle. These differences are reflected in varying 
effects on the ECG (Table 8-4). 

The cardiac disturbances caused by membrane- 
depressant drugs and toxins are listed in Box 8-5. 

Quinidine is the prototypical membrane-depressant 
drug. Quinidine and other type IA antiarrhythmic drugs 
(including procainamide and disopyramide) impede the 
fast sodium current across cardiac cell membranes and 
slow conduction, particularly in the His-Purkinje system.** 
In toxic doses, slowed conduction and prolonged 
repolarization are demonstrated by progressively marked 
QT prolongation, QRS widening, or AV block. Loss of 
atrial activity and slow ventricular rhythm owing to a 
failure to depolarize pacemaker cells may be observed 
(Fig. 8-14). Ventricular tachycardia and fibrillation 
may occur after therapeutic doses (“quinidine syncope”) 
as well as after overdose. Ventricular tachycardia in the 
presence of a long QT interval usually is of the 
polymorphous (torsades de pointes) type, and it is 
characterized by undulation of the QRS polarity about 
an isoelectric point (Fig. 8-15; see also Fig. 8-8). 

In addition to its electrophysiologic effects, quinidine 
in large doses depresses myocardial contractility and 
relaxes blood vessels, resulting in hypotension. In cases 
of massive overdose, this may produce shock. 
Disopyramide, and quinidine to a lesser extent, also has 
anticholinergic effects that may result in sinus tachycardia 
after a mild overdose. Similarly, overdoses of type IC 
antiarrhythmic drugs, such as flecainide and propafenone, 
may result in bradyarrhythmias, conduction delays, and 
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depressed cardiac contractility with shock. These drugs 
may have a significant proarrhythmic action and can 
cause ventricular tachycardia, even at therapeutic doses 
in people with left ventricular dysfunction. 

Therapeutic options for ventricular tachycardia due 
to quinidine or quinidine-like drugs include use of mag- 
nesium, overdrive pacing to shorten the QTU interval, 
lidocaine, phenytoin, and possibly amiodarone” 
(Table 8-5). Treatment of conduction disturbances and 
hypotension is discussed in the section on tricyclic 
antidepressant toxicity. 


CALCIUM CHANNEL BLOCKERS 

Calcium channel blockers (CCBs) block intracellular 
entry of calcium by binding L-type calcium channels 
located primarily in cardiac and vascular smooth muscle. 
The result is decreased cardiac inotropy and chrono- 
tropy and decreased vascular tone. Verapamil has 
depressive effects predominantly on sinoatrial (SA)/AV 
nodal conduction and myocardial contractility. Diltiazem 
is similar in action to verapamil but produces less cardiac 
depression at therapeutic doses. Nifedipine and other 
dihydropyridines act preferentially on vascular smooth 
muscle, resulting in vasodilation; their effect on cardiac 
conduction is nil in therapeutic doses. 

The cardiac manifestations of toxicity are essentially 
an extension of the therapeutic effects. However, in 
overdose, the selectivity of specific agents may be lost. 
Serious toxicity can occur even with therapeutic doses of 
CCBs in persons with underlying cardiac disease, and 
similar effects are observed in healthy people after 
overdose. 

Hypotension is a common feature of CCB overdose 
and results from different mechanisms. Vasodilation can 
result in hypotension due to decreased systemic vascular 
resistance; this is an effect of all CCBs. Other 
mechanisms of hypotension are negative inotropy and 
chronotropy that lead to decreased cardiac output, 
bradyarrhythmias, and shock. Inhibition of calcium 
entrance into the myocardial cell, which is necessary for 
muscle contraction, results in depressed myocardial 
contractility. Verapamil- and diltiazem-induced depression 
of slow-response cardiac cells also can result in sinus 
bradycardia or arrest and AV block, particularly in the 
setting of preexisting cardiac conduction disease. 

Management should be directed at the mechanism of 
toxicity. For bradycardia refractory to atropine, glucagon 
can be used first, followed by cardiac pacing. 
Hypotension may be due to vasodilation or negative 
inotropy or both. Vasodilation should be treated with 
fluids and vasopressors. There are a number of treat- 
ments that counteract the negative inotropy. Calcium 
chloride or gluconate is recommended, particularly for 
the treatment of hypotension. Calcium can completely 
reverse the negative inotropic effects of CCBs, and it may 
partially reverse the electrophysiologic toxicity but 
appears to have no effect in reversing vasodilation. The 
effective dose of calcium has been debated. In general, 
initial bolus doses of calcium salts followed by 
continuous infusion with monitoring of serum calcium is 
a reasonable approach, using the hemodynamic profile 
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Drugs Cardiac Effects and Disturbances 


Quinidine QT interval prolongation’ 
Procainamide Intraventricular conduction delay (QRS interval prolongation) 
Disopyramide Atrioventricular block 
Flecainide Junctional or ventricular bradycardia 
Tricyclic antidepressants Ventricular tachycardia (often polymorphous)* 
Diphenhydramine (high dose) Ventricular fibrillation* 
Phenothiazines and related neuroleptics Asystole 
Propafenone Hypotension 
Propranolol (and other membrane-depressant B blockers) * 
Cocaine (high dose) Other Common Manifestations 
No syndromes about which one can generalize, although many 
agents in this group have anticholinergic effects 


*Membrane depression seen with massive overdose; this is not a manifestation of B blockade. 
‘Among B blockers, only sotalol is reported to increase the QT interval. Flecainide usually does not increase the QT interval. 
*In the case of B blockers, usually occurs in association with bradyarrhythmia. 
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FIGURE 8-14 These strips are from a 76-year-old woman who was admitted to the coronary care unit with syncopal spells. She had been 
taking digoxin and quinidine for congestive heart failure and ventricular arrhythmias. Serum levels of both these agents were in the toxic 
range (serum digoxin level was 3.4 ng/mL, quinidine 10 mg/mL). This continuously recorded V, rhythm strip demonstrates absence of atrial 
activity and prolonged pauses in QRS rhythm, which are terminated by different ventricular escape foci at different rates. Despite 
aggressive medical management, the patient died within 48 hours with electromechanical dissociation. 


as a guide for dosing. High-dose calcium administration be administered. There is evidence also that therapy with 
has been described in CCB overdose resulting in serum high-dose insulin and glucose in severe CCB poisoning 
levels as high as 23.8 mg/dL with no adverse effect.°° can improve myocardial contractility significantly when 
Glucagon also has positive inotropic effects and should standard therapies have failed.” Finally, therapies such 
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FIGURE 8-15 The patient is a 64-year-old woman who was begun on oral quinidine therapy for frequent premature ventricular beats 
associated with palpitations. These continuous lead II rhythm strips were recorded after the third 200-mg dose and show a markedly 
prolonged QT interval, frequent multiform ventricular ectopic beats, and a self-terminating burst of polymorphous ventricular 
tachycardia. The serum level of quinidine obtained after the recording of these tracings was 3.6 mg/mL. Quinidine was withdrawn and 


oral procainamide substituted without further complications. 





Treatment of Cardiovascular Complications of Membrane-Depressant Drug Poisoning 


MANIFESTATION TREATMENT 


QRS prolongation 
Arrhythmias 
Sinus tachycardia 
Atrial tachycardia or fibrillation 
Ventricular premature beats and tachycardia 


Sodium bicarbonate 


None, esmolol or metoprolol 
Same as above plus cardioversion 
Magnesium, lidocaine, isoproterenol (with long QT only) 


Overdrive pacing 


Bradyarrhythmias Atropine 


Isoproterenol 
Pacemaker* 
Fluids (hemodynamic monitoring advised in evidence of cardiac failure or 


Hypotension 


myocardial depression) 
Treat bradyarrhythmias 
Dopamine, norepinephrine (low systemic vascular resistance) 
Dobutamine, isoproterenol (low cardiac output) 
Intra-aortic balloon pump or cardiopulmonary bypass (if intractable cardiogenic 


shock) 


*May require high-voltage output to ensure capture. 





as pacing, intra-aortic balloon pump, and extracorporeal 
bypass have been used successfully in refractory shock in 
this setting. 


TRICYCLIC ANTIDEPRESSANTS AND 
ANTIPSYCHOTIC DRUGS 
At one time, tricyclic antidepressants (TCAs) accounted 
for more cardiac morbidity and mortality than any other 
class of drugs. With the introduction of selective 
serotonin reuptake inhibitors, the incidence of TCA 
overdose has declined but the morbidity and mortality 
remains high. The mechanisms of TCA action include a 
strong anticholinergic effect, inhibition of neuronal 
uptake of catecholamines, membrane depression, 
peripheral o-adrenergic blockade, and CNS-mediated 
inhibition of sympathetic reflexes. 

In mild and moderate cases of TCA overdose, 
anticholinergic effects and increased circulating cate- 


cholamines result in sinus tachycardia, increased cardiac 
output, and normal or increased blood pressure. In 
severe cases, impaired His-Purkinje and intraventricular 
conduction and depressed myocardial contractility 
predominate, and hypotension is observed. Prolongation 
of the QRS duration is present in most cases of serious 
TCA toxicity. The finding of a rightward terminal 40-ms 
frontal plane QRS vector (130 to 270 degrees) is 
reported to be more sensitive than QRS widening in 
detecting tricyclic poisoning in adults, but not in child- 
ren (who may normally have a rightward axis). In one 
study, the finding of a terminal R wave in aVp greater 
than 3 mm was shown to be the only ECG finding that 
significantly predicted the development of seizures and 
dysrhythmias (Fig. 8-16).°°°" Bundle branch block, AV 
block with a slow ventricular rhythm, and asystole may 
occur in the most severe poisonings (see Fig. 8-15; see 
also Figs. 8-5 and 8-13). Responsiveness to electrical 


aVR 


aVR 


B 


FIGURE 8-16 A 14-year-old girl with a suicidal ingestion of 
amitriptyline presented with altered mental status. A, Her initial 
ECG revealed a QRS of 110 and a prominent R wave in aVR. The 
patient seized just as preparations for intubation were being 
made. B, Subsequent to termination of the seizure with lorazepam, 
sodium bicarbonate boluses were administered with resolution of 
the tall R wave in aVR and narrowing of the QRS interval to 90 ms. 
The patient subsequently recovered uneventfully and was 
transferred to the psychiatric service on hospital day 3. 


stimulation is decreased so that pacing thresholds are 
often higher than normal; in extreme cases, the 
myocardium does not respond at all to pacing. Hypo- 
tension usually results from depressed cardiac output. 
Cardiac output may be reduced as a result of venous 
pooling with inadequate cardiac filling (associated with 
low pulmonary capillary wedge pressure) or, in more 
severe poisoning, as a result of myocardial depression 
(associated with normal or high wedge pressure). 

Therapy for TCA overdoses should be tailored to the 
particular cardiovascular disturbance. Sinus tachycardia 
is the most common cardiac disturbance in TCA toxicity 
and usually is not associated with hemodynamic 
instability. Sinus tachycardia and supraventricular 
arrhythmias, if associated with hemodynamic disturbances 
(either excessive hypertension or hypotension), can, in 
theory, be controlled with physostigmine or propranolol. 
These drugs can depress cardiac conduction and their 
use in the past has resulted in significant toxicity, such as 
severe bradyarrhythmias and asystole (see Fig. 8-13). 
Their use is therefore not advocated in the setting of 
TCA overdose. 

The administration of sodium bicarbonate achieves 
both an increased extracellular sodium concentration, 
overcoming the sodium channel blockade, and an 
increased extracellular pH, which facilitates sodium 
conductance (Fig. 8-17). Sodium bicarbonate also results 
in a decreased extracellular potassium concentration. All 
of these effects may result in improved membrane 
responsiveness and increased conduction velocity in fast- 
response (His-Purkinje) cells.® Therefore, any intra- 
ventricular conduction delay (QRS > 0.10, Rin aVr > 3 mm, 
right bundle branch block), wide complex tachycardia, or 
hypotension should be treated with sodium loading and 
serum alkalinization. Alkalinization can be achieved also 
with hyperventilation but results in hypocapnia, which 
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may lower the seizure threshold, and seizures are a 
common and serious complication of tricyclic 
antidepressant overdose. 

After sodium bicarbonate, lidocaine is the treatment 
of choice for ventricular arrhythmias. Other type IA or 
IC sodium channel blocking antiarrhythmic drugs 
(quinidine, procainamide, disopyramide, propafenone, 
flecainide), which have additive membrane-depressant 
effects, should be avoided. Overdrive pacing has been 
used successfully to treat torsades de pointes ventricular 
tachycardia caused by type IA drugs or long QT syn- 
drome and would likely be useful in treating TCA 
overdose as well. Amiodarone could be considered for 
ventricular tachycardia or fibrillation unresponsive to 
lidocaine, but this has not been studied. Amiodarone 
impairs conduction via weak calcium channel and 
B-blocker effects and could worsen TCA-induced 
atrioventricular block. 

Because both tachycardia and intraventricular conduc- 
tion delay are characteristic and ventricular tachycardia is 
not uncommon, the diagnostic problem of a wide 
complex tachycardia of uncertain origin is common; 
diagnosis and treatment of this arrhythmia were discussed 
in detail in an earlier section of this chapter. 

Intracardiac pacing is indicated in patients with high- 
grade AV block. If intraventricular conduction is 
worsening (1.e., if the QRS complex is widening) early in 
the clinical course, when the extent of ultimate 
myocardial depression is not yet known, prophylactic 
insertion of a transvenous pacemaker is advised because 
of the chance of sudden deterioration. The presence of 
sinus or ventricular bradycardia rather than the usual 
supraventricular tachycardia indicates severe toxicity and 
warrants pacing as well. 


C 


FIGURE 8-17 Lead Il electrocardiograms recorded in a 40-year- 
old woman who ingested 6 g of amitriptyline (Elavil). The top strip 
(A), recorded on admission, shows a wide QRS rhythm and 
markedly prolonged QTU interval; atrial activity is not clearly 
discernible. Strips B and C were recorded 30 and 60 minutes, 
respectively, after intravenous administration of 44 mEq of 
NaHCO3. In B, the QRS rate increased and alternation of QRS 
complexes is present. The QT interval remains prolonged, but the 
U wave is less prominent, and the QRS duration of alternate 
complexes has narrowed. Atrial activity still is not readily seen. In 
C, P waves precede each QRS complex and QRS duration remains 
prolonged, but the QT interval has shortened. This series of 
tracings suggests a supraventricular origin of the rhythm in strips 
A and B. 
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Hypotension is common after a TCA overdose. In 
many patients, hypotension can be managed successfully 
with fluids. If pressors are required, O-adrenergic 
agonists such as norepinephrine or dopamine are 
preferred. Dobutamine may prove to be useful in 
managing myocardial depression with normal or 
increased vascular resistance. Profound cardiogenic 
shock resulting from TCA overdose often is unresponsive 
to medical treatment and has a poor prognosis. In these 
cases, extracorporeal membrane oxygenation and 
cardiopulmonary bypass may be the only means of 
sustaining life until the body can eliminate the drug. 
Intra-aortic balloon pumping for drug intoxication 
associated with intractable shock has been successful. 

Phenothiazines and other antipsychotic drugs have 
pharmacologic properties similar to those of TCAs, but 
arrhythmias are generally not as difficult to control, and 
cardiogenic shock is uncommon. Hypotension is more 
likely due to peripheral o,-adrenergic blockade and 
usually responds well to recumbent posture and intra- 
venous fluids. Differences between TCAs and anti- 
psychotic drugs probably reflect dissimilar potencies with 
respect to membrane actions and different concen- 
trations in cardiac tissue. The TCAs and their potentially 
toxic demethylated and hydroxylated metabolites are 
concentrated in the myocardium to a much greater 
extent than are the phenothiazines. Atypical antipsychotics 
produce less cardiotoxicity than traditional agents. Most 
commonly, sinus tachycardia is the only cardiac mani- 
festation of toxicity; supraventricular and ventricular 
arrhythmias have been described in overdose. Although 
repolarization abnormalities such as prolonged QT can 
occur, and sudden death has occurred in overdose, there 
have been no reports of torsades de pointes in the setting 
of overdose with atypical antipsychotic overdose.” 


Drug-Induced QT Prolongation and 
Torsades de Pointes 


Numerous medications, such as antiarrhythmics, 
antipsychotics, antibiotics, and antihistamines, have the 
potential to cause QT prolongation and thus increase 
the risk of arrhythmias, specifically torsades de pointes 
ventricular tachycardia (VT). 


The QT interval encompasses both depolarization 
and repolarization phases of the cardiac cycle. The 
normal QT interval duration ranges from 300 to 450 ms 
(up to 470 ms in females) and a QT interval greater than 
500 ms or an increase of greater than 60 ms over baseline 
is considered high risk for torsades de pointes VT, 
although the predictive value is low. During depolariza- 
tion, there is a rapid influx of positive ions (sodium) and 
during repolarization, efflux of potassium gradually 
exceeds the influx of sodium and calcium. Blocking of 
this potassium outflow current prolongs the plateau 
phase of the action potential, which is manifested as 
QT prolongation on the ECG. Therapeutically, the 
resultant lengthened refractory period suppresses 
arrhythmias. However, blocking the outward potassium 
current allows excessive inward current and may result in 
early afterdepolarizations, which are seen on the ECG as 
prominent U waves (Fig. 8-18). These early afterdepo- 
larizations eventually can reach threshold amplitude and 
trigger torsades de pointes VT.’ 

Torsades de pointes is a form of polymorphic VT 
associated with a long QT interval and a twisting polarity 
of the QRS. It tends to terminate and recur sponta- 
neously with syncope, presyncope, or no symptoms. It 
can deteriorate into ventricular fibrillation and death. 

Risk factors for torsades de pointes VT among patients 
treated with medications that prolong the QT interval 
include female gender, heart disease, hypokalemia, 
hypomagnesemia, bradycardia, excessive medication 
dose, drug interactions, and preexisting long QT or a 
family history of long QT. The majority of cases of 
torsades de pointes VT induced by noncardiac drugs had 
at least two of these risk factors in one study.” 

Treatment of drug-induced QT prolongation depends 
on the circumstance. Incidental finding of QT prolon- 
gation in the setting of both therapeutic use and 
overdose should prompt a detailed review of the above 
risk factors and discontinuation of the offending agent. 
Electrolyte abnormalities should be corrected, if present, 
and the patient should be monitored until the QT 
interval normalizes. If the patient presents with torsades 
de pointes VI, management should include discontinua- 
tion of the offending drug and suppression of early 
afterdepolarizations with magnesium, potassium, and 
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FIGURE 8-18 A 54-year-old man on methadone (140 mg PO daily) presented after an alleged overdose of clonazepam with mild 
lethargy and a sinus bradycardia of 50 beats per minute. Serum levels of potassium and magnesium were 4.4 and 1.6 mEq/L, respectively. 
Early in the course of his emergency department stay, he developed torsades de pointes ventricular tachycardia (A). He was defibrillated 
and intravenous magnesium was administered. A 12-lead ECG after resolution of the arrhythmia revealed a significantly prolonged QT 
interval with presence of “giant” U waves, attributed to the high dose of methadone. The prolonged QT interval resolved over 3 days 


and the patient was discharged with no further sequelae. 


Antiarrhythmics 
Disopyramide 
Dofetilide 
Flecainide 
lbutilide 
Procainamide 
Quinidine 
Sotalol 

Other cardiac medications 
Bepridil 

Tricyclic antidepressants 
Citalopram 

Antipsychotics 
Thioridazine 
Haloperidol 
Droperidol 

Antihistamines 
Astemizole 
Terfenadine 

Anti-infectives 
Chloroquine 
Erythromycin 
Halofantrine 
Pentamidine 

Gastrointestinal agents 
Cisapride (restricted indications) 
Droperidol 

Opioids 
Levomethadyl 
Methadone 

Arsenic 

Organophosphate poisoning 


*This list is not exhaustive. 





lidocaine. Increasing the heart rate to shorten the QT 
interval can be accomplished with overdrive pacing. If 
this is unavailable, isoproterenol may be used to 
accelerate the heart rate. Defibrillation is necessary when 
torsades de pointes VT degenerates into ventricular 
fibrillation. Please see Box 8-6 for a list of drugs that 
cause torsades de pointes. There is a website that lists all 
current drugs associated with torsades de pointes VT: 
www.torsades.org. 


Miscellaneous Drugs and Toxins 


Cardiovascular disturbances due to miscellaneous drugs 
and toxins are listed in Table 8-6. 


DIGITALIS 

Mortality and major morbidity due to digitalis overdose 
result from tachyarrhythmias, heart block, and hyper- 
kalemia. Digitalis inhibits the sodium-potassium adenosine 
triphosphatase (ATPase) pump located on the cell 
membrane. In the therapeutic situation, this results in 
greater intracellular calcium concentrations, which is 
believed to account for increased myocardial contrac- 
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tility. After an overdose, disruption of sodium and potas- 
sium movement across membranes results in depressed 
conduction velocity, as described for membrane- 
depressant drugs. In addition, automaticity of previously 
nonautomatic tissue is enhanced due to increased rate of 
diastolic depolarization and possibly to spontaneous 
afterdepolarizations (“triggered” rhythms). Digitalis also 
may increase sympathetic and parasympathetic neural 
activity. Sympathetic stimulation enhances automaticity 
and excitability, whereas parasympathetic stimulation 
further decreases conduction velocity. Thus, an overdose 
with digitalis is characterized by arrhythmias demon- 
strating both increased automaticity and depressed 
atrioventricular and/or intraventricular conduction.* 

Tachyarrhythmias due to digitalis intoxication 
typically include ectopic atrial tachycardia with AV block 
(generally and classically 2:1), AV junctional tachycardia, 
and ventricular tachycardia (classically bidirectional) or 
fibrillation (Figs. 8-19 and 8-20). Ventricular arrhythmias 
are reported to occur more commonly in persons with 
underlying heart disease. Bradyarrhythmias include 
sinus bradycardia, sinoatrial block, second-degree and 
complete AV block, slow ventricular response in patients 
with atrial fibrillation, idioventricular rhythm, and 
asystole (Fig. 8-21). Digitalis rarely causes atrial fibrilla- 
tion or flutter. Severe hyperkalemia due to inhibition 
of sodium-potassium exchange in skeletal muscle can 
contribute to AV block and depressed myocardial 
excitability (Fig. 8-22). 

Digoxin-specific Fab fragments are the main 
treatment for severe digitalis toxicity. Digoxin-specific 
Fab fragments are the definitive treatment for life- 
threatening ventricular arrhythmias or hyperkalemia. 
The antibodies bind free digoxin and may completely 
reverse digitalis toxicity within 15 to 30 minutes. 

In the event that this treatment modality is either 
unavailable or ineffective, therapy is directed at the 
specific arrhythmia and normalization of serum potassium 
level. Supraventricular arrhythmias rarely require 
specific treatment because the ventricular response is 
reasonably slow. Patients who have been taking diuretics 
may be depleted of potassium and magnesium, and 
supraventricular tachyarrhythmias may respond to 
potassium or magnesium supplementation. However, 
potassium may depress AV conduction, and, as described 
earlier, in extreme overdoses life-threatening hyper- 
kalemia may be present. 

Ventricular tachyarrhythmias may respond to lidocaine; 
quinidine-like membrane-depressant drugs should be 
avoided. Phenytoin has been reported to be effective in 
treating arrhythmias, because it may enhance AV 
conduction while depressing automaticity, but its effect is 
inconsistent and unpredictable. Esmolol also has been 
used to treat ventricular arrhythmias; however, B blockers 
may also worsen conduction disturbances. Cardioversion 
is relatively contraindicated since it may result in 
ventricular fibrillation or asystole.“ 

Sinus bradycardia and AV conduction block, in light 
of the vagal actions of digitalis, may respond to 
administration of atropine. Cardiac pacing is indicated 
in patients with complete AV block or second-degree 
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EFFECTS OF POISONING BY ORGAN SYSTEM 


Cardiovascular Disturbances—Miscellaneous Drugs and Toxins 


DRUG/TOXIN 


Digitalis (including 
foxglove, 
oleander, lily of 
the valley, and 
toad venom 
[bufotoxin]) 


Opiates 


Lithium 


Ergot derivatives 


Carbon monoxide, 
hydrogen sulfide 


Cyanide 


Arsenic 


Arsine 


Phosphorus 


Iron 


Fluoride 


Organic mercury 
(chronic) 


Lead 





MECHANISMS OF ACTION 


Inhibits Na* -K+ ATPase-dependent 
pump, increases automaticity, 
afterdepolarizations, decreases 
atrioventricular conduction 
velocity, increases vagal and ? 
sympathetic activity 


Central nervous system-mediated 
increase in parasympathetic 
and decrease in sympathetic 
tone 

Disturbed cardiac potassium 
metabolism 


Constriction of vascular 
smooth muscle 


Binds to hemoglobin, 
preferentially to oxygen, 
causing chemical asphyxia 


Binds to cytochrome oxidase, 
causing chemical asphyxia 

Interferes with cellular 
respiration 


Hemolysis, anemia 


"Protoplasmic poison” 


Cellular membrane injury 


Hypocalcemia 
Hyperkalemia 


CARDIOVASCULAR DISTURBANCES 


Atrial tachycardia with 
atrioventricular block 

Junctional tachycardia 

Ventricular ectopy, tachycardia, 
fibrillation 

Sinus bradycardia 

Sinoatrial block 

High-grade atrioventricular block 

Slow ventricular response to 
atrial fibrillation or flutter 

Asystole 

Bradycardia 

Atrial fibrillation 

Hypotension 

Long QT (methadone) 

Sinus bradycardia 

ST-T abnormalities 

Ventricular ectopy 


Cardiac ischemia (angina, 
coronary spasm with possible 
myocardial infarction) 

Peripheral vasospasm 

Gangrene 

Cardiac ischemia 
(electrocardiographic 
abnormalities, myocardial 
infarction) 

Hypotension 

Hypotension 


Cardiac ischemia 

Myocarditis 

ST-T abnormalities 

QT prolongation 

Polymorphous ventricular 
tachycardia 

Hypotension 

Cardiac ischemia 

Peaked T waves 

Pulmonary edema 

ST-T abnormalities 

QT prolongation 

Ventricular tachycardia/ 
fibrillation 

Asystole 

Hypotension 

ST-T wave abnormalities 

Hypovolemia 

Myocardial necrosis 

Hypotension 


QT interval prolongation 
Peaked T waves 
Ventricular fibrillation 
Sudden death 

ST-T abnormalities 

QT prolongation 


Chest pain 
Cardiac failure 
ST-T abnormalities 
Hypertension 


OTHER COMMON 
MANIFESTATIONS 


Nausea, vomiting 

Hypokalemia (with 
diuretic use) 

Hyperkalemia (severe 
intoxication) 


Miosis 

Respiratory depression 

Coma 

Pulmonary edema 

Tremor, ataxia 

Confusion, stupor, coma 

Neuromuscular irritability, 
convulsions 

Azotemia 

Headache (reason for 
excessive use of ergots) 


Headache 

Coma 

Metabolic acidosis (with 
normal oxygen tension) 

Pulmonary edema 


Abdominal pain 

Vomiting, diarrhea 

Hepatitis 

Skin rash 

Renal failure 

Peripheral neuropathy (late) 

Chills, fever 

Hyperkalemia 

Hemoglobinuria 

Renal failure 

Corrosive burns of skin and 
gastrointestinal tract 

Severe gastroenteritis 

“Smoking” luminescent 
vomitus and stool 


Nausea, vomiting, diarrhea 
Gastrointestinal bleeding 
Hyperglycemia 
Leukocytosis 

Metabolic acidosis 

Hepatic necrosis 

Nausea, vomiting, diarrhea 
Tetany, hyperreflexia 
Respiratory depression 


Sore mouth, metallic taste, 
vomiting, diarrhea, 
tremor, dysarthria, ataxia 
Anorexia 
Abdominal pain, constipation 
Anemia 
Peripheral neuropathy 
Encephalopathy 
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Cardiovascular Disturbances—Miscellaneous Drugs and Toxins (Cont'd) 


DRUG/TOXIN MECHANISMS OF ACTION 


? Massive catecholamine release; 
myocarditis 


Scorpion and spider 
venom 


CARDIOVASCULAR DISTURBANCES 


Hypertension 

Tachycardia 

ST-T abnormalities 

QT prolongation 

Atrial and ventricular 
arrhythmias 


OTHER COMMON 
MANIFESTATIONS 


Pain at site of envenomation 

Anxiety 

Diaphoresis, fasciculations, 
and/or muscle spasm 

Abdominal pain and rigidity 

Paresthesias, convulsions 


Pulmonary edema 
Hypotension 


Increased membrane sodium 
permeability 


Ciguatera fish 
poisoning 


Emetine (syrup of Inhibition of protein synthesis 


Bradycardia 
Hypotension 


ST wave abnormalities 


Paresthesias 

Abdominal pain, nausea, 
vomiting, diarrhea 

Respiratory depression 

Recurrent vomiting 


ipecac) Disrupts oxidative QT interval prolongation Cachexia 
phosphorylation Cardiomyopathy (biventricular Skeletal myopathy 
cardiac failure) 
Ventricular arrhythmias 
Colchicine Cellular microtubular toxin Myocardial injury Nausea, vomiting, abdominal 
ST segment abnormalities pain 
Hypovolemia Respiratory failure 
Hypotension Pancytopenia, leukopenia 
Pulmonary edema Coagulopathy 
Sudden death Myopathy 
Polyneuropathy 
y-Hydroxybutyrate GABA, agonism Bradycardia Coma 
(GHB) Hypotension Myoclonus 
Aconite (Chinese Aconatine and related Bradycardia Paresthesias 
herbs—fuzi, alkaloids block sodium Ventricular tachycardia (may be Ataxia 


chuanwu, cauwu) channel 


monomorphic or polymorphic) 





pele 


FIGURE 8-19 Three lead II rhythm strips were recorded during a 
period of several hours in a 30-year-old patient who intentionally 
ingested 24.8 mg of digoxin. The top strip shows atrial fibrillation 
and R-on-T ventricular bigeminy. The middle strip shows a run of 
atrial tachycardia that terminates spontaneously to sinus rhythm 
and resumes immediately. The bottom strip illustrates high-degree 
AV block that, because of the morphology of the QRS complexes, 
is considered to be originating in the AV node or the His bundle. 
Because all these rhythms occurred and recurred within short 
periods, treatment was difficult and consisted of only transvenous 
cardiac pacing for bradyarrhythmias. All bradyarrhythmias 
disappeared by 22 hours, and all arrhythmias by 1 week. 
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FIGURE 38-20 The patient is a 69-year-old man who was 
admitted to the hospital with acute congestive heart failure 7 
weeks after having suffered an anterior wall myocardial infarction. 
This MCL, rhythm strip was recorded after administration of 
1.5 mg of intravenous digoxin during an 18-hour period. The atrial 
rate is somewhat irregular at about 150 beats per minute. Periods 
of AV nodal Wenckebach’s block are present, with the second QRS 
complex of the period conducted aberrantly. Episodes of 2:1 AV 
block also are present. The serum digoxin level at this time was 
4 ng/mL. The rhythm was restored to sinus after withdrawal of 
digoxin. 


heart block or when bradyarrhythmias result in hemo- 
dynamic compromise. Correction of hyperkalemia may 
in itself reverse AV block. 

Ingestion of plant-derived cardiac glycosides (oleander 
leaves, foxglove, lily of the valley, ouabain) or toad venom 
(bufotoxin) also can cause digitalis-like poisoning. Toad 
venom sold as an aphrodisiac (“Love Stone,” “Rock 
Hard”) and Chinese herbal medications (Chan Su, 
kyushin) have been banned in the United States by the 
Food and Drug Administration (FDA). Anecdotal reports 
suggest that poisonings from naturally occurring cardiac 
glycosides may respond to digoxin-specific Fab fragments.” 
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FIGURE 8-21 These two MCL, rhythm strips depict examples of AV block in the setting of digitalis toxicity. A, Sinus rhythm and complete 
AV block are present. The QRS complexes are of two types: The first two have a right bundle branch block pattern, and the last three 
have a left bundle branch block pattern; they occur at two different rates. The long duration of the QRS complexes as well as their very 
slow rate suggests that the origin of these escape beats is in the distal His-Purkinje system. In this situation, atropine may not result in 
improved AV conduction, and temporary cardiac pacing often is required. B, The atrial rhythm is fibrillation. High-grade AV block is 
present, as evidenced by the slow ventricular response. The QRS complexes have two morphologies: right and left bundle branch block 
patterns. The first three complexes occur at a nearly regular rate, suggesting a ventricular escape focus. The last two complexes occur at 
a slower escape interval and rate, suggesting instability of the origin of the first three complexes and emergence of a yet more distal 
pacemaker. Again, atropine may not be of benefit in this situation, and cardiac pacing may be required. 


FIGURE 8-22 The patient was a 68-year-old man who was admitted to the hospital in moribund condition. He had long-standing 
congestive heart failure and was being treated with oral digoxin and diuretics. His serum potassium level on admission was 10.0 mEq/L, 
and his serum digoxin level was 5.2 ng/mL. He died shortly after this 12-lead electrocardiogram was obtained, with electromechanical 
dissociation. The electrocardiogram shows absence of discernible atrial activity and an irregular, wide complex QRS rhythm having a right 
bundle branch block configuration. The markedly increased QRS duration suggests hyperkalemia, which in this patient may have been 
due in part to digitalis toxicity. 


OPIATES 

Although toxicity from acute opiate overdose is related 
primarily to respiratory depression, opiates may have 
significant cardiac and vascular effects. They generally 
have little effect on the myocardium, although 
norpropoxyphene, a major metabolite of propoxyphene, 
may be cardiotoxic. CNS effects of narcotics result in 
increased vagal activity. Narcotics dilate peripheral veins 
and arterioles, presumably through a CNS-mediated 
effect on sympathetic tone. Consequently, hypotension 
and relative bradycardia are common. Arrhythmias 
occur occasionally, most commonly atrial fibrillation. 
Quinidine and procaine, as well as other local 
anesthetics, commonly adulterate heroin sold on the 
street and may themselves contribute to myocardial 
depression or even cardiac arrest. 

Noncardiogenic pulmonary edema is a common and 
serious complication of narcotic overdose. Although 
pulmonary edema usually occurs after injection of 
narcotics, it may not become evident until naloxone has 
been administered. Sudden reversal of narcotic-induced 
venodilation and venous pooling combined with 
pulmonary capillary injury causing fluid to enter the 
lungs at relatively low cardiac filling pressures most likely 
accounts for naloxone-induced pulmonary edema. 

Therapy for opiate overdose in general includes 
administration of naloxone and supportive care. No 
specific therapy for arrhythmias usually is necessary. 
Naloxone may convert coarse atrial fibrillation to fine 
atrial fibrillation with a faster ventricular response rate 
rather than to normal sinus rhythm. If atrial fibrillation 
persists, the use of verapamil, diltiazem, or metoprolol is 
indicated to slow the rate. Intermittent positive 
expiratory pressure is beneficial in the treatment of 
pulmonary edema, as discussed previously.*® 


LITHIUM 
Cardiac toxicity of lithium overdose usually is not 
prominent. Administration of lithium in usual therapeutic 
doses produces flattening or inversion of the T wave in 
nearly all patients. Sinus node disturbances, manifested 
by sinus bradycardia or sinoatrial block, sometimes 
associated with ventricular ectopy, and junctional or 
ventricular escape rhythms have been reported in 
patients with lithium intoxication and during long-term 
therapy.*” Ventricular tachyarrhythmias in association 
with lithium therapy have been reported but are 
uncommon. Hypotension may complicate lithium 
overdose, but this appears to be related to dehydration 
or pulmonary complications in the course of prolonged 
coma rather than caused by direct cardiovascular 
toxicity. A mechanism for the cardiac effects of lithium 
has been suggested by animal studies. Lithium enters 
myocardial cells and displaces intracellular cations, 
predominantly potassium. Lithium then leaves the cell 
more slowly than does potassium and thereby disturbs 
the usual transmembrane ionic currents. 

Treatment is directed toward the specific arrhythmia, 
as described in Table 8-1, and toward acceleration of 
lithium elimination, as discussed in Chapter 30. 


CHAPTER 8 Cardiovascular Toxicology 161 





ERGOT AND TRIPTAN DERIVATIVES 

Ergotamine and other ergot derivatives are used widely 
in the treatment of migraine headache and have resulted 
in significant cardiac and vascular toxicity. The basic 
action of ergot drugs is constriction of vascular smooth 
muscle (both o-adrenergic agonist and nonadrenergic 
effects), although many of the drugs also have o- 
adrenergic receptor-blocking activity. Intense constriction 
of peripheral arteries, with resultant coolness, pallor, or 
cyanosis of the extremity, sometimes progressing to 
gangrene, is a typical manifestation of ergotism. Inter- 
mittent claudication occurs initially, and then ischemic 
rest pain develops with progression of vasospasm. In 
addition, ergot derivatives have been reported to worsen 
angina or cause myocardial infarction, presumably owing 
to coronary vasoconstriction, particularly but not 
exclusively in persons with underlying coronary artery 
disease.*® Intravenous administration of ergonovine was 
used diagnostically at one time during cardiac catheteri- 
zation to provoke coronary vasospasm, but it is no longer 
used due to deaths related to refractory coronary spasm. 
We treated a patient who took excessive quantities of 
ergotamine tablets for severe migraine headaches; the 
patient had chest pain and diffuse, reversible ST segment 
elevation indicating coronary vasospasm (Fig. 8-23). 

Amphetamine-like drugs also can produce vascular 
spasm similar to that produced by ergot derivatives. In 
particular, 4-bromo-2,5-dimethoxyamphetamine injection 
has produced severe vascular insufficiency and in one 
case led to a bilateral lower extremity amputation. 

Therapy for ergot-induced vasospasm includes anti- 
coagulation with heparin, the use of direct vasodilators 
such as sodium nitroprusside for peripheral vasospasm, 
nitroglycerin for coronary vasospasm, and -adrenergic 
blockers. Rapid dilation of vessels in an intensely 
vasoconstricted patient results in relative hypovolemia 
and hypotension; thus, fluid replacement must be 
anticipated. If a specific vessel is affected, vasodilators 
should be infused intra-arterially into that vessel to allow 
maximal local vasodilation to be achieved without 
effecting excessive systemic hypotension. Nifedipine or 
other CCBs may prove useful also in treating ergot- 
induced coronary vasospasm. Other treatments with 
varying results have included anticoagulants, epidural 
anesthesia, low-molecular-weight dextran, hyperbaric 
oxygen, and surgical sympathectomy. 

The triptans (5-hydroxytryptamine [5-HT] agonists) 
have eclipsed the use of other abortive migraine agents. 
Their therapeutic action is believed to result from 
constriction of extracerebral blood vessels and reduction 
of neurogenic inflammation. Serotonin receptors are 
abundant in the coronary arteries and, when stimulated, 
may cause vasoconstriction. Serious adverse cardiac 
events, such as myocardial infarction, have been 
described during therapeutic use of these agents. 
Despite their widespread use, complications associated 
with the triptans are rare and can be further minimized 
by careful selection of patients who have symptoms or 
risk factors suggestive of cardiovascular disease.* 
Treatment of toxicity mainly is supportive with specific 
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FIGURE 8-23 The patient is a 50-year-old man who was taking ergotamine for cluster headaches. When the headaches worsened, he 
ingested up to 10 mg/hr, developed severe substernal chest pain, and had an episode of syncope. This 12-lead electrocardiogram was 
recorded on admission to the coronary care unit. The rhythm is sinus with ventricular bigeminy; diffuse ST segment elevation is present, 
consistent with coronary artery spasm. After large oral and intravenous doses of nitrates, chest pain and ST segment elevation resolved, 
but recurrent episodes of pain were associated with return of ST elevation, ventricular ectopy, and bursts of ventricular tachycardia. 
Myocardial infarction was not documented. Selective coronary arteriography documented coronary spasm during a spontaneous attack 
of chest pain. Pain and ST segment elevation resolved over 2 weeks coincidentally with oral nifedipine therapy. 


cardiac treatment being dependent on the presence of 
ECG or cardiac enzyme abnormalities. 


CHEMICAL ASPHYXIANTS 

Carbon monoxide, hydrogen sulfide, and cyanide inhibit 
oxygen transport to tissues or use of oxygen within 
tissues, resulting in tissue hypoxia. The usual presenta- 
tion in severe cases of poisoning is coma or metabolic 
acidosis or both. Tachypnea (with evidence of respiratory 
alkalosis), tachycardia, and hypotension are common, 
although carbon monoxide poisoning in particular can 
be associated with hypertension. ECG changes, including 
T wave flattening or inversion, ST segment depression or 
elevation, and conduction disturbances, frequently are 
observed, and myocardial necrosis or infarction may 
occur. Premature ventricular contractions and atrial 


fibrillation are noted occasionally. ECG abnormalities 
may be a misleading index of the severity of carbon 
monoxide poisoning, however, because ST-T abnor- 
malities and arrhythmias are nonspecific and may not 
reflect the magnitude of impairment of the myocardium. 
Echocardiography is a useful adjunct in assessment 
of carbon monoxide-induced cardiac damage, especially 
in comatose patients or those with underlying 
cardiopulmonary disease.°”? ECG or echocardiographic 
abnormalities after carbon monoxide poisoning may 
persist for days or even weeks after treatment, possibly as 
a result of focal myocardial injury.°! 

Pulmonary edema may complicate acute carbon 
monoxide poisoning, and noncardiogenic versus cardio- 
genic edema resulting from myocardial damage must be 
differentiated. Even mild exposure to carbon monoxide 


can have significant effects in persons with underlying 
vascular disease. With carboxyhemoglobin concentrations 
as low as 3%, the duration of exercise to the onset of 
chest pain in persons with angina pectoris, or leg pain in 
persons with intermittent claudication, is significantly 
reduced. Therapy is directed toward improving tissue 
oxygenation, as described in Chapter 87. 


ARSENIC AND OTHER METALS 

Acute arsenic poisoning, by interfering with cellular 
respiration, may produce an ECG picture of myocardial 
ischemia and may be associated with focal myocardial 
hemorrhage, although patients who recover have no 
cardiac symptoms. Acute and chronic arsenic poisoning can 
be associated with T wave changes and QT prolongation 
and with ventricular tachycardia and fibrillation. Arsenic- 
induced torsades de pointes VT has been reported.” 

Arsine gas, by causing massive hemolysis and severe 
anemia, also results in ECG abnormalities, most 
commonly peaked T waves (possibly related to hyper- 
kalemia), but myocardial ischemia (due to severe anemia 
and possibly myocardial effects of arsine) also is evident. 
Death due to arsine exposure in patients who reach the 
hospital often is secondary to cardiac failure; pathology 
shows myocardial degeneration. Treatment should 
include correction of hyperkalemia, transfusion, and 
therapy of cardiac failure. 

Elemental phosphorus and organic mercury poisonings 
have been associated with SI-T wave abnormalities, QT 
prolongation, and various arrhythmias (including 
ventricular tachycardia). After elemental phosphorus 
ingestion, shock resulting from depressed myocardial 
contractility and abnormally low systemic vascular 
resistance occurs and often is difficult to treat. Death in 
the early phase of phosphorus poisoning is due to shock, 
ventricular fibrillation, or asystole. 

Although uncommon, chronic lead poisoning may be 
associated with myocarditis characterized by chest pain 
(angina pectoris saturnina), sinus tachycardia, ventricular 
gallop, pulmonary congestion, hypertension, SI-T 
abnormalities, and premature ventricular contractions on 
the ECG. Autopsy of children dying of lead encephalopathy 
has shown chronic myocarditis. Clinical features usually 
subside after treatment with chelating agents. 

Acute severe iron (and other heavy metal) poisoning 
causes shock owing to vasodilation and hypovolemia, the 
latter resulting from vascular damage and fluid loss. 
Myocardial injury and dysfunction may also contribute. 
ECG abnormalities, including T wave inversion, may be 
present. 


SCORPIONS, SPIDERS, AND HYMENOPTERA 

Patients with poisonous scorpion stings typically show 
anxiety, profuse diaphoresis, and hypertension. 
Myocarditis, characterized by sinus tachycardia, conduc- 
tion abnormalities, and SI-T abnormalities, including 
tall peaked T waves, QT prolongation, and atrial and 
ventricular arrhythmias, may be evident. In severe 
poisoning, pulmonary edema, hypotension, and ECG 
changes suggesting myocardial infarction occur. Death is 
due to congestive heart failure or shock or both; sudden 
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deaths presumably due to arrhythmias also are 
reported.” The clinical and myocardial histologic 
manifestations of scorpion sting resemble those of 
massive catecholamine infusion, and urinary cate- 
cholamine excretion has been noted to be increased in 
scorpion sting victims. Although there is little published 
experience in this regard, the use of œ- and B-adrenergic 
blocking drugs for treatment of hypertension and 
arrhythmias is logical. Treatment of cardiac failure and 
shock is supportive. 

Labile blood pressure, atrial arrhythmias, and cardio- 
vascular collapse occasionally are observed in patients 
after black widow spider bites. Increased urinary 
catecholamine metabolite excretion also has suggested a 
role of excess catecholamines in this syndrome, and 
adrenergic blockers may be useful in management. 

Hymenoptera (bees and wasps) stings are well known 
to cause anaphylaxis, manifested by hypotension, cyanosis, 
bronchospasm, and collapse in allergic patients. Chest 
pain and myocardial infarction, probably resulting from 
profound hypotension, occasionally occur as well.4 


GAMMA-HYDROXY BUTYRIC ACID 
y-Hydroxybutyric acid (GHB) is a naturally occurring 
analog of y-aminobutyric acid (GABA), which has FDA 
approval for treatment of narcolepsy. GHB also has been 
abused as a nutritional supplement for bodybuilding, a 
drug of abuse for euphoria, a sexual enhancer, and a 
drug to facilitate sexual assault. In overdose, the typical 
presentation is profound CNS depression, respiratory 
depression, sinus bradycardia, and, occasionally, hypo- 
tension. ECG abnormalities other than sinus bradycardia, 
such as conduction disturbances, are not typical of GHB 
intoxication and should prompt investigation for the 
presence of other cardiotoxic substances. Treatment 
usually is supportive with attention to airway protection. 
Sinus bradycardia is responsive to atropine, if necessary, 
and hypotension responds to intravenous fluids. GHB- 
induced hypotension generally does not require 
pressors.”° 

Withdrawal syndromes after chronic GHB use can 
occur after frequent use within 6 hours of the last dose. 
The withdrawal syndrome is characterized by nausea, 
vomiting, anxiety, and tremor, initially followed by 
autonomic instability and severe delirium. Treatment is 
supportive; benzodiazepines, usually in high doses, have 
been effective. Barbiturates and propofol have been used 
in refractory cases.°° 


SOME OTHER NATURAL PRODUCTS 
Many natural products have cardiovascular effects, and a 
comprehensive review of these is beyond the scope of 
this chapter. Three toxins have become of particular 
interest to poison centers and are mentioned briefly. 
Ciguatera fish poisoning, caused by ingestion of fish 
contaminated with ciguatera toxins, produces cardio- 
vascular toxicity as well as gastrointestinal and neurologic 
symptoms. Patients often experience bradycardia and 
hypotension, which may be quite severe. Detailed 
autonomic studies of one such patient revealed that the 
bradycardia and hypotension were due to both excessive 
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vagal tone and depression of sympathetic nervous 
responses.°”°§ Hypotension usually responds to volume 
expansion and anticholinergic drug therapy. 

Scombroid fish poisoning occurs after ingestion of 
fish that contains high levels of histamine and possibly 
other bioactive amines. Histamine is produced in the fish 
when bacteria metabolize the amino acid histidine. This 
elevated histamine level causes a syndrome of flushing, 
urticaria, diaphoresis, palpitations, gastrointestinal 
distress, and headache. There have been case reports of 
hypotension and bradycardia associated with scombroid 
toxicity, although these are rare manifestations. 
Treatment is supportive with use of antihistamines and 
corticosteroids, when indicated. Hypotension refractory 
to intravenous fluids may respond to epinephrine.’ 

Aconite poisoning can occur after ingestion of 
Chinese herbs or teas that contain Aconitum carmichaelii 
or Aconitum kusnezoffi. The herbal preparations that 
contain these herbs include fuzi, chuanwu, and cauwu. If 
these herbs are not boiled for an adequate time, the 
alkaloids aconitine, mesaconitine, and others, which are 
extremely potent toxins, may be ingested. Cardiovascular 
manifestations include shock with bradycardia or 
ventricular tachycardia (either monomorphic or poly- 
morphic) or ventricular fibrillation.°? Several fatalities 
have been reported. Amiodarone and flecainide have 
been suggested as first-line antiarrhythmic agents for 
ventricular tachycardia due to aconite poisoning. 
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MICHAEL G. HOLLAND, MD 


Acute care toxicology usually involves management of 
ingested toxicants. However, health care providers in 
occupational medicine rarely encounter toxic ingestions 
and are most concerned with inhalational or dermal 
exposures. This chapter organizes and gives a basic intro- 
duction to the toxicology of pulmonary exposures and 
the response of the pulmonary system to these toxicants, 
as well as discusses pulmonary manifestations of systemic 
adverse drug reactions and toxicants. 

Any discussion of pulmonary toxicology would be in- 
complete without covering the worst industrial catastrophe 
in history: the Bhopal disaster. On December 4, 1984, the 
Union Carbide plant in Bhopal, India, released 80,000 
pounds (40 tons) of methyl isocyanate (MIC). MIC is a 
very hygroscopic compound that is known to be quite 
reactive: Pressure and heat build up rapidly when it is 
mixed with water. MIC was used at this plant as a chemical 
intermediate in the production of carbamate pesticides. 
Somehow, water entered the vessel that contained the 
compound. Hours later, when the pressure within the 
storage tank exceeded the relief valve, the MIC vapor 
escaped. When the MIC was released into the ambient 
air, thousands of people close to the plant were imme- 
diately exposed to very high concentrations, causing 
severe injuries, and many victims died in their sleep. As 
the cloud of this irritant gas spread to the populous city 
of Bhopal 1 mile away, many thousands more were 
afflicted, and more than 15,000 people were seen in the 
hospital that night. Over the next several days, more 
than 100,000 people sought medical care. The final 
official death toll at the time was estimated to be greater 
than 2500; more recently, the deaths attributed to that 
single accident exceed 6000. Because of the nature of 
the injuries to the respiratory tract, many of those 
injured remain disabled today.'? 


SCOPE OF THE PROBLEM 


Pulmonary exposures are very common. The American 
Association of Poison Control Centers (AAPCC) data 
from 2002 reveal that inhalation exposure was involved 
in 154,167 cases reported to poison centers, or 6.5% of 
the total number of poison center cases. Inhalation 
exposure accounted for 103 deaths or 8.9% of the total 
number of fatalities. The majority of these deaths were 
due to carbon monoxide exposure. The AAPCC data 
also reveal that occupational or environmental exposures 
accounted for a total of 42 deaths or 3.6% of the total 
cases reported. Most of these were from inhalation 
exposure.° 

Many toxic gases are produced by small specialty 
industries, and many of these workplaces may not have a 
safety officer or an industrial hygiene department that 
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ensures worker safety. Historically, workers in these 
situations have been at increased risk of having signi- 
ficant exposures to toxic gases and vapors, because air 
monitoring or engineering controls are expensive and 
time-consuming. With the passage of the Occupational 
Safety and Health Act in 1972, this situation has 
improved in the United States, but it remains a signifi- 
cant problem in less regulated, developing nations. How- 
ever, a significant portion of American workers have the 
potential exposure to respiratory irritants. For instance, 
the number one chemical produced in the United States 
is sulfuric acid, mists or vapors of which are highly 
irritating to the pulmonary system. Many of the top 50 
chemicals produced in the United States are toxic or 
irritant gases. The National Institute for Occupational 
Safety and Health (NIOSH) estimates that over 500,000 
U.S. workers have the potential to be exposed to 
anhydrous ammonia alone.’ 

Firefighters and first responders may be exposed to 
numerous hazards, since structural fires produce many 
toxic gases, such as hydrogen cyanide (HCN), carbon 
monoxide (CO), hydrogen chloride (HCl), acrolein, 
sulfur dioxide (SO,), and phosgene. The latest AAPCC 
data suggest that toxic gas exposure is responsible for 
4.9% of workplace deaths in the United States. Of these, 
the major lethal gas is the colorless and odorless carbon 
monoxide. 

When the Aum Shinrikyo cult released sarin vapors in 
a Tokyo subway in 1995, the world became acutely aware 
of the possibility of military nerve agents being used in 
civilian arenas. With the terrorist attacks of September 
11, 2001, Americans finally became cognizant of the fact 
that no country is immune to terrorist acts. However, 
people have been using gaseous warfare agents against 
their enemies for centuries. For example, a mixture of 
pitch and sulfur was burned and the smoke used as a gas 
warfare agent in the war between Athens and Sparta in 
428 BC. World War I was the first large-scale conflict that 
saw regular use of chemical warfare agents, most notably 
mustard gas, chlorine, and phosgene. Phosgene alone 
was responsible for up to 80% of deaths due to chemical 
agents during that war. More recently, Iraq used mustard 
gas against Iranian soldiers in 1988 and various chemical 
agents against the Kurds in the 1990s. 

Most of the danger of ingested toxicants comes from 
the effects of systemic absorption. However, when a 
caustic poison such as lye is ingested, the gastrointestinal 
tract is the site of local toxicity/injury. Conversely, most 
irritant gases injure the respiratory tract, but numerous 
toxicants in the gaseous phase can be absorbed rapidly 
into the systemic circulation via the large alveolar surface 
area and the rich pulmonary capillary blood supply. In 
fact, the inhalation route approaches the rapidity of 
intravenous administration. 
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In addition to gaseous or vapor exposures causing lung 
injury, certain toxicants affect the lung after systemic 
absorption from another route, the most notable being 
the dication herbicide paraquat (PQ**). Paraquat is 
actively transported and concentrated in the lung, where 
it is reduced by nicotinamide adenine dinucleotide 
phosphate (NADPH) to a monocation radical, *PQ*. This 
reactive radical rapidly reacts with molecular O, to form 
a superoxide radical, °O»,, which then also regenerates 
the original PQ**. The cycle can repeat itself, due to the 
abundant supply of NADPH and molecular oxygen in 
the lung. The superoxide radicals then cause lipid 
peroxidation and pneumocyte cell death. This seems to 
occur more readily when victims are treated with high 
fractions of inspired oxygen (FIO,). The pulmonary 
injury is then followed by a proliferative phase leading to 
pulmonary fibrosis. Antioxidants are being investigated 
as treatment options.” 

Numerous therapeutic drugs also can induce inter- 
stitial pneumonitis, such as amiodarone, tocainide, 
flecainide, nitrofurantoin, and hydrochlorothiazide. 
Cytotoxic chemotherapeutic agents typically can cause 
interstitial pneumonitis as well as interstitial fibrosis. 
Angiotensin-converting enzyme inhibitors commonly 
cause cough as a side effect. Pulmonary edema is well 
known to occur after opiate overdose, but it also can be 
seen with salicylates, phenothiazines, butyrophenones, 
and tricyclic antidepressants. The ergot derivative 
bromocriptine is associated mainly with pleural effusion, 
whereas methysergide has been associated with 
pleural effusion and fibrosis. Asthmatic reactions can 
be induced by nonsteroidal anti-inflammatory drugs 
(NSAIDs) and aspirin, as well as by B blockers, calcium 
antagonists, and dipyridamole. Leukotriene antagonists 
are linked to the development of Churg-Strauss 
syndrome, and penicillamine and certain antibiotics can 
cause bronchiolitis obliterans. Anorectic agents have 
been linked to the development of primary pulmonary 
hypertension.° 

Many toxicants, such as sedative-hypnotics, cyclic anti- 
depressant agents, or opiates, alone or in combination, 
cause hypoventilation and a subsequent hypoxemia seen 
on arterial blood gas analysis or via pulse oximetry. If this 
condition does not improve after administration of 
appropriate reversal agent, such as naloxone for opiates 
or flumazenil for benzodiazepines, then intubation is 
necessary. Any drug or toxicant that causes enough 
sedation to affect respiratory drive also can cause loss of 
protective reflexes. Aspiration of gastric contents into 
the airway can cause an aspiration pneumonitis and 
subsequent acute respiratory distress syndrome and 
respiratory failure. Chest radiograph examinations 
should be performed in all cases in which aspiration is 
suspected by the history of a patient with a decreased 
level of consciousness that has vomited. Similarly, when 
physical examination findings suggest aspiration (rales 
on auscultation of the chest, or vomitus seen on face or 
in airway), or when there is an alveolar-arterial (A-a) 
gradient (oxygenation does not improve after increasing 
the respiratory rate or by increasing the FIO,), aspiration 
pneumonitis must be considered and chest radiograph 


performed. Finally, with ingestion of hydrocarbon (e.g., 
gasoline, kerosene, mineral seal oil) there is a high 
incidence of aspiration of the hydrocarbon into the 
airway Owing to its low viscosity, especially when vomiting 
occurs. Hydrocarbon aspiration causes acute lung injury 
via depletion of surfactant, which causes alveolar 
collapse and intrapulmonary shunting. Many of these 
patients can have minimal findings initially on chest 
radiograph, but they may be very symptomatic with 
respiratory distress with coughing and wheezing. 
Subsequent chest radiograph examinations can show an 
ARDS-type pattern. Please see Chapters 33, 34, and 93 
for a detailed discussion of these toxicants. 


PULMONARY ANATOMY AND 
PHYSIOLOGY 


The lung, like the skin, is an organ that consists of a very 
large epithelial surface that is continuously exposed to 
the outside world. Unlike the skin, the lung cannot make 
use of multiple layers of relatively impermeable cells as a 
barrier, because the gas exchange function of the lung 
requires thin gas-permeable cell membranes between 
the alveolar air and the blood. Instead, the lung uses 
specialized mucus secretions produced by the airway 
goblet cells to trap and remove inhaled environmental 
toxicants and debris.’ 

The pulmonary system can be divided into the upper 
airway, the lower airway, and the lung parenchyma. The 
glottis is the dividing point separating the upper airway 
and lower airway. The lung parenchyma functional gas 
exchange unit, or acinus, begins at the respiratory bron- 
chiole. The upper airway surface anatomy includes the 
nasal mucosa, the tongue and oral mucosa, and naso- 
and oropharynx. Because of similar exposures to 
ambient airborne gases and toxicants, the ocular mucosa 
is Closely linked with the upper airway. The surface area 
of the upper airway is small, measuring a few hundred 
Square centimeters of total area. However, because of the 
multiple divisions of the alveoli, the total surface area of 
the lower airways and lung parenchyma is huge, 
measuring over 70 square meters, approximately the size 
of a tennis court. 

The cartilaginous lower airway, which consists of the 
trachea and the bronchi and their subdivisions, are lined 
with ciliated epithelial cells and goblet cells. These 
ciliated cells sweep the respiratory mucus (produced by 
goblet cells) upward, where particulates that are trapped 
in this mucus can be coughed out or swallowed. This 
upward removal system is known as the mucociliary 
escalator. Alveolar macrophages that have phagocytosed 
inhaled antigens and debris are removed by this system 
as well. The lower airways distal to the terminal 
bronchioles lack cartilaginous support. The acinus, or 
terminal respiratory unit, consists of the respiratory 
bronchiole, the alveolar duct, and the alveolus; this is 
where gas exchange takes place. 

There are numerous important cell types in the lung 
parenchyma: alveolar epithelial cells (types I and II), 
interstitial cells, capillary endothelial cells, alveolar 


macrophages, and Clara cells. Type | alveolar epithelial 
cells account for 90% of the total alveolar surface area 
and are the chief structural cells of the alveolar wall. 
These type I cells maintain the alveolar-blood barrier and 
are responsible for gas exchange. They are thin and flat, 
with a paucity of intracellular organelles. This structure 
facilitates gas exchange, but it renders them quite fragile 
and very susceptible to injury when exposed to inhaled 
toxicants or irritant gases. Type II alveolar epithelial cells 
are cuboidal cells that cover the remaining 10% of the 
alveolar surface. They are responsible for manufacturing 
pulmonary surfactant. Surfactant is composed of 
phospholipid bound to lecithin, and it maintains 
inflation of the alveolus by reducing surface tension, 
which stabilizes the alveolus, thereby increasing lung 
compliance, and reduces the work of breathing. Type II 
cells also are able to differentiate into type I cells to 
replace those fragile cells that are damaged from inhaled 
or systemic toxicants.® 

Capillary endothelial cells are the most abundant 
parenchymal lung cells, accounting for almost one third 
of the cell population. They are the interface between 
the vascular space and the lung interstitium. They can be 
damaged by both inhaled irritants and systemic toxicants. 
When endothelial cells are injured, the resultant capillary 
leakage of fluid into the interstitium, and subsequently 
the alveolus, can cause decreased compliance, decreased 
diffusing capacity, and even noncardiogenic pulmonary 
edema. 

Interstitial cells, which account for more than one 
third of the lung cells, are located in the area between 
the alveolar epithelium and the vascular endothelium. 
These include fibroblasts, mast cells, macrophages, and 
plasma cells; they perform various functions including 
immune response and injury repair. Exaggerated 
fibroblast stimulation after acute lung injury can lead to 
pulmonary fibrosis. 

Alveolar macrophages are the first line of defense 
against inhaled organisms, foreign antigens, or particles 
that reach the alveoli. They phagocytose foreign 
material, and then migrate to the mucous layer to be 
expelled via the mucociliary escalator. They also can 
move into the interstitial space and gain access to the 
pulmonary lymphatic system. There they can release 
cytokines that direct further immune responses and cell 
recruitment. This cytokine response has implications in 
various pulmonary disease processes such as asthma, 
hypersensitivity pneumonitis, silicosis, and asbestosis. 

Clara cells, which are nonciliated bronchiolar cells, 
contain P-450 enzymes and perform most of the 
metabolic activity of the lungs. Clara cells can 
differentiate into goblet cells, which secrete mucus, and 
they also can differentiate into ciliated cells to replace 
those lost to injury. 

Because the respiratory system is directly exposed to 
the external environment, the lungs contain more 
lymphatics than does any other organ. This rich lym- 
phatic system is responsible for manufacturing antibodies 
against inhaled foreign antigens, as well as initiating cell- 
mediated immune responses. The pulmonary lymphatic 
response to injury or antigenic exposures also includes 
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release of cytokines. Cytokines are small proteins having 
a molecular weight of less than 30 kD that act as chemical 
messengers between cells and are known to play a pivotal 
role in the inflammatory cascade. This has implications 
in the development of occupational lung diseases such as 
asthma, hypersensitivity pneumonitis, and organic dust 
toxic syndrome. 


PARTICLE DEPOSITION 


The pulmonary tree is assaulted constantly by particulates 
in the air. Whether these particulates deposit on the 
airway walls, reach the alveoli, or simply remain in the air 
stream to be exhaled depends on many factors. The 
factors related to the type of particle include size, 
electrostatic charge, and aerodynamics (i.e., whether it is 
a particle or a fiber). Small particles have irregular 
shapes, but their motion is determined largely by their 
aerodynamic diameter, which depends on their inertial 
and gravitational motion in air. 

In vitro experimentation reveals that particle deposi- 
tion in the airways occurs via five mechanisms: impaction, 
gravitational sedimentation, brownian diffusion, electro- 
Static deposition, and interception. Impaction occurs 
primarily at airway bifurcations and is most important for 
particles having an aerodynamic diameter of more than 
1 um. Gravitational sedimentation occurs primarily in 
long airway segments. Brownian diffusion affects smaller 
particles (<0.5 um). Electrostatic deposition refers to 
particles with a charge that have been recently generated 
by mechanical dispersion. Finally, interception in an 
airway segment occurs primarily with fibers, which are 
defined as any particle with a length-to-width ratio of 
more than 3:1.” 

In vivo, the depth and rate of respiration also affect 
deposition. Slow, deep respirations favor simple 
gravitational sedimentation, which distribute the particle 
more evenly in the pulmonary tree. Conversely, rapid 
shallow respiration favors impaction of the particles 
against larger central airways or at bifurcations. All this 
being equal, the aerodynamic diameter, or size of the 
particle, influences the primary location of deposition in 
the pulmonary tree. Larger particles (>10 Um) primarily 
deposit in the upper airways. Particles between 2.5 and 
6 um deposit in the lower airways, and particles smaller 
than 2.5 Um deposit primarily in the lung parenchyma 
(alveolar ducts and alveoli). Very small particles (<0.1 um) 
often remain in the air stream and are exhaled. 


CONTROL OF RESPIRATIONS 


Efficient gas exchange depends on adequate respiratory 
drive, an intact and patent airway, strong muscles of 
respiration (diaphragm and chest wall), normal alveolar 
architecture, and adequate pulmonary capillary blood 
flow. Abnormalities among any of these components can 
cause respiratory compromise. 

Respiratory drive is controlled by peripheral 
chemoreceptors located in the carotid body, as well as 
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central chemoreceptors located in the brainstem. The 
peripheral receptors detect hypoxia, whereas the central 
receptors detect lowered CSF pH due to increases in 
COs. Both respond to these signals by increasing the 
depth and rate of respiration. Toxicants that cause a 
decrease in these responses to respiratory drive can 
induce hypoxemia. Central nervous system depressants, 
such as barbiturates, can cause respiratory depression by 
blunting the normal physiologic response to stimulation 
of these chemorecpetors. Opioids interact at multiple 
receptor sites in the body. The p-opioid receptors are 
responsible for most of the clinical effects seen with 
available opioids, and agents acting at the p receptors 
show little or no selectivity between the two subtypes, 
designated pı and pə. Stimulation of the p)-opioid 
receptor causes analgesia and the pleasurable euphoria 
sought by abusers. Overstimulation at the p.-opioid 
receptor is responsible for the respiratory depression 
seen in opioid overdoses. 

Airway compromise can be caused by ingestion of 
local irritants, such as caustics or dieffenbachia, or airway 
swelling induced by allergic angioedema seen in 
anaphylaxis or the angioedema seen with angiotensin- 
converting enzyme inhibitors. Chest wall rigidity induced 
by fentanyl, as well as respiratory muscular weakness 
caused by organophosphates, carbamates, and botulinum 
toxin, can cause respiratory failure. 

Acute lung injury, formerly known as noncardiogenic 
pulmonary edema, can be caused by a multitude of 
inhaled or ingested toxicants (see later). This condition 
causes pulmonary capillary fluid to leak into the alveolar 
space, disrupting efficient gas exchange and decreasing 
the normal pulmonary compliance. Late sequelae of 
acute lung injury can include bronchiolitis obliterans 
fibrosa, which permanently impairs gas exchange and 
causes a restrictive defect. Other pulmonary reactions, 
such as hypersensitivity pneumonitis and certain 
pneumoconiosis, can induce permanent pulmonary 
fibrosis with impairment of gas exchange and restrictive 
lung disease. Aspiration of gastric contents and subse- 
quent pneumonia/pneumonitis can impair efficient gas 
exchange by inducing a ventilation-perfusion mismatch, 
in which blood flows to an area of the lung incapable of 
gas exchange. 

Finally, impairment of pulmonary capillary blood flow 
can cause ventilation-perfusion mismatch, in which 
ventilated areas cannot perform gas exchange due to 
inadequate perfusion. This can occur with any drug 
causing pulmonary embolus (e.g., estrogen, oral contra- 
ceptives), as well as inert substances and debris injected 
intravenously by drug abusers (e.g., talc, vegetable 
matter, cotton). Septic emboli can occur in this setting 
from inadvertent injection of microorganisms. 


DEFINITION OF TERMS 


Most laypersons and many medical professionals misuse 
or interchange the terms gas, fume, and vapor. For instance, 
most complaints of noxious “fumes” in the workplace 


actually refer to an objectionable odor of the vapors of 
liquids that are in use at the time. By convention, a gas is 
defined as a substance that normally is in the vapor 
phase at room temperature, which occupies an enclosed 
space, and can be changed into a liquid by a decrease in 
temperature or an increase in pressure. In the strict 
sense, a vapor therefore is the gaseous phase of a 
substance normally in the liquid state at room 
temperature but that also can be changed into a liquid 
by a decrease in temperature or increase in pressure. 
Aerosols, of which there are two types, are dispersions of 
solid or liquid particles in a gaseous medium (usually 
air). A fume is an aerosol of solid particles generated by 
heating, usually of metals, and often is accompanied by 
oxidation of these metals (e.g., zinc oxide fumes form 
when welding galvanized metals). An aerosol of liquid 
particles is a mist that is generated by mechanical 
dispersion, whereas a fog is a mist generated by conden- 
sation. Other airborne contaminants are dusts and smoke. 
Dusts are solid particles generated either by disintegra- 
tion of organic or inorganic materials, or by mechanical 
dispersion such as sanding or grinding, and are capable 
of temporary dispersion in air. Smoke usually is a mixture 
of gases, vapors, and aerosols of solids generated by 
incomplete combustion. !° 


Acute Lung Injury and Acute 
Respiratory Distress Syndrome 


Acute lung injury (ALI) is the term given to the patho- 
physiologic presentation of diffuse alveolar injury. It may 
be a result of inhalational injury or a consequence of 
systemic disease, such as sepsis or severe hypovolemic 
shock. This disorder is defined as a syndrome of inflam- 
mation and increased pulmonary membrane permeability 
with multiple manifestations (radiographic, physiologic, 
clinical) that cannot be explained by cardiogenic 
pulmonary edema. Acute respiratory distress syndrome 
(ARDS) is the most severe form of ALI and is 
distinguished by the severity of the oxygenation deficit. 
Clinically, ALI syndrome is established when criteria in 
four categories are met: 


1. Timing. The disorder is acute by definition; there- 
fore, manifestations must occur within a few days of 
the insult. 

2. Pulmonary physiology: The pulmonary edema is 
noncardiogenic; therefore, the pulmonary capillary 
wedge pressure must be less than 18 mm Hg and the 
edema fluid found in the alveolus and interstittum 
must be protein-rich, indicating endothelial and 
epithelial membrane exudates rather than a 
transudate from congestive heart failure. 

3. Radiography: Chest radiographs must demonstrate 
diffuse bilateral infiltrates. 

4. Oxygenation: Low ratio of partial pressure of arterial 
oxygen (PaO,) to FIO»; in other words, a large A-a 
gradient must be present. Specifically, ALI is present 
when Pa09/FI0, is less than 300 mm Hg; ARDS is 
present when this ratio is less than 200 mm Hg.” 


Bronchiolitis Obliterans Fibrosa and 
Bronchiolitis Obliterans Organizing 
Pneumonia 


Bronchiolitis obliterans fibrosa (BOF), also known as 
obliterative bronchiolitis, is a response to small airway 
injury where inflammation and epithelial disruption 
subsequently are followed by an ingrowth of granulation 
tissue into the airway lumen, resulting in partial or 
complete obstruction. The granulation tissue then 
organizes with resultant fibrosis, which can completely 
obliterate the airway lumen. BOF occurs as a result of 
inhalational injury to the small airways after exposure to 
irritant gases, mineral dusts, toxic metal fumes, or crack 
cocaine or from paraquat ingestion. BOF also can result 
from drug-induced pulmonary injury due to a wide 
variety of therapeutic agents, such as gold salts, sulfa- 
salazine, and amiodarone. It also is seen in chronic 
rejection after lung transplantation and after certain 
viral infections (e.g., cytomegalovirus, respiratory syncytial 
virus). BOF is manifested as an obstructive defect with no 
response to bronchodilator therapy. Patients often have 
cough and significant dyspnea. Corticosteroid treatment 
after acute lung injury due to toxic inhalation can be 
effective when given acutely in large doses for 1 month. 
Once fibrosis has occurred, treatment largely is 
ineffective. !° 

Bronchiolitis obliterans organizing pneumonia (BOOP), 
also known as proliferative bronchiolitis obliterans, is 
characterized by an organizing intraluminal exudate. 
Fibrotic buds known as Masson bodies are seen in 
respiratory bronchioles, alveolar ducts, and alveoli. Foamy 
alveolar macrophages are present in alveolar spaces and 
inflammatory changes are seen in alveolar walls. BOOP 
can be caused by inhalational exposures, especially to 
water-soluble gases. It has been reported also after exposure 
to irritant gases, postinfection, in transplant rejection, as 
well as in many systemic inflammatory disorders such as 
ulcerative colitis. Chest radiographs show diffuse 
infiltrates and spirometry reveals a restrictive defect. 
Treatment is directed at the underlying cause; removal 
from exposure is essential, and corticosteroid treatment 
has shown considerable success.!* 


Interstitial Pheumonitis and Diffuse 
Alveolar Damage 


Interstitial pneumonitis refers to interstitial collections of 
inflammatory cells, mild fibrosis, and reactive type I 
pneumocytes. This can be seen after numerous 
pulmonary injuries and toxic exposures, both via the 
inhalational route as well as systemic exposure. The 
healing phase can result in fibrosis and honeycombing. 
Diffuse alveolar damage (DAD) is a pulmonary toxic 
reaction, most commonly caused by cytotoxic chemo- 
therapeutic agents such as bleomycin, busulfan, 
carmustine, cyclophosphamide, melphalan, and mito- 
mycin; it also has been reported with gold salts. The 
damage results from necrosis of type II pneumocytes and 
alveolar capillary endothelial cells. DAD has an early 
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exudative phase (1 week after injury) characterized by 
alveolar and interstitial edema and hyaline membrane 
formation. The late proliferative phase (2 weeks later) 
shows proliferation of type II pneumocytes and interstitial 
fibrosis. Depending on the severity of the initial injury, 
DAD can improve significantly after withdrawal of the 
drug, progress to interstitial fibrosis, and, in severe cases, 
may progress to honeycomb lung.’® 


HYPERSENSITIVITY REACTIONS 
Asthma 


Asthma is a common disorder characterized by variable 
airflow obstruction, airway inflammation, and airway 
hyper-responsiveness to various stimuli. The airflow 
usually is fully reversible, either spontaneously or with 
treatment. The definition of occupational asthma varies 
depending on the author, but it can be thought of as a 
work-related variable airway obstruction or airway hyper- 
responsiveness Owing to an exposure in the workplace. 
The broadest definition includes both asthma that is caused 
by the workplace exposure and a worker’s preexisting 
asthma that is aggravated by workplace exposures. This 
extremely broad definition might be better termed work- 
related asthma, and it is estimated that up to 33% of all 
asthma cases may be considered work-related using this 
definition, but not necessarily work-induced. Most 
authorities reserve the term occupational asthma for cases 
that are actually caused by the workplace exposure, and 
place the incidence at approximately 5%. Not surprisingly, 
occupational disease surveillance data indicate that 
occupational asthma is the most common occupational 
respiratory disease in industrialized nations.'*!° 

The two major types of occupational asthma are 
rritant-induced and _ sensitizer-induced. Exposure to a 
significant dose of an irritating gas, dust, mist, or fume 
can cause irritant-induced asthma (IIA) without an 
intervening latent period. Classically, IIA was described 
as only being caused by a single isolated intense 
exposure; more recently, it has also been described 
as a result of lower-level exposures that have occurred 
over a period of months to years. The resulting asthmatic 
condition may be termed A or reactive airways 
dysfunction syndrome (RADS). The condition may be 
short-lived or cause lifelong IIA/RADS and disability. 
In these cases, there is generalized airway hyper- 
responsiveness but no specific responsiveness to any 
particular agent or antigen. Treatment in these cases can 
be quite difficult, and long-term disability is possible. 

The classic form of occupational asthma is sensitizer- 
induced asthma. In this type, the worker becomes 
sensitized to the offending agent and requires a variable 
amount of time between the first exposure and onset of 
illness. Once sensitized, however, even minute quantities 
of the agent may trigger a significant asthmatic response. 
Most cases of sensitizer-induced asthma are caused by 
exposure to high-molecular-weight organic compounds 
that are considered “complete allergens.” These high- 
molecular-weigh compounds are proteins with a molecular 
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weight of more than 500 d and include traditional 
allergens such as animal dander, microbial spores, and 
plant proteins. The asthma is a type I, immunoglobulin 
E (IgE)—mediated immediate hypersensitivity reaction. 
Common names often are applied to this form of 
sensitizer-induced occupational asthma, such as bakers’ 
asthma (due to wheat flour exposure) and mushroom 
picker’s asthma (due to spore exposures). 

One of the most prevalent forms of sensitizer-induced 
asthma is latex allergy, which can affect 2% to 17% of 
health care workers. Natural rubber latex gloves can 
induce an immediate, type I hypersensitivity reaction to 
the protein allergens. ‘These latex protein allergens adhere 
to the cornstarch powders used as donning agents. They 
can then become airborne and are inhaled, causing 
systemic exposures and sensitization. Using gloves with 
higher protein contents correlates with higher aller- 
genicity. Using powder-free, low-protein gloves has been 
effective in reducing symptoms and decreasing markers 
of systemic sensitization.!” 

Low-molecular-weight compounds (<500 d) such as 
antibiotics or metals also can cause sensitizer-induced 
asthma, by acting as incomplete allergens or haptens that 
then bind to serum proteins such as albumin and 
become complete antigens. Other low-molecular-weight 
compounds, such as toluene diisocyanate and trimellitic 
anhydride, sensitize by other mechanisms that are poorly 
understood. Increased secretion of monocyte chemoat- 
tractant protein-1 by mononuclear cells may be a major 
mechanism in isocyanate-induced asthma. Isocyanate 
exposure also has been shown to induce an overpro- 
duction of matrix metalloproteinase-9, and Trimellitic 
anhydride also may have a direct effect on airways even 
in subjects who are not sensitized to the agents. In the 
guinea pig model, nonsensitized animals exposed to 
trimellitic anhydride developed airflow limitation and 
eosinophilic airway inflammation.'® 

The chemical structure of the low-molecular-weight 
agent seems to be an important factor in its ability to 
sensitize. The presence of at least two reactive groups 
that can then form bonds with native human macro- 
molecules, such as albumin, conveys the ability of these 
agents to induce asthma in exposed workers.!? Hundreds 
of low-molecular-weight compounds have been implicated 
in inducing occupational asthma, the most well known 
being plicatic acid in western red cedar, toluene diiso- 
cyanate in polyurethane foam and urethane coatings 
industries, and abietic acid in colophony pine rosin used 
in soldering fluxes in the electronics industry. !° 

Some agents, such as organophosphate and carbamate 
insecticides, have a direct pharmaceutical action of 
stimulating cholinergic receptors, which causes bron- 
choconstriction. These agents can induce airflow 
obstruction without prior sensitization and do not 
require binding to native proteins or cellular mediators. 
Additionally, byssinosis is a variable airflow obstruction 
seen in textile workers that resembles occupational 
asthma. The etiologic agent is unclear: it is due either to 
a pharmacologic reaction to the cotton, flax, or soft 
hemp dusts or to endotoxin from fungal or bacterial 
contamination of the cotton. Tolerance seems to 


develop, because workers’ cough and chest tightness are 
worse in the beginning of the workweek (Monday 
cough) but become milder as the week progresses. The 
disease occurs only in workers with longer exposure 
histories, or in those with higher total dust exposures. 
Allergic mechanisms are not active in this disorder, but a 
direct release of histamine and induction of inflammation 
are probably responsible. Recent studies suggest that 
chronic obstructive disease may develop in long-term 
workers.”° 

When evaluating a patient who presents with signi- 
ficant respiratory symptoms with bronchoconstriction, 
the possibility of work-related asthma always must be in 
the differential diagnosis, especially in patients with no 
prior history of asthma, with asthma of recent onset, or 
with acute exacerbations of previously stable asthma. 
Careful questioning regarding the temporal relationship 
between the onset of symptoms as they relate to 
exposures at work can be helpful. Sensitizer-induced 
asthma can have a biphasic or dual response, in which 
exposure to the allergen may induce an immediate 
bronchoconstriction (known as the early response) and 
a delayed or late response some 4 to 8 hours later. The 
early response usually is self-limited and often resolves 
without specific bronchodilator therapy. This is primarily 
mediated by mast cell degranulation and histamine 
release. The late response often follows with airway 
inflammation, hyper-responsiveness, and obstruction. 
The pathophysiology of the late response is complex and 
not completely understood. There is a pivotal role for 
numerous chemoattractant substances. A specialized 
type of CD4* lymphocyte, known as the T-helper 2 (T},-2) 
lymphocyte, seems to be responsible for the chronic 
inflammation that is present in sensitizer-induced 
asthma. Cytokines such as IL-4, IL-5, and IL-13 (which 
are produced by Ty;-2 cells) and chemokines attract 
neutrophils and eosinophils into the airway epithelium. 
The eosinophils then cause airway epithelial injury by 
releasing proteins, lipid mediators, and oxygen radicals. 
Lymphocytes are also active, and they release cytokines 
that activate mast cells and eosinophils.” 

As the airway inflammatory cascade continues, the 
increased mucus secretion and capillary endothelial and 
alveolar epithelial permeability all contribute to mucosal 
edema and narrowing of the airway caliber. The reduced 
caliber causes the airflow obstruction and the resultant 
signs and symptoms of an acute attack. 

Some workers may exhibit only the late response, 
becoming ill hours after leaving the workplace, when the 
causal relationship may not be apparent. The presence 
of the dual response may hinge on factors such as the 
type of compound, dose, length of exposure time, and 
concomitant use of medication. Low-molecular-weight 
agents generally seem more likely to induce an isolated 
late response, whereas high-molecular-weight “complete” 
allergens more commonly cause a dual response. There 
is, however, considerable overlap.!°' 

The mechanism by which chronic airway inflammation 
occurs in HA/RADS is poorly understood. Direct chemical 
injury to airway cells causes an inflammatory response 
and release of cytokines and inflammatory mediators. 


Neurogenic pathways are probably involved also, with 
the end result being airflow obstruction. 

Acute treatment of occupational asthma is no different 
than that of conventional asthma, which consists of 
inhaled P agonists, supplemental oxygen, and systemic 
corticosteroids, as condition dictates. Severe exacerba- 
tions associated with hypoxia and/or CQO, retention 
require treatment in the intensive care unit. Long-term 
management hinges on identifying the sensitizer, when 
possible, and removing the patient from further 
exposure. Irritant-induced RADS may have significant 
long-term sequelae that do not improve with removal 
from the workplace. Tables 9-1 and 9-2 list the exposures 
and occupations known to be associated with occupational 
asthma 18192 


Hypersensitivity Pneumonitis (Extrinsic 
Allergic Alveolitis) 


Hypersensitivity pneumonitis (HP) is an interstitial lung 
disease caused by a combination of type HI (humoral or 
IgG-mediated) and type IV (cell-mediated) delayed 
hypersensitivity reactions that usually occur after 
inhalational exposure to a wide variety of organic dusts, 
antigens, and some chemicals. Most commonly, HP has 
been associated with occupations having exposures to 
moldy organic materials, such as moldy hay in farmer’s 
lung and moldy grain in grain worker’s lung. It can be 
seen also in animal handlers due to exposure to animal 
proteins and excreta (pigeon breeder’s lung). Exposures 
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to various chemicals that also cause occupational 
asthma, such as toluene diisocyanate (TDI), trimellitic 
anhydride (TMA), and heated phenolic resins con- 
taining phthalic anhydride, also have been implicated in 
HP.” Some therapeutic drugs have been implicated as 
causing HP, such as simvastatin, dapsone, penicillamine, 
paclitaxel, mesalamine, gold, and chemotherapeutic 
agents (‘Table 9-3). 

The pathophysiology of HP involves immune complex 
deposition in the lung of sensitized individuals, with the 
resultant release of immune mediators and cytokines, as 
well as inflammatory cell infiltration. Acutely this 
involves neutrophils, but later lymphocytes predominate. 
The typical presentation occurs 4 to 6 hours after an 
intense inhalation exposure (in an appropriate occupa- 
tional setting) to the responsible antigen, and patients 
commonly have fever, chills, malaise, cough, and dyspnea. 
Chest radiographs are abnormal in greater than 80% of 
cases, and they often have a reticulonodular pattern or 
reveal patchy infiltrates. High-resolution CT scanning 
(HRCT) is more sensitive and has been suggested as the 
preferred imaging study (see later). HRCT may show 
reticulonodular infiltrates or ground-glass opacities. 
There usually is hypoxia, and patients have crepitant 
rales upon auscultation of the chest. Pulmonary function 
testing can be normal or may show a restrictive defect 
and a decreased diffusion capacity. The acute episode 
usually resolves within 1 to 3 days, and corticosteroid 
treatment may be of some benefit. Repeated exposures 
often cause a worsening of the presentation; tolerance, 





High-Molecular-Weight (HMW) Sensitizing Agents and Job Titles Associated with Occupational Asthma'®22 
HMW SENSITIZING AGENTS 


Animal Products 


Animal dander 

Pigeons (e.g., excreta, feathers) 
Chickens, turkeys 

Mice 

Guinea pigs 

Wool 

Marine organisms: prawns, crabs, oysters 


Plant Products 


Raw Tobacco 
Flours (wheat, rye) 
Enzymes 
Bacillus subtilis 
Papain 
Trypsin, Pepsin 
Foods (spices, grains, flours) 
Natural rubber latex 
Gums (acacia, arabic, tragacanth, karaya) 
Coffee beans, tea leaves 
Castor beans 
Seeds: flaxseed, cottonseed, linseed, psyllium seed 
Woods (e.g., oak, mahogany, California redwood) 
Hops 


Microorganisms 
Fungi, molds 


ASSOCIATED OCCUPATIONS/INDUSTRIES 


Animal handlers, veterinary workers, farmers 
Pigeon breeders 

Poultry processing 

Laboratory technicians 

Laboratory technicians 

Wool workers, sorters 

Prawn workers, oyster processing, crab processing 


Tobacco industry 
Bakers, food processing 


Detergent manufacturing 

Meat processing 

Pharmaceuticals 

Chefs, food industry, food preparers 
Health care workers, rubber industry 
Pharmaceuticals, printing 

Coffee production, tea workers 
Castor oil production 

Bakers, oil extraction, seed workers 
Sawmills, carpenters, woodworkers 
Brewery workers, farmers 


Farmers, bakers, various other industries 


Adapted from Holland MG: Critically injured workers. In Brent J, Wallace KL, Burkhart KK, et al (eds): Critical Care Toxicology. Philadelphia, Mosby, 


2005, used with permission. 
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Low-Molecular-Weight (LMW) Sensitizing Agents and Job Titles Associated with 


Occupational Asthma16.18.19 





LMW SENSITIZING AGENTS 


Antibiotics 
Penicillins, cephalosporins, tetracyclines 


Drugs 


a-Methyldopa, cimetidine, hydralazine, 
Opiates, penicillamine, others 


Inorganic Chemicals 


Ammonium persulfate 
Fluoride 


Metals 


Aluminum 
Chromium salts 
Cobalt 

Nickel 
Palladium 
Platinum 


Vanadium 
Zinc 


Organic Chemicals 


Abietic acid (colophony pine rosin) 
Acrylates 
Aldehydes: 
Formaldehyde 
Gluteraldehyde 
Amines (ethanolamine) 
Anhydrides: 
Trimellitic anhydride (TMA) 
Phthalic anhydride 
Dyes 
Insecticides (pyrethrins, OPs) 
lsocyanates: 
Toluene diisocyanate (TDI) 
Diphenylmethane diisocyanate (MDI) 
Plicatic acid (western red cedar) 
Paraphenylenediamine 
Phenol 
Piperazine 
Styrene 


ASSOCIATED OCCUPATIONS/INDUSTRIES 


Pharmaceuticals 


Pharmaceuticals 


Beauticians, chemical production workers 
Aluminum pot-room workers 


Aluminum smelting 

Leather tanning, metal plating, hard metal 

Tungsten carbide hard metal workers 

Metal plating 

Metal plating, jewelers 

Platinum refining, electroplating, fluorescent screen 
manufacturing, jewelers 

Ferrovanadium workers (hard metal workers) 

Metal plating 


Soldering, electronics manufacturing 
Glues 


Hospital workers, laboratory technicians 
Soldering, paint application, machining metal 
Plastics, epoxy resins 


Dye industry, fabrics 
Farmers, insecticide applicators 


Polyurethane foam manufacturing 
Foundries, paint application 

Lumber, logging, carpenters, cabinet makers 
Fur dyer, chemical worker 

Chemical worker, laboratory worker 
Chemical processing 

Chemical production, polymer industry 


Adapted from Holland MG: Critically injured workers. In Brent J, Wallace KL, Burkhart KK, et al (eds): Critical Care Toxicology. Philadelphia, Mosby, 


2005, used with permission. 





such as that seen in inhalation fevers, does not occur. In 
fact, repeated low-level exposures cause a progressive, 
often irreversible pulmonary fibrosis. These patients may 
present from a typical occupational setting with the 
insidious onset of a constellation of signs and symptoms, 
including dyspnea, cough, weight loss, and fatigue. 
Chest radiographs may reveal increased interstitial 
markings and fibrosis, and pulmonary function testing 
usually shows restrictive disease and decreased diffusion 
capacity. 

The diagnosis of HP can be difficult, if not contro- 
versial. Diagnosis traditionally has relied on various non- 
specific clinical symptoms and signs, with demonstration 
of interstitial markings on chest radiographs, the presence 
of serum precipitating antibodies against appropriate 
antigens, a lymphocytic alveolitis on bronchoalveolar 


lavage (BAL), and/or a granulomatous reaction on lung 
biopsies. However, when considered separately, none of 
these findings is pathognomonic for HP. Specifically, 
chest radiographs are normal in 20% of acute cases. 
Serum precipitins document exposure to the offending 
antigen but don’t imply disease, because many co- 
workers with similar exposures but without disease 
demonstrate serum precipitins. BAL can be helpful, 
because a normal lymphocyte BAL count rules out all 
but residual disease, but an alveolar lymphocytosis is not 
specific to HP. Transbronchial biopsies are of limited 
usefulness, even when granulomas are found, because 
these are present in other diseases. HP gives a typical, 
albeit nonspecific, pattern of bilateral ground glass 
or poorly defined centrilobular nodular opacities 
on HRCT. 
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Exposures Reported to Cause Hypersensitivity Pheumonitis (HP) 


DISEASE 


Plant Products 
Farmer's lung 


Bagassosis 


Mushroom worker's 
disease 

Malt worker's lung 

Maple bark 
stripper’s disease 

Humidifier lung 


Familial HP 


Compost lung 
Cheese washer’'s disease 
Cephalosporium HP 


Sauna taker’s disease 


Detergent worker's 
disease 

Japanese 
summer-type HP 

Dry rot lung 

Office worker's HP 


Potato riddler’s 
disease 


Tobacco worker's 
disease 
Hot tub lung 


Wine grower’s lung 
Grain worker's lung 
Pyrethrin alveolitis 


Animal Products 


Pigeon breeder's disease 
Duck fever 
Turkey handler’s lung 
Bird fancier’s lung 
Dove pillow’s lung 
Laboratory worker's HP 
Pituitary snuff 

taker’s disease 
Mollusk shell HP 


Chemicals 


Toluene diisocyanate 
(TDI) HP 

Trimellitic anhydride 
(TMA) HP 


Diphenylmethane 
diisocyanate (MDI) HP 

Epoxy resin lung 

Pauli’s HP 


USUAL SOURCE 


Moldy hay 


Moldy pressed 
sugarcane 
Moldy compost 


Contaminated barley 

Contaminated maple 
logs 

Contaminated 
humidifier water 


Contaminated wood 
dust in walls 

Compost 

Cheese casings 

Contaminated 
basements 

Sauna water 


Detergent 


Contaminated house 
dust, tatami mats 

Rotting wood 

Contaminated dusts 
from HVAC systems 

Moldy straw around 
potatoes 


Moldy tobacco 


Contaminated hot tub 
water 

Moldy grapes 

Grain dust 

Pesticides 


Pigeon droppings 
Duck feathers 
Turkey products 
Bird products 
Bird feathers 

Rat fur 

Pituitary powder 


Mollusk shells 


TDI 


TMA 


MDI 


Heated epoxy resin 
Pauli's reagent 


PROBABLE ANTIGENS 


Thermophilic actinomycetes: Faenia 
rectivirgula, Thermoactinomyces 
vulgaris; Aspergillus spp 

Thermophilic actinomycetes: 

F. rectivirgula, T. vulgaris 

Thermophilic actinomycetes: 

F. rectivirgula, T. vulgaris 

Aspergillus clavatus 

Cryptostroma corticale 


Thermophilic actinomycetes: 
T. vulgaris, T. candidus; Penicillium 
spp, Cephalosporium spp; Amoeba 
Bacillus subtilis 


Aspergillus 
Penicillium spp 
Cephalosporium 


Pullularia spp 
Bacillus subtilis enzymes 
Trichosporon cutaneum 


Merulius lacrymans 
2 


Thermophilic actinomycetes: 
F. rectivirgula, T. vulgaris, 
Aspergillus spp 

Aspergillus spp 


Atypical mycobacterium, 
Cladosporium spp 

Botrytis cinerea 

Erwinia herbicola 

Pyrethrins 


Altered pigeon serum 

Duck proteins 

Turkey proteins 

Bird proteins 

Bird proteins 

Male rat urine 

Bovine and porcine proteins 


Animal proteins 


TDI-albumin complex 


TMA-albumin complex 


MDI-albumin complex 


Phthalic anhydride 
Sodium diazobenzene-sulfonate 


COMMENTS 


Primary antigens are not molds 
but thermophilic bacteria 


Bagasse is pressed sugarcane 


Related exposures also can 
cause humidifier fever 


Seen when sewage 
contaminates basement 

Hot tub lung caused by atypical 
mycobacterium 


T. cutaneum is an imperfect 
yeast 


Multiple fungal and bacterial 
antigens may be responsible 


Pyrethrins are natural insecticides 
derived from chrysanthemum 
flowers; also a cause of 
occupational asthma 


Also most common industrial 
chemical asthma inducer 

Can also cause occupational 
asthma, and TMA-pulmonary 
hemorrhage-anemia syndrome 

Can also cause occupational 
asthma 
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Lacasse and coworkers recently formulated diagnostic 
criteria for HP, relying on BAL and HRCT as the “gold 
standard,” and, if needed, other diagnostic procedures. 
BAL lymphocytosis (>30% for non- and ex-smokers; 
>20% for smokers) and the typical HRCT findings were 
required for a diagnosis of HP to be accepted without 
resorting to additional diagnostic procedures, such as 
open lung biopsy. Six significant predictors of HP were 
identified: exposure to a known offending antigen, 
positive precipitating antibodies to the offending antigen, 
recurrent episodes of symptoms, inspiratory crackles on 
physical examination, symptoms occurring 4 to 8 hours 
after exposure, and weight loss. The likelihood of HP in 
any given patient increased as more predictors were 
present, with a 98% probability of HP when all six were 
present.” 

Treatment of acute episodes consists of administering 
oxygen and admission to hospital when necessary. 
Corticosteroids are the only useful medications in the 
treatment of HP. They have benefit in the acute attacks 
at a dose of 1 mg/kg/day of prednisolone. However, the 
mainstay of treatment is withdrawal from exposures and 
prevention of any further contact with the inciting 
antigen or chemical.***° 


TOXIC INHALANT INJURY 


Many occupations have potential exposure to gases, and, 
as a result, often these have significant potential for lung 
injury or systemic toxicity. Gases of toxicologic impor- 
tance can be divided into three major categories: simple 
asphyxiants, toxic or chemical asphyxiants, and irritant 
gases. 


Simple Asphyxtiants 


Simple asphyxiants have no inherent toxicity other than 
displacing oxygen from ambient air, thereby inducing 
anoxia. This is especially important in confined spaces, 
where the lack of air movement and ventilation may 
allow these gases to replace oxygen. Also, many are 
heavier than air and tend to accumulate in low areas. In 
the case of the chemical production worker, confined 
spaces such as reactor vessels may contain no oxygen; 
entry for vessel cleaning requires self-contained breathing 
apparatus or other supplied air respirators. 

The simple asphyxiants commonly encountered by 
workers include nitrogen, simple hydrocarbons (e.g., 
propane, butane), and carbon dioxide. When encoun- 
tered in confined spaces, a simple asphyxiant can cause 
anoxic central nervous system injury due to oxygen 
deprivation. The degree of injury depends on the extent 
and duration of anoxia. Additionally, the hydrocarbon 
simple asphyxiant (e.g., ethylene, propylene, butadiene, 
isobutylene, methane, ethane) also pose a significant 
explosive hazard. These confined space exposures 
usually occur in the situation of inadequate safety 
training and/or lack of proper supervision; often this 
occurs in newly hired workers who are unfamiliar with 
the inherent dangers. Treatment of simple asphyxiant 


exposure involves removal from the source, adequate 
ventilation, and supplemental Os. 


Toxic or Chemical Asphyxiants 


The gases considered to be chemical asphyxiants act by 
either decreasing the oxygen-carrying capacity of the 
blood (carbon monoxide, methemoglobin producers) or 
by interfering with cellular use of oxygen (cyanide, 
hydrogen sulfide). These toxicants are covered in detail in 
other chapters of this text (see Chapters 88, 89, and 91). 


Irritant Gases 


Irritant gases cause injury patterns that are directly 
related to their water solubility. Highly soluble gases such 
as HCl, NH3, SOs, and formaldehyde (CHO) and acid 
vapors cause immediate irritation of the mucous 
membranes of the upper respiratory tract because they 
easily dissolve in the moisture of these tissues. They cause 
direct tissue injury via burning by extremes of pH in the 
cases of acids and bases, or by forming an acid or base 
quickly upon dissolution in the physiologic fluids. 
Ammonia reacts with water to form ammonium 
hydroxide, a strong alkali, with the ability to cause airway 
injury and sloughing. Airway injury also may be caused 
by a more chemically reactive substance. For example, 
toxic cadmium fumes can cause a pneumonitis and acute 
lung injury due to inhibition of cellular and enzymatic 
function by the metal. 

Highly water-soluble irritant gases cause immediate 
burning in the mucous membranes of the eyes, nose, 
mouth, and throat. The primary site of injury, therefore, 
is the upper respiratory tract, for two reasons. First, this 
immediate onset of symptoms tends to limit the 
exposure; the victim does not tolerate exposures long 
enough for significant lower airway injury and rapidly 
exits the area causing the symptoms. Second, these 
soluble gases first deposit in the upper airways, making 
less concentration available to the lower respiratory tract. 
When exposures occur in confined spaces, or when 
victims have associated injuries that inhibit their ability 
to escape, prolonged exposures can result in lower respi- 
ratory tract and pulmonary parenchymal injury. Signifi- 
cant symptoms of upper tract burning and irritation with 
signs of mucosal and conjunctival inflammation, when 
accompanied by laryngeal symptoms and cough, 
indicates a possibility of lower respiratory tract injury and 
the need for admission and observation. Delayed 
pulmonary injury has been observed, with the onset of 
noncardiogenic pulmonary edema due to ARDS hours 
later. Long-term sequelae may include RADS/IIA, 
restrictive or obstructive defects, bronchiectasis, or 
bronchial stenosis. Conversely, the lack of upper 
respiratory signs or symptoms rules out any significant 
exposure of a highly soluble irritant gas and obviates the 
need for prolonged observation.!776 

Phosgene, oxides of nitrogen (e.g., NO», NO4; com- 
monly designated NO,), and ozone are poorly water- 
soluble gases. These insoluble gases cause little or no 
upper respiratory tract symptoms. In fact, the only 


warning may be a nonobjectionable odor, such as freshly 
mown hay in the case of phosgene, or bleach-like odor of 
nitrogen dioxide. Because there is no initial irritation, 
employees often are unaware of ongoing exposure. 
Thus, longer exposures can be tolerated, and the 
concentration reaching the lower airways is higher due 
to lack of deposition in the upper airway mucosa. 
Eventually, a significant amount dissolves in the water of 
the lower airway and alveolus. Often, injury is then 
caused by formation of a new compound, usually an acid, 
base, or free radical. In these cases, delayed alveolar 
injury is possible, and onset of lower respiratory tract 
injury and pulmonary edema occurs 6 to 12 hours after 
a significant exposure. 

Phosgene (carbonyl chloride) is encountered in 
chemical synthesis as an intermediate for isocyanate and 
pesticides, or as a by-product when chlorinated hydro- 
carbons are burned or heated. This can occur when 
Freon refrigerants burn in fires or when metals that had 
previously been cleaned with chlorinated hydrocarbon 
degreasers are welded or torch-cut. Phosgene also has 
historical significance as a World War I gaseous warfare 
agent, responsible for almost 80% of the deaths by 
chemical warfare gases. It is greater than three times 
heavier than air and accumulates in lower areas, making 
it an ideal agent for the trench warfare that was common 
during that campaign. Nitrogen dioxide is found in 
recently stored silage, especially corn grown during 
drought conditions, and is the agent responsible for silo 
filler’s disease. It reacts with water in the lung to produce 
nitric and nitrous acids, which are likely responsible for 
the acute lung injury. The oxides of nitrogen begin to 
form within 12 hours of storage and can continue for 2 
weeks. Oxides of nitrogen also form as by-products of 
combustion of fossil fuels or use of explosives, from 
lightning, and from oxidation of ambient nitrogen 
during high temperature arc welding. Nitric acid 
production workers can be exposed to NO, gas (the 
bubbles in fuming nitric acid are NO»). 

The initial alveolar injury usually results in alveolar- 
capillary leak, with edema and inflammation of the 
airway epithelium and submucosa. The fragile alveolar 
type I pneumocytes are particularly susceptible to injury, 
and irritant gases that reach the alveolus cause inflam- 
mation of the respiratory bronchioles and subsequent 
pulmonary edema and development of hyaline 
membranes and ARDS. The injury to the alveoli can be 
diffuse, and type II pneumocytes and fibroblast 
proliferate in an attempt to repair alveolar damage. In 
the recovery phase, resorption of hyaline membranes 
and exudates occurs. In some patients, the collagen 
deposition that follows can lead to long-term pulmonary 
fibrosis, whereas in others, recovery is complete.?’ 

Due to the lack of upper respiratory tract irritation 
associated with exposure to low solubility irritant gases, 
patients often go home and develop these symptoms 
remote from the worksite. Without a detailed occu- 
pational history, the connection to the workplace 
exposure may go unnoticed. The clinical picture may 
present as ARDS, and sepsis or some other nonoccu- 
pational cause may be suspected. Treatment consists of 
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O and ventilatory support as dictated by the clinical 
picture. Recent evidence suggests that lower tidal 
volumes and lower airway pressures in ventilated patients 
may improve survival.** Depending on the severity of 
injury, mortality rates from severe ARDS may be 
significant, and patients who recover may be left with 
permanent pulmonary impairment. Corticosteroids 
probably are useful to prevent the late sequelae of BOF 
that is seen after nitrogen dioxide exposures. Their value 
in other toxic inhalation injuries is suggested by animal 
studies, but it is not proven in humans.!” 

The spectrum of water solubility is wide, and many 
gases do not fit neatly into categories of high, medium, 
or low water solubility (Table 9-4).*? Medium solubility 
gases, like chlorine, have dissolution rates in the upper 
airway moisture that is midway between the highly 
soluble and the poorly soluble irritant gases. Significant 
chlorine gas exposures can cause upper airway symptoms 
of burning and irritation, but these may be milder than 
with the highly soluble gases. Exposures may be tolerated 
longer than that of the highly soluble gases and, there- 
fore, may progress to lower airway injury and delayed 
pulmonary edema. Chlorine exerts its toxic effect by 
formation of hydrochloric acid and hypochlorous acid 
once it dissolves in the water of the respiratory tract. 
Clinical suspicion and careful evaluation are necessary 
when making disposition decisions following exposures 
to the medium solubility gases. When in doubt, 24 hours 
of observation in hospital is warranted. 


Chronic Obstructive Pulmonary Disease 


Chronic obstructive pulmonary disease (COPD) is 
defined as a condition of airflow obstruction that is not 
fully reversible (as opposed to asthma in which the 
airflow generally is reversible). COPD is quite prevalent, 
with more than 16 million patients with the disease in 
the United States and probably even more who fit the 
criteria but remain undiagnosed due to the insidious 
onset of mild symptoms. The overwhelmingly predom- 
inant cause of COPD is tobacco smoking; however, 
exposures to irritating dusts, gases, and fumes probably 
have the capacity to induce this disorder.*? Plausible 
evidence for this exists when considering IIA. There 
likely is overlap between IIA and COPD. Many IIA 
patients have airflow obstruction that is not fully 
reversible, and their disease often is more persistent 
than sensitizer-induced occupational asthma, as well 
as more difficult to treat. Other evidence is from the 
developing world, where exposure to smoke generated 
from the use of wood or fossil fuels for indoor cooking 
and heating that is not properly ventilated may be of 
importance comparable to tobacco smoking for COPD 
development.” The American Thoracic Society has 
estimated that the population-attributed risk for COPD 
was estimated to be 15% to 20% due to occupational 
exposures.°** Several more recent studies lend further 
support to the theory that occupational exposures can 
increase the risk of COPD. Some of the industries 
with increased risk include rubber, plastics, and leather 
manufacturing; utilities; textile manufacturing; the 
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Relative Solubilities of Common Irritant Gases2? 





GAS, CHEMICAL FORMULA 


Hydrogen fluoride, HF 1.86 
Hydrogen chloride, HCl T27 
Chloramine: NH,CI (Bleach + NH3) N/A (liquid) 
Formaldehyde 1.04 
Ammonia, NH, 0.59 
Fluorine, F> 1.31 
Acrolein (C=C-C=0) 1.9 
Sulfur dioxide, SO, 2.263 
Methyl isocyanate (MIC), CH;3NCO 1.42 
Chlorine, Cl, 2.47 
Phosgene (Carbonyl chloride,COCI,) 3.48 
Chlorine dioxide, ClO, 2.33 
Nitrogen dioxide, NO, 2.62 
Ozone, O; 1.66 


RELATIVE VAPOR DENSITY (AIR = 1) 


SOLUBILITY IN WATER RELATIVE SOLUBILITY 


Freely soluble in water Very high 
82.3 g/100 mL water Very high 
Freely soluble in water Very high 

55 g/100 mL water High 

47 g/100 mL water High 
Reactive Medium high 
21 g/100 mL water Medium high 
17.7 g/100 mL water Medium high 
10 g/100 mL water Medium high 
1.46 g/100 mL water Medium 

0.9 g/100 mL water Low 

0.3 g/100 mL water Low 

0.3 g/100 mL water Low 

0.001 g/100 mL water Very low 


Adapted from Holland MG: Critically injured workers. In Brent J, Wallace KL, Burkhart KK, et al (eds): Critical Care Toxicology. Philadelphia, Mosby, 


2005, used with permission. 





armed forces; chemical, petroleum, and coal manufac- 
turing; and the construction industry.** These exposures 
to dusts, gases, and fumes may cause COPD independent 
from cigarette smoking; when combined with cigarette 
smoking, the effects appear to be more than additive.** 


INHALATION FEVERS 


Metal fume fever (MFF) is the classic example of an 
inhalational fever, but inhalational fever syndromes can 
occur after inhaling a wide variety of organic and 
inorganic materials. The same occupational settings also 
can give rise to HP, so it must be included in the differ- 
ential diagnosis. In contradistinction to HP, these 
exposures can cause a self-limited, flulike illness consisting 
of fever, chills, generalized body aches, and malaise. 
Patients frequently complain of headache, sore throat, 
chest pain, and cough, and they may have some dyspnea. 
There often is an elevated white blood cell count, but 
generally there are no other laboratory abnormalities. 
Usually, there is no hypoxemia, chest radiograph abnor- 
malities, or pulmonary infiltrates. The syndrome usually 
arises within a few hours after exposure and resolves 
within 1 day, with no residual effects. The mechanism 
appears to be a nonimmunologic reaction in the 
alveolus, causing release of cytokines and inflammatory 
mediators. Specifically, alveolar macrophages release 
cytokines interleukin (IL)-4, IL-6, and tumor necrosis 
factor & (TNF-a), which are known endogenous pyrogens. 
Complement may be activated, and T lymphocytes can 
release other inflammatory mediators. Repeated 
exposures cause a “desensitization,” or tachyphylaxis, 
whereby symptoms are worse at the beginning of the 
work week (Monday morning fever), and after repeated 
exposures may elicit no symptoms at all. There are no 
residual defects seen on spirometric evaluation. 
Diagnosis is made based on the above criteria, after 
ruling out influenza or other infectious causes. A good 
occupational history is essential, as infections usually are 


higher up on the diagnostic list when isolated patients 
present with these symptoms. A group of workers 
presenting with similar symptoms from the same 
occupational exposure setting makes it easier to consider. 
Treatment for the inhalation fevers is supportive, as this 
clinical entity is entirely self-limited. Proper education of 
the worker regarding the exposures that lead to this 
syndrome and appropriate engineering controls or 
fitting with appropriate respiratory protection can 
prevent further episodes. 

Many of the occupational settings where inhalation 
fevers occur also harbor risks of other acute lung injuries. 
For instance, welding of galvanized steel produces zinc 
oxide fumes responsible for MMF, but welding metal 
with cadmium can produce acute lung injury and death; 
and high-temperature arc welding in a confined space 
can cause significant NO, exposure leading to ARDS. 
Farmers who unload silos may be exposed to silage that 
is contaminated with thermophilic bacteria and molds 
that can cause inhalation fever (silo unloader’s disease), 
but exposure to freshly stored silage can cause silo filler’s 
disease due to liberation of NO, (acute lung injury). 
Moreover, farmers with moldy hay exposure may induce 
hypersensitivity pneumonitis due to exposure to the 
fungi and thermophilic bacteria that grow in wet hay. 

In contrast to inhalation fevers, the acute episode of 
HP often is accompanied by hypoxemia and pulmonary 
infiltrates on chest radiographs. Although fever is 
required for the diagnosis of inhalation fevers, it also 
may be present in HP or acute lung injury. The key 
distinguishing features in inhalation fevers are that chest 
radiographs show no abnormalities and there usually is 
no hypoxia, whereas these features are prominent in ARDS 
and HP. Repeated exposures to the causative agents of 
inhalation fevers causes a tolerance or significantly 
diminished response. Symptoms may be prominent when 
starting work or resuming after a vacation period. By the 
end of a workweek, exposures may cause no symptoms, 
and no permanent pulmonary sequelae develop. However, 
repeated insults of HP and acute lung injury after irritant 


gas exposures often cause pulmonary function abnor- 
malities and can lead to fibrosis and restrictive lung 
disease. Attack rates after typical exposures for the 
inhalation fevers can be high, often higher than 80% in 
one report of organic dust toxic syndrome, whereas HP 
occurs only in a small percentage of those exposed. 
Sensitization is required for the development of HP but 
not for inhalation fever. Repeated bouts of inhalation 
fevers due to certain exposures (humidifier fever) may 
predispose individuals to the development of HP, 
because these exposures settings also contain antigens 
responsible for HP (Table 9-5) .°°°° 


Metal Fume Fever 


Heating metals to a greater temperature than their melting 
point, such as while welding, causes formation of solid 
aerosols (fumes), often with accompanying oxidation. 
The resultant particle size of 0.1 to 1.0 um reaches the 
alveoli easily, where an acute inflammatory cell response 
causes release of cytokines, producing a constellation of 
symptoms. The classic syndrome of MFF involves a metallic 
taste in the mouth, fever, rigors, headache, chest pain, 
and dyspnea, with an abrupt onset 4 to 12 hours after 
exposure. Clinical tolerance to these effects occurs after 
regular exposure.’ Zinc oxide fumes are the classic cause 
of MFF, and in the 18th century was predominantly seen 
in brass foundries, where copper and zinc are heated to 
form the alloy brass. This gave rise to the then-common 
name given to what we now know as MFF: brasser’s flu or 
brass founder’s ague. More recently it has been seen 
after welding galvanized steel, in which the heating of 
zinc in the galvanized coatings forms zinc oxide fumes.*® 
There is some limited epidemiological evidence that 
other metal fumes, such as those produced when 
magnesium and copper are heated, can cause MFF.°%*° 


Polymer Fume Fever 


Teflon (polytetrafluoroethylene [PTFE]) can form 
pyrolysis degradation products when heated. Inhaling 
these products can lead to an inhalational fever known as 
polymer fume fever (PFF). PFF commonly occurs when 
Teflon-coated metals are welded or flame cut. Demolition 
of buildings with torch cutting of polymer coated wires, 
for example, also may cause the syndrome. It has been 
described in PTFE workers after smoking cigarettes that 
are contaminated with PTFE resins from their hands. This 
usually self-limited, flulike illness presents similarly to 
MFF, and diagnosis is based on the history of appropriate 
exposure. With prolonged exposures, or when higher 
temperatures are involved, pulmonary involvement with 
accompanying chest radiograph findings of consolidation 
are possible.*! There even has been a case of PFF from 
burning of the PTFE coating of a nonstick frying pan.” 


Humidifier Fever 


Humidifier fever is an inhalation fever syndrome caused 
by exposure to air contaminated by humidifier water that 
has excessive growth of microorganisms, most notably 
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Pseudomonas and other gram-negative bacteria, as well as 
amoeba. It is a self-limited syndrome with features 
remarkably similar to MFF, and diagnosis usually is made 
after several workers from the same building present with 
the appropriate signs and symptoms. It occurs more often 
during winter months, when heated winter air is dry and 
these humidification systems are in common use. Non- 
smokers are more susceptible than smokers. Humidifier 
fever is not to be confused with humidifier lung, which is 
a type of hypersensitivity pneumonitis that occurs after 
repeated exposure to humidifier contaminants. There 
can be considerable overlap of these entities, with both 
syndromes occurring in different workers with the same 
exposure.*° 


Pontiac Fever 


Pontiac fever is simply a type of humidifier fever caused 
by exposure to water contaminated by Legionella 
pneumophila. In contrast with Legionnaires’ disease 
caused by the same organism, Pontiac fever is a self- 
limited, flulike illness that was first described in 1968 in 
workers at the County Health Department Building in 
Pontiac, Michigan. It occurred after common source 
exposure to the air-conditioning system that was 
contaminated with L. pneumophila. Various other indoor 
water sources such as fountains, whirlpools, and spas 
have been implicated in causing Pontiac fever after 
contamination with Legionella species.*+*° 


Organic Dust Toxic Syndrome 


Organic dust toxic syndrome (ODTS) is a catch-all term 
applied to a variety of inhalation fever syndromes that 
occur after exposure to many different organic dust 
mixtures.***” Many of these dusts are associated with 
agricultural industries and include bacteria, fungi, 
grains, silage, hay, animal dander, pollen, and other 
complex mixtures. There seems to be a dose-response 
relationship, whereby higher dust concentrations and 
longer exposures increase the likelihood of developing 
the syndrome. In most instances, dust concentrations 
have been described as being so thick that is was difficult 
to see across the room. These conditions normally only 
occur in the agricultural setting, hence the common 
name “silo unloader’s disease.” Symptoms include fever, 
malaise, chest tightness, cough, and generalized aches. 
Hypoxia and chest radiograph abnormalities typically 
are absent, and the syndrome usually resolves without 
sequelae. However, there is a strong overlap with the 
causative agents of HP, and in these exposure settings HP 
must be ruled out.35:46 


PNEUMOCONIOSES 


Coal Workers Pheumoconiosis and 

Silicosis 

Fibrotic lung diseases can develop after heavy mineral 
dust exposures to silica quartz (silicosis), coal (coal 
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worker’s pneumoconiosis [CWP]), and asbestos fibers 
(asbestosis), among others. These diseases are decreasing 
in incidence in the United States, owing to increased 
awareness, regulatory changes, and improved industrial 
hygiene practices. Due to the long latencies from 
exposure to development of disease, new cases from 
exposure that ceased 20 to 30 years ago are still being 
diagnosed. However, the exposure levels necessary to 
cause many of these pneumoconioses are still occurring 
in developing nations. 

Exposure to coal mine dust and/or crystalline silica 
results in pneumoconiosis with initiation and pro- 
gression of pulmonary fibrosis. In a recent NIOSH 
review, Castranova and Vallyathan describe in vitro and 
animal studies, as well as data obtained from exposed 
workers, which show that four basic mechanisms are 
operative in the initiation and progression of these 
pneumoconioses: 


=m Coal dust and silica have direct cytotoxic effects. The 
resulting lung cell damage causes release of proteo- 
lytic enzymes and lipases, which then leads to 
pulmonary fibrosis. 

= Inhaled dusts are engulfed by pulmonary phagocytic 
cells that produce oxidants to destroy the dusts. This 
can exceed the amount of antioxidants present and 
cause lipid peroxidation, protein nitrosation, cell injury, 
and further lung scarring. 

= Numerous cell mediators are released from alveolar 
macrophages and epithelial cells, which leads to 
infiltration of inflammatory cells like polymorpho- 
nuclear leukocytes and macrophages. Proinflammatory 
cytokines and various reactive species are subsequently 
produced, again leading to further lung injury and 
fibrotic scarring. 

m These same alveolar macrophages and epithelial cells 
can secrete growth factors after initial healing from 
injury, which stimulates fibroblast proliferation and 
eventual scarring.*” 


Classic findings of silicosis include restrictive lung 
disease associated with silicotic nodules in the hilar 
nodes and parenchyma, with a predilection for the 
upper lobes. The silicotic nodule in the hilar lymph 
nodes occasionally may calcify in its periphery, leading to 
the pathognomonic egg-shell appearance on chest radio- 
graph. In a small portion of chronic silicosis cases, the 
silicotic nodules coalesce and form larger fibrotic 
masses, known as progressive massive fibrosis (PMF). 
With PMF, pulmonary architecture becomes distorted 
and vessels, bronchioles, and alveoli may be destroyed, 
and the end result is respiratory failure. These cases are 
caused by large amounts of dust exposures in an 
occupational setting that occurred over many years. They 
are primarily of historical interest, because dust 
exposures necessary to cause silicosis this severe rarely 
occur today, and current cases are a result of exposures 
that occurred decades ago.*® 

Certain occupations, such as sandblasting, still can lead 
to chronic silicosis, and current regulatory standards and 
personal protective equipment may not be adequate to 


prevent this disease. However, the reduction in incidence 
of severe silicosis has lead to the use of HRCT scans to 
detect more subtle, early, subclinical findings such as 
micronodules and calcifications that are not evident on 
plain chest radiographs. Patients with silicosis have a 
high incidence of pulmonary mycobacterial infections 
(both tuberculosis and atypical mycobacterium), as well 
as fungal diseases such as cryptococcosis, blastomycosis, 
and coccidioidomycosis. This is likely due to an impair- 
ment of the normal pulmonary immune response by 
silica dust exposure that is not well understood. Silicosis 
has also been epidemiologically linked with systemic 
connective tissue diseases (CTD), such as scleroderma 
(termed Erasmus syndrome) and rheumatoid arthritis 
(Caplan syndrome). Some authors have estimated that the 
risk of these CTD is 2.5 to 15 times higher in silicosis 
patients than in those without silicosis. However, more 
recent clinical studies have failed to show the same risks 
seen in older studies of miners.*?°! 


Asbestos and Man-Made Vitreous 
Fibers 


Asbestos is probably the best-studied occupational and 
environmental inhalation health hazard in humans. It is 
generally accepted that all six asbestos fiber types can 
cause pleural plaques, pleural fibrosis, interstitial fibrosis 
(asbestosis) of the lung parenchyma, carcinoma of the 
lung, and mesothelioma, but potency and risk vary with 
fiber type and exposure history. Dust control regulations 
in developed nations have become progressively more 
demanding compared with the 10 to 100 fiber/cc 
exposure concentrations of the mid-20th century. 

Man-made vitreous fibers (MMVFs) are synthetic, 
vitreous silicate fibers widely used in present-day insula- 
tion and construction industries in industrialized nations 
due to the decline in the use of asbestos materials. 
MMVF¥s can be categorized into insulation wools (rock 
wool and slag wool), glass fibers (glass wool, continuous 
glass filaments and microfibers), and refractory ceramic 
fibers (RCFs, kaolin-wool and other high-temperature 
insulating fibers). There are more than 70 varieties of 
synthetic inorganic fibers in use today. 

Respirable fibers of concern have a length-to-width 
ratio of at least 3:1 and an aerodynamic diameter less than 
10 um, corresponding to a measured physical diameter 
of less than approximately 3 to 4 um. The current U.S. 
Department of Labor Occupational and Safety Health 
Organization (OSHA) permissible exposure limit is 0.1 
fibers/cc, time-weighted average (TWA), for all six asbestos 
fiber types. There are no U.S. standards for MMVFs at 
this time. 

Fibrosis from asbestos appears to arise when pulmonary 
macrophages, neutrophils, and other inflammatory cells 
release mediators such as lysosomal enzymes, arachidonic 
acid intermediates, proteases, cytokines, growth factors, 
and reactive oxygen species. This results in a chronic 
inflammatory process that stimulates fibroblast prolifera- 
tion, causing excess collagen to be deposited in the area 
of the offending fiber. Continued exposure, which allows 
diffuse deposition of these fibers, leads to generalized 


fibrosis, or asbestosis, which has a predilection for the 
lower lobes. Chest radiograph findings of lower lobe 
irregular fibrotic densities are typical, with indistinct 
cardiac and pericardial borders. Pleural or pericardial 
calcifications (plaques) are virtually pathognomonic for 
asbestos exposure. HRCT scanning is more sensitive than 
conventional radiographs for detection of pleural and 
parenchymal disease. The increased risk of lung cancer 
and mesothelioma seen in asbestos exposures may be 
due to the reactive oxygen species, which can cause DNA 
damage to critical genes coding for detoxifying enzymes. 

MMVEFSs have been in use since the 1800s, with very few 
reports of pulmonary disease due to MMVF exposure, 
but pleural plaques have been reported in a cohort of 
refractory ceramic fibers (RCF) manufacturing workers 
in the United States. MMVFs are less durable and less 
respirable than asbestos fibers. Although there is some 
evidence that RCFs are capable of inducing lung tumors 
in rats and mesotheliomas in hamsters, current data do 
not show an excess risk of lung cancer in humans. 
Recent studies have shown RCF workers can develop 
pleural plaques without concomitant interstitial fibrosis. 
It is unknown whether these pleural changes signify a 
future risk for human mesothelioma. Long-term follow- 
up studies of the RCF worker cohorts are needed. At the 
present time, whether inhaled MMVFs represent a 
human carcinogenic risk is unknown.” 


Metal Pneumoconioses*®*? 


Inhalation of metal dusts and fumes can induce a wide 
range of lung pathology, including airway disorders, 
cancer, and parenchymal diseases. Metal inhalation can 
cause granulomatous disease, giant cell interstitial 
pneumonitis, chemical pneumonitis, and interstitial 
fibrosis, among other disorders. The major offending 
metals are aluminum, beryllium, cadmium, cobalt, copper, 
iron, mercury, and nickel. 

Beryllium and nickel exposure induce an immuno- 
logic reaction in the lung. Beryllium probably acts as an 
incomplete antigen, or hapten, and is presented by 
antigen-presenting cells to CD4* T cells, which then react 
with the hapten via specific receptors. Only about 15% of 
workers exposed to beryllium develop chronic beryllium 
disease, which suggests that genetic factors play an 
important role. Other metals such as cadmium and 
mercury induce nonspecific damage, probably by initiating 
production of reactive oxygen species. Additionally, 
there is genetic susceptibility associated with increased 
risk in developing hard metal disease from cobalt 
exposure. 


ALUMINUM 

Occupational exposures to aluminum dusts and fumes 
have been associated with parenchymal lung disorders 
such as pneumoconiosis, fibrosis, and granulomatous 
lung disease. The prevalence of disease in exposed 
workers is relatively low when compared with beryllium 
exposure. The mechanisms by which aluminum causes 
parenchymal disease are unknown. 
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BERYLLIUM 

Due to its light weight, low density, high melting point, 
and high tensile strength, beryllium has been used in the 
nuclear power industry and other high-technology 
applications. Beryllium acts as an incomplete antigen, or 
hapten, and is presented by antigen-presenting cells to 
CD4 T cells, which possess receptors on their surface 
capable of recognizing the antigen. Workplace exposure 
to beryllium results in three possible outcomes: (1) 
workers who show no evidence of an immune response 
or sensitization to beryllium and do not develop chronic 
beryllium disease (CBD); (2) workers who become 
sensitized to beryllium, as demonstrated by skin testing 
or the blood beryllium lymphocyte proliferation test 
(BeLPT), but who do not have any evidence of CBD; and 
(3) workers who have become sensitized, as demonstrated 
by blood lymphocyte test or skin patch tests, and have 
developed CBD—a granulomatous or mononuclear cell 
infiltration of the lung and other tissues that is clinically 
indistinguishable from sarcoidosis. There is some 
evidence of a dose-response relationship for the develop- 
ment of CBD, but even nonproduction employees 
working nearby (e.g., secretaries, front office personnel) 
have developed the disease from trivial exposures. There 
is good evidence that the current OSHA standard of 
2 ug/m?® 8-hour TWA is not protective. Workers exposed 
to levels below this have become sensitized and 
developed CBD. The U.S. Department of Energy (DOE) 
recognized this and, in 1999, developed its own action 
level of 0.2 ug/m*, which is also the American Conference 
of Governmental Industrial Hygienists’s threshold limit 
value for beryllium.°* The DOE requires medical 
monitoring and BeLPT for all beryllium-associated 
workers. The safe level at which no worker becomes 
sensitized is unknown. Workers with exposures below 
0.1 ug/m* have become sensitized.” Sensitization can 
occur in 1% to 16%, and chronic beryllium disease 
occurs in approximately 2% to 6% of exposed workers, 
through the refining of beryllium-containing ores as well 
as manufacturing and use of beryllium metals, oxides, 
alloys, ceramics, and beryllium-containing products. 
However, attack rates for CBD can be as high as 17% in 
some highly exposed cohorts, lending evidence for some 
dose-response relationship. Workers who are involved in 
machining or grinding beryllium metal have higher 
exposures to beryllium dusts, and have a higher rate of 
CBD. Workers with evidence of sensitization or CDB 
must be removed completely from further beryllium 
exposure. 


CADMIUM 

Exposure to cadmium occurs in production of nickel 
cadmium (Ni-Cd) batteries, electroplating, and manu- 
facture of pigments or cadmium alloys. Nonoccupational 
exposures occur from tobacco smoking. Cadmium has a 
low boiling point and, therefore, forms toxic metal 
fumes readily when heated, such as when soldering, 
welding, or making alloys. Acute inhalation of cadmium 
fumes can cause a syndrome initially similar to MFF. 
However, cadmium is toxic to the alveolar epithelium 
and endothelium, the mechanism of which may be an 
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oxidant-induced cytotoxicity. Consequences of acute 
exposures are a delayed chemical pneumonitis, 
pulmonary edema, and death. Long-term sequelae such 
as pulmonary fibrosis and emphysema can result. 
Epidemiologic studies suggest chronic exposures that do 
not cause an acute pulmonary injury pattern also are 
associated with emphysema and pulmonary fibrosis. 


COBALT 

Hard metal is a mixture of predominantly cobalt metal 
and tungsten carbide particles, with smaller quantities of 
other alloys (e.g., titanium, molybdenum, chromium). 
Cobalt alloys have great strength, hardness, and resistance 
to oxidation. These properties make hard metal ideal for 
use in drilling and grinding tools. Worker exposure to 
hard metal dusts occurs in the manufacturing and use of 
these hard metal tools. 

The term hard metal disease (HMD) is used to refer to 
all the respiratory diseases that result from exposure to 
hard metal dust, which include reactive airways disease 
and the parenchymal diseases—giant cell interstitial 
pneumonitis, bronchiolitis obliterans, hypersensitivity 
pneumonitis, and interstitial fibrosis. 

Workers with hard metal parenchymal diseases can 
have resolution of symptoms when removed from expo- 
sure early in the course of the disease, but symptoms 
often recur upon return to exposures at work. With long- 
term exposure, increasing dyspnea, restrictive lung 
disease, reduced diffusing capacity, and eventual inter- 
stitial fibrosis can develop. This fibrosis may continue to 
progress even after removal from exposure. Bizarre, 
cannibalistic, giant, multinucleated cells obtained via 
BAL typically are considered a hallmark of HMD. 

Cobalt is a known sensitizer, and the pathogenic 
mechanism of HMD most likely is immunologic. Only a 
small percentage of exposed workers are affected, and 
there is a reversal of the helper/suppressor T-cell ratios 
seen on BAL specimens. Sensitized workers have positive 
results on skin patch tests and lymphocyte proliferation 
tests to cobalt salts. Genetic susceptibility also is evident 
in the development of HMD. 


COPPER 

Exposure to copper fumes may cause MFF (see earlier), 
as well as upper respiratory irritation and nasal septal 
ulceration or perforation. However, despite its widespread 
use, respiratory illness is reported infrequently with copper 
exposure and longitudinal study of copper refinery 
workers show no increase in respiratory diseases. Exposure 
to Bordeaux mixture, a solution of copper sulfate used as 
an antimildew agent in vineyards, has caused an 
interstitial lung disease in some workers. 


IRON 

Siderosis generally is considered a benign pneumoco- 
niosis resulting from the inhalation of iron oxide dust. 
Workers may be exposed to this dust in the manufacture 
of iron oxide, the preparation of emery rock for grinders, 
and the use of these grinding tools. Siderosis also can 
develop due to exposure to iron oxide fumes while 
welding. Although clinical symptoms usually are minimal 


or nonexistent, the findings on chest radiography in 
siderosis are often striking, with diffuse reticulonodular 
densities. A minority of patients can develop both 
restrictive disease and reduced diffusing capacity. 


MERCURY 

Elemental mercury is a liquid that is easily volatilized, 
especially when heated. Pulmonary toxicity occurs 
primarily from the accidental inhalation of elemental 
mercury vapor, usually in the home setting. It can cause 
an acute airway irritation and rare episodes of 
pulmonary edema, chronic interstitial fibrosis, or death. 
The pathogenesis is due to mercury’s propensity to bind 
to sulfhydryl groups of cellular enzymes, as well as the 
formation of mercury-protein adducts. Once these 
enzymes are inactivated, subsequent oxidant injury and 
secondary destruction of pulmonary epithelial cells can 
occur. Exposure to high-dose elemental mercury vapor 
causes severe airway irritation, leading to tracheo- 
bronchitis, bronchiolitis, and, occasionally, pulmonary 
edema and death. Most cases of mercury vapor exposure 
do not result in permanent lung damage; severe cases 
may develop chronic interstitial fibrosis. 


NICKEL 

Nickel is a potent sensitizer, and roughly 10% of the U.S. 
population is dermally sensitized to nickel, with higher 
rates reported in women, possibly from more exposure 
to nickel-containing jewelry. Occupational exposure to 
nickel compounds is associated with IgE-mediated 
sinusitis, dermatitis, and asthma. High-dose exposures 
can cause chemical pneumonitis, pulmonary edema, 
and, rarely, pulmonary fibrosis. In the upper airway, 
nickel exposure is associated with rhinitis and sinusitis, 
anosmia, nasal septal perforation, and nasal carcinoma. 
In the lower airway, nickel exposure can lead to 
epithelial dysplasia and lung cancer. High-dose exposure 
to nickel carbonyl causes chemical pneumonitis and 
pulmonary edema. Although pulmonary fibrosis may 
result, complete recovery is the usual course. Response 
or tolerance to nickel, as in other metals, depends on 
genetic susceptibility and cytokine responses. 


NEWER OCCUPATIONAL LUNG 
DISEASES 


Microwave Popcorn Workers and 
Bronchiolitis Obliterans 


Bronchiolitis obliterans, a rare, severe lung disease 
characterized by cough, dyspnea on exertion, and airway 
obstruction that does not respond to bronchodilators, 
can occur after certain occupational exposures. In- 
halation exposure to agents such as nitrogen dioxide, 
sulfur dioxide, anhydrous ammonia, chlorine, phosgene, 
and certain mineral and organic dusts can cause 
irreversible damage to small airways known as bronchiolitis 
obliterans. Patients show an obstructive ventilatory 
defect without chest radiograph diffusing capacity 
abnormalities. 


In May 2000, eight persons who had formerly worked 
at a plant that produces microwave popcorn were 
reported to the Missouri Department of Health to have 
bronchiolitis obliterans. Epidemiologic evidence and 
exposure monitoring have suggested that diacetyl (2,3- 
butanedione), a di-ketone used as an artificial butter 
flavor, is the causative agent. Workers in other plants that 
use artificial butter flavorings also have developed 
bronchiolitis obliterans.°°°” 


Nylon Flock Worker’s Lung 


Even materials previously thought to be inert and inno- 
cuous can subsequently cause disease when their physical 
properties are altered. This is apparently the case with 
nylon flock worker’s lung, a newly described interstitial 
lung disease. Flocking is a widely used industrial process 
in which nylon polyamide fibers are cut into short 
lengths and then glued to a backing fabric to produce 
plush, velvet-like material. The flocked material is then 
used to produce clothing, upholstery, and plush toys and 
novelty items. The majority of the industry uses a 
guillotine-type cutter that produces precise fiber length 
(called precision-cut flock), but it is slow and therefore 
more costly. Rotary cutters are much faster but produce 
more variable fiber lengths, called random-cut flock. In 
addition, when these rotary cutter blades become dull, 
they heat up and can melt the nylon or produce very 
small fragments that can become airborne. These small 
fragments have an aerodynamic diameter of less than 
10 um and cause a respirable dust found in these work- 
places. This nylon respirable dust has been shown in 
animal models to cause an intense inflammatory 
reaction.” All cases of nylon flock worker’s lung 
reported to date have been from the only two plants that 
use rotary cutters and produce random-cut flock. 

A comprehensive survey of workers at these plants 
showed a high frequency of eye and throat irritation, 
respiratory symptoms, and systemic symptoms during the 
workday. Workers with the interstitial lung disease 
experienced progressive dry, nonproductive cough, and 
dyspnea. The mean latency from time of hire to onset of 
symptoms was 6 years, and the latency from onset of 
symptoms to diagnosis was | year. Most chest radiographs 
were normal, but some showed reticulonodular or patchy 
infiltrates. HRCT scans, the imaging study of choice, 
showed patchy ground-glass opacity, scattered areas of 
consolidation, diffuse micronodularity, or peripheral 
honeycombing. Pulmonary function testing was variable, 
usually showing restrictive defects, but occasionally 
obstructive defects or normal spirometry was seen. BAL 
revealed eosinophilia (>25%) or lymphocytosis (>30%), 
with or without neutrophilia. The biopsy specimens from 
affected patients revealed a characteristic lymphocytic 
bronchiolitis and peribronchiolhtis with lymphoid 
hyperplasia. All those affected had improvement in 
symptoms as well as radiographic and functional 
improvement after leaving the workplace. However, 
complete recovery was not seen.” 
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PULMONARY TOXICITY OF 
THERAPEUTIC MEDICATIONS 


Many therapeutic medications can affect the pulmonary 
system. These effects include a wide spectrum of disorders 
such as hypoventilation due to any central nervous system 
depressant drugs like opioids and sedative/hypnotics 
and bronchoconstriction and bronchospasms from 
inhaled medications or any drug that can induce 
anaphylaxis or anaphylactoid reactions. Inflammatory 
and fibrotic changes in the lung can be caused by a 
variety of medication classes, as well as ARDS from any 
overdose situation resulting in prolonged hypotension 
and/or multi-organ failure. Also, any drug that causes 
enough central nervous system depression and lack of 
protective reflexes can lead to aspiration hazard and 
subsequent pneumonitis. 

Pulmonary toxicity from therapeutic drug administra- 
tion is reported most commonly with the chemotherape- 
tic agents, occurring in up to 10% of all patients receiving 
certain drugs. The likelihood of developing pulmonary 
toxicity from these agents increases with increasing age 
of the patient, higher cumulative dose, concurrent 
radiation therapy, concurrent O, therapy, concurrent 
chemotherapy, and preexisting pulmonary disease. The 
clinical signs and symptoms are similar regardless of the 
type of chemotherapeutic agent, often showing 
restrictive defects on spirometry and decreased diffusion 
capacity for single breath carbon monoxide (DL,,). 

The common pulmonary manifestations of che- 
motherapeutic agents are interstitial pneumonitis, 
BOOP, and DAD. Tables 9-6 and 9-7 illustrate repre- 
sentative drugs and the toxicities seen with therapeutic 
use.!36170 Chest radiographs frequently have normal 
results despite clinical signs and symptoms and changes 
in pulmonary function testing. HRCT scans are very 
helpful in identifying parenchymal abnormalities, 
guiding proposed biopsy sites, and monitoring response 
to therapy.®°!-6470,71 


SUMMARY 


The fragile pulmonary system is in direct contact with 
airborne dusts and toxicants, and, as such, is susceptible 
to numerous acute and chronic effects from these 
exposures. This has been most prominently demonstrated 
in the occupational setting, where acute inhalation 
syndromes such as MFF, PFF, and ODTS were first 
described. Exposure to various antigens and/or chemical 
agents in the occupational setting has led to our 
understanding of hypersensitivity syndromes such as HP 
and occupational asthma. Occupational exposures to 
airborne dusts and fibers have caused workers to develop 
the historically well-known pneumoconioses such as 
CWP, asbestosis, silicosis, and CBD, as well as newer 
syndromes such as popcorn worker’s lung and nylon 
flock worker’s lung. 

Pulmonary manifestations of other toxic exposures 
are evident in the nonoccupational settings when 
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Therapeutic and Abused Drugs and Their Pulmonary Toxicities?®-57.61 


THERAPEUTIC 
DRUG CLASS 


REPRESENTATIVE 
DRUGS 


TYPE OF PULMONARY 


TOXICITY SEEN COMMENTS 


B-Adrenergic 
blockers 


Nonselective B blockers: 
nadolol, propranolol, 
timolol 

Cardioselective B blockers: 
betaxolol, atenolol, 
bisoprolol, esmolol, 


Bronchoconstriction; IP, pleurisy, 
and PF have been reported 


Timolol ophthalmic administration 
can cause exacerbation of asthma 


Bronchoconstriction; IP, pleurisy, 
and PF have been reported 


Calcium channel 
blockers 

Angiotensin- 
converting 
enzyme (ACE) 
inhibitors 


Angiotensin Il 
receptor 
antagonists 

Antiarrhythmic 
agents 


Anti-inflammatory 
agents 


Leukotriene 
antagonists 
Antibiotics 


Antiasthmatic 
medications 


metoprolol 


Verapamil, nifedipine 


Captopril, lisinopril 


Losartan, candesartan, 


others 
Amiodarone 
Flecainide 
Tocainide 


Dipyridamole 


Aspirin 


Ketorolac 
NSAIDs 


Gold salts 


Penicillamine 


Zafirlukast, montelukast 


Nitrofurantoin 


Isoniazid (INH) 


Penicillin 
Sulfasalazine 


Aminoglycosides 
Aminosalicylic acid 
Amphotericin B 
Pentamidine 
Polymyxin 


Streptomycin 
Tetracycline 


Ipratropium bromide 


Hydrocortisone 
succinate 
Cromolyn sodium 


Bronchoconstriction (rare) 


Cough, dyspnea, bronchospasms 


Cough 


IP, PF, ARDS, RF 


IP ARDS 
IP, PF 
Bronchoconstriction 


Therapeutic: asthma, 
bronchospasms 
Overdose: hyperpnea ARDS, RF 


Anaphylactoid reactions 

Bronchoconstriction, 
anaphylactoid 

HP, IP, PE BOOP 


Alveolitis, HP, SLE, pleural effusions, 
Goodpasture’s syndrome, 
eosinophilic pneumonia 

Churg-Strauss syndrome (CSS) 


Acute and chronic IP, eosinophilic 
pneumonitis 


HP 


HP, pleural effusions 

Pulmonary infiltrates, eosinophilic 
pneumonia, eosinophilia, BOF 

Respiratory muscle weakness 


Hypersensitivity reactions, pleural 
effusions, alveolar infiltrates, 
cough 

Decreased PFT, BO 

Bronchospasms 

Respiratory muscle weakness 


Pleural effusions 
Pulmonary infiltrates, 
pleural effusions 

Bronchoconstriction 


Bronchoconstriction 
Bronchoconstriction, pulmonary 


edema, pulmonary infiltrates 
with eosinophilia 


Evidence mainly from single case 
reports 

Incidence of cough high, necessitating 
cessation of therapy in 10% of cases; 
mechanism appears to be kallikrein- 
prostaglandin system, with build-up 
of proinflammatory mediators such 
as substance P and bradykinin 

Incidence much less than ACE inhibitors; 
these agents have little effect on 
kallikrein-prostaglandin system 

Dose and time-dependent effects, lower 
doses much less incidence 


PF incidence 0.3% 

Incidence as high as 0.15% after IV use 
for dipyridamole-thallium imaging 

High incidence of bronchospasms in 
asthmatics with nasal polyps; asthma 
related to increases in leukotrienes, 
decrease in prostaglandins due to 
co-ox enzyme inhibition 


Most NSAIDs cause exacerbations in 
aspirin-sensitive individuals 

Incidence < 1%; BAL shows lymphocyte 
predominance; also drug-induced SLE 

Occurs in sensitized individuals; also 
drug-induced SLE 


CSS: allergic granulomatous vasculitis 
with asthma, pulmonary infiltrates 
One of the most common drug-induced 
pulmonary diseases; acute: onset in 

hours to days; chronic: after years of 
Rx; also drug-induced SLE 

HP with peripheral eosinophilia; also 
drug-induced SLE 

Also drug-induced SLE 

Rare; effects due to metabolites 
5-aminosalicylic acid and sulfapyridine 

Occurs after excessive serum levels, ? 
reversible with physostigmine 

Incidence up to 5%; associated fever, 
rash, lymphadenopathy, 
hepatomegaly 


Seen after nebulized or IV 

Occurs after excessive serum levels, ? 
reversible with physostigmine 

Also drug-induced SLE 

Also drug-induced SLE 


Paradoxical, likely due to benzalkonium 
in nebulizer solution 

Paradoxical; not seen with other steroid 
preparations 

Hypersensitivity reaction, may be 
IgE-mediated 
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Therapeutic and Abused Drugs and Their Pulmonary Toxicities”®-7:61 (Cont'd) 





THERAPEUTIC 
DRUG CLASS 


Nebulizer and 
metered dose 
inhaler solutions 


Diuretics 


Chemotherapeutic 
agents 


Drugs of abuse 


Opioids 


Stimulants 
Psychotropics 


Anticonvulsants 
HMG Co A 
Inhibitors “Statins” 
B-Adrenergic 
agonists 


Ergot alkaloids 


Anorectic agents 


REPRESENTATIVE 
DRUGS 


Preservatives: sulfites, 
alcohol, metabisulfites, 
benzalkonium chloride, 
ascorbic acid 


Emulsifiers: soy lecithin, 
oleic acid 

Diluents: sorbitan 

Propellants 

Hydrochlorothiazide 
(HCTZ) 

Bleomycin 


Carmustine 
Cyclophosphamide 
Azathioprine 
Cytarabine 
Busulfan 


Chlorambucil 
Doxorubicin 
Melphalan 
Methotrexate 
Mercaptopurine 
Mitomycin 


Nitrogen mustards 


Nitrosoureas 
Vinca alkaloids 


Procarbazine 

Teniposide, 

Chlorozotocin 

Heroin (diacetyl morphine) 


Cocaine 


Methadone, 
d-propoxyphene 

Methylphenidate 

Phenothiazines 

Butyrophenones 

Tricyclic antidepressants 
(TCA) 

Trazodone 


Carbamazepine 
Simvastatin, 
pravastatin, lovastatin 
Ritodrine, albuterol, 
terbutaline 


Methysergide, 
bromocriptine 


Fenfluramine, amphetamine 


derivatives 


TYPE OF PULMONARY 
TOXICITY SEEN 


Bronchospasms 


Bronchospasms 


Bronchospasms 

Bronchospasms 

IP, noncardiogenic pulmonary 
edema 

IP, HP, BOOP 


IP, PF 
PF, BOF, BOOP 
IP 

NCPE 

PF 


IP, PF 

IP, PF 

IP, PF 

IP, HP, RF, BOOP, pulmonary edema 
IPARI 

Nonspecific pulmonary toxicity, PF 


Pleural effusions, pulmonary 
edema 

PF, pulmonary hypertension 

PF, RF, pulmonary edema 


A, PF, NCPE 


IP, HP, BOF, BOOP, A, pulmonary 
edema, RF, pneumothorax, 
pneumomediastinum 


NCPE 


Abnormal PFT, hemoptysis 
Pulmonary edema 
Pulmonary edema 

ARDS 


Eosinophilic pneumonia, 
RF 

IP 

HP, IP, PF 


Pulmonary edema, alveolar 
infiltrates, bronchospasms, 
pulmonary embolus 

Pleural effusion, pleural fibrosis 


Pulmonary hypertension 


COMMENTS 


Most have been removed; metabisulfite 
probably works through SO, 
stimulation of irritant receptors; 
benzalkonium through release of 
mast cell mediators 


Hypertonicity may cause bronchospasms 

Accounts for 58%-99% of MDIs 

Rare occurrence, onset within hours 
of administration 

Pulmonary toxicity in 10% of all 
patients, death in 1%-2% 

PF onset can be delayed many years 

Incidence < 1% 

Incidence < 1% 

Has been fatal 

Up to 4% incidence, insidious onset, 
can be delayed for years 

Rare case reports 


Rare case reports 
HP incidence up to 7%, reversible 


Incidence < 10%, higher in combination 
chemotherapy 


Usually only with combination 
chemotherapy 


NCPE mechanisms: direct alveolar type II 
cell toxicity, neurogenic, 
hypersensitivity, acute hypoxic effect 

Inhaled crack cocaine most common 
form; direct toxicity, hypersensitivity, 
and impurities are all likely 
mechanisms; Rx with corticosteroids 

Isolated case reports 


Seen with abuse only 

Rare, single case reports 

Rare, single case reports 

Due to aspiration pneumonitis 
and/or NCPE 


Hypersensitivity reactions 

Rare case reports only; also myalgias, 
drug-induced SLE seen 

Seen when given IV for tocolysis 


Retroperitoneal fibrosis also seen 


A, asthma; ARDS, acute respiratory distress syndrome; BO, bronchiolitis obliterans; BOF, bronchiolitis obliterans fibrosa; BOOP, bronchiolitis obliterans 
organizing pneumonia; HP, hypersensitivity pneumonitis; IP, interstitial pneumonitis; IV, intravenously; NCPE, noncardiogenic pulmonary edema; PF, 
pulmonary fibrosis; PFT, pulmonary function tests; RF, respiratory failure, SLE, systemic lupus erythematosus. 
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Pulmonary Toxic Manifestations of Therapeutic Medications 





PULMONARY 


TOXICITY/CONDITION ASSOCIATED DRUGS 


Pulmonary eosinophilia® Occasionally associated: acetylsalicylic acid, carbamazepine, 
granulocyte-macrophage colony-stimulating factor, 
minocycline nilutamide, penicillamine, propylthiouracil, 
sulfa-containing antibiotics, sulfasalazine 

Rarely associated: beclomethasone, chloroquine, cocaine, 
dapsone, desipramine, diclofenac, erythromycin, heroin, 
imipramine, IL-2, isoniazid, isotretinoin, mesalamine, 
methylphenidate, paclitaxel, para-(4)-aminosalicylic acid, 
penicillins, phenylbutazone, procarbazine, propranolol, 
ranitidine, trimipramine, zafirlukast 


Bronchospasms°° Frequent: ACE inhibitors, amiodarone, amphotericin B, 


antidepressants, phenelzine, tranylcypromine, isocarboxazid, 


aspirin, B blockers (propranolol labetalol, atenolol, timolol), 
carbamazepine, cyclophosphamide, D-tubocurarine, 
D-penicillamine ergots, erythromycin, gemcitabine, heroin, 
iodine radiocontrasts, isoflurane, melphalan, mesalamine, 
methotrexate, nitrofurantoin, NSAIDs, suxamethonium, 
sulfonamides, vinblastine 

Drugs of abuse: inhaled cocaine, marijuana, heroin 

Occasional: acetylcysteine, adenosine, aminoglycoside 
antibiotics, betahistine, cephalosporins, cytokines, 
desensitization extracts, hydrocortisone, interferon-a, 
interferon-B, isotretinoin L, asparaginase, melphalan, 
mesalamine, methylprednisolone, paclitaxel, penicillins, 
propofol, prostaglandin-F2a polyethylene glycol, rifampicin, 
risperidone, verapamil, vindesine, zanamivir, 

ACE inhibitors, angiotensin receptor blockers, bucillamine, 
desflurane, dirithromycin, fentanyl, IL-2, isoflurane, 
ketobemidone, L-tryptophan, methotrexate, morphine, 
mycophenolate, mofetil, nitrofurantoin, paroxetine, 
propofol, sertraline, steroids, streptokinase, sufentanil, 
sulfonamides 

Antineoplastic and immunosuppressant agents: cytarabine 
arabinoside, gemcitabine, immune globulin, interleukin, 
methotrexate, mitomycin, muromonab-CD3, pentostatin, 
tretinoin 

Cardiovascular agents: calcium channel blockers (amlodipine, 
nifedipine, nisoldipine, verapamil), epinephrine, 
phenylephrine, propranolol 

Respiratory agents: epoprostenol, nitric oxide renal agents: 
acetazolamide chlorothiazide/hydrochlorothiazide 

Neuropsychiatric agents: ethchlorvynol, phenothiazines, 
tricyclic antidepressants 

Analgesic agents: aspirin, methadone, morphine, 
propoxyphene, heroin 

Obstetric agents: ergonovine, tocolytics, oxytocin 

Miscellaneous agents: protamine, contrast agents 

Antimicrobials: amphotericin-B, cephalosporin, 
minocycline, nitrofurantoin 

Anti-inflammatory agents: gold, sulfasalazine 

Cardiovascular agents: amiodarone, acebutolol 

Chemotherapeutic agents: busulfan, bleomycin, doxorubicin, 
methotrexate, mitomycin-C 

Miscellaneous: carbamazepine, phenytoin, ticlopidine, 
interferons-o, -B, -y; L-tryptophan, FK 506, cocaine 
(illicit use) 

Parenchymal lung diseases®? Antirheumatic drugs: methotrexate, penicillamine, gold salts, 

aspirin (overdose only), 

Opiates: heroin, methadone, codeine, morphine, 
buprenorphine 

Thiazides: hydrochlorothiazide 


Gough?” 


Pulmonary edema®’ 


Bronchiolitis obliterans 
organizing pneumonia® 
(BOOP) 


COMMENTS 


Also, virtually any medication 
delivered by the inhalational 
route, i.e., via nebulizers 
or metered-dose inhaler 


Usually resolves when condition 
is recognized and drug 
withdrawn; steroid Rx often 
helpful 


Parenchymal diseases include 
pneumonitis/fibrosis, NCPE 
(DAD), hypersensitivity 
pneumonitis, eosinophilic 
pneumonia, BOOP 





environmental exposures occur as a result of hazardous 
materials incidents in communities, the worst example 
being the Bhopal disaster where an MIC release resulted 
in thousands of deaths and permanent injuries. The 
particular area of the pulmonary system injured depends 
largely on the water solubility of the gas involved: highly 
water-soluble gases affect the upper airways primarily, 
whereas low water-soluble gases tend to cause deeper, 
alveolar injury. 

The generous pulmonary capillary network that 
allows gas exchange also provides an excellent delivery 
system for inhaled medications, the most common 
therapeutic use being administration of inhalational 
general anesthetics. This also is the route of administra- 
tion of various drugs of abuse such as crack cocaine, 
marijuana, and abused inhalants. Likewise, this is the 
mechanism for systemic poisoning after exposure to 
asphyxiants, especially CO, which happen frequently in 
the workplace and home environments, both as accidental 
exposures and in suicide attempts. This generous blood 
supply also makes the lungs susceptible to injury by some 
systemically administered therapeutic medications, most 
notably the antineoplastic agents. A sound knowledge of 
inhalational effects of various agents and pulmonary 
effects from systemic drugs and toxicants is critical to the 
proper management of patients in both the occupational 
arena and more traditional clinical settings. 
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1 0 Clinical Neurotoxicology 


JAWAID AKHTAR, MD Æ JON C. RITTENBERGER, MD 


A wide variety of neurologic syndromes results from toxic 
exposures. Some neurotoxins produce specific and 
characteristic syndromes (see Chapter 10A), whereas 
others may produce conditions that are insidious or 
diagnosed as other common illnesses. Many toxins share 
common mechanisms and therefore manifest similar 
toxicities. This chapter provides a general review of 
neurotoxicology based on the physiologic actions of 
drugs and neurotoxins. It begins with a brief review 
of synaptic neurotransmission, because many toxins 
disrupt steps in this multifaceted process (Box 10-1). 
Each neurotransmitter system is then individually 
reviewed, and the toxins that disrupt its action and the 
syndromes that result are highlighted. Finally, a review of 
toxin-induced neuropathies is presented. 


SYNAPTIC NEUROTRANSMISSION 


Neurons are specialized cells involved with commu- 
nication and information processing! (Fig. 10-1). The 
main structural features of nerve terminals are synaptic 
vesicles, mitochondria, elements of the smooth endo- 
plasmic reticulum, cytoskeletal structures, and the 


BOX 10-1 


plasma membrane that surrounds the axon. The nerve 
terminal (presynaptic) plasma membrane is separated 
from the plasma membrane of the postsynaptic neuron 
by a thin cleft called the synapse. Neuronal commu- 
nication is neurohumoral and occurs at the synapse via 
the exocytotic release of small chemicals called neuro- 
transmitters, for which specific receptors exist on 
postsynaptic neurons (Box 10-2) .*° 

Neurotransmitters are stored in synaptic vesicles. 
Synaptic vesicles tend to cluster at discrete regions 
underneath the presynaptic plasma membrane, and 
each cluster behaves as an anatomic and functional unit 
composed of equivalent elements of neurotransmitters. 
Presynaptic plasma membrane shows areas of structural 
specialization at areas of synaptic clustering, and it is at 
these “active zones” that exocytosis of classic neuro- 
transmitters occur. The neurotransmitter, on release into 
the synaptic cleft, binds to specific postsynaptic receptors 
to initiate postsynaptic activity. Synaptic vesicles, after 
exocytosis, are recycled and used in subsequent secretory 
cycles (see Box 10-2). 

The activity of neurotransmitters is defined by and 
mediated through their interaction with pre- and 
postsynaptic receptors. Receptors are specialized 


Adrenergic receptors: 


Cannabinoid receptor: 
Cholinesterase: 
Dopamine receptors: 
GABA receptors: 


Glycine receptors: 
Histamine receptors: 
Membrane lipid: 
MAO: 

Muscarinic receptors: 
Nicotinic receptors: 
NMDA receptor: 


Norepinephrine reuptake: 


Opioid receptors: 
Potassium channel: 


Purine receptors: 
Serotonin receptor: 


Serotonin reuptake: 
Sodium channel: 


Clonidine and imidazolines, sympathomimetics, sympatholytics, ergot alkaloids, antipsychotic agents 
(chlorpromazine, clozapine), yohimbine 

Cannabinoid (marijuana, hashish) 

Organophosphates, carbamates, nerve gas agents, physostigmine 

Apomorphine, bromocriptine, antipsychotic drugs 

Benzodiazepine, cyclopyrrolones (zopiclone), imidazopyridines (zolpidem), barbiturates, ethanol, penicillin, 
muscimol (Amanita muscaria), bicuculline, neuroactive steroids (alphaxalone), flumazenil, baclofen 

Strychnine, brucine 

Antihistamines, TCAs 

General anesthetic drugs (e.g., halothane) 

MAO inhibitors (iproniazid, phenelzine, isocarboxazid) 

Curare, A. muscaria, Atropa belladonna, scopolamine, certain antipsychotics and antihistamines 

Nicotine, neuromuscular blocking drugs, o.-bungarotoxin 

Arylcyclohexylamine (phenycyclidine, ketamine), ethanol, domoic acid 

TCAs, reserpine, amphetamine, cocaine 

Opioid agonists (heroin, morphine, opium, meperidine, methadone) and antagonists (naloxone, naltrexone) 

Barium, 4-aminopyridine, tetraethylammonium ion, cesium, polypeptide toxins from scorpion (charybdotoxin), bee 
(apamin), snake (dendrotoxin) 

Adenosine, caffeine, theophylline 

Atypical neuroleptics, buspirone, ondansetron, granisetron, LSD, mescaline, psilocybin, cyproheptadine, 
methysergide 

TCAs, selective serotonin reuptake inhibitors, nefazodone, venlafaxine 

Local anesthetics, TCAs, tetrodotoxin (puffer fish), saxitoxin (paralytic shellfish), frog-skin poison (batrachotoxin), 
aconitine, veratridine, scorpion and anemone toxins 


GABA, ‘y-aminobutyric acid; LSD, lysergic acid diethylamide; MAO, monoamine oxidase; NDMA, N-methyl-p-aspartate; TCA, tricyclic antidepressants. 
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FIGURE 10-1 A schematic representation of a synapse showing 
the principal structures and sites of drug action. This synapse is a 
hybrid for the purpose of visualization; as outlined in the text, a 
neuron is typically highly specialized for a specific neuro- 
transmitter system. COMT, catechol O-methyl transferase; GABA, 
y-aminobutyric acid; 5-HT, 5-hydroxytryptamine; MAO, monoamine 
oxidase; Ntx, neurotransmitter. 


structures that have the ability to uniquely recognize a 
drug, hormone, or neurotransmitter. Receptors may be 
ligand-gated ion channels that are coupled to ion flow, G 
protein—coupled receptors, growth factors with tyrosine 
kinase activity that cause tyrosine phosphorylation, or 
steroid receptors that transport steroids into the nucleus. 

Ligand-gated ion channels mediate fast-excitatory 
and -inhibitory synaptic neurotransmission in the central 
nervous system (CNS). The family of ligand-gated ion 
channels now comprises nicotinic acetylcholine, y- 
aminobutyric acid (GABA) types A and C, glycine, serotonin 
5-HT;, and kainate, M-methyl-D-aspartate (NMDA) and 
o-amino-3-hydroxy-5-methyl]-4-isoxazolepropionic acid 
(AMPA) glutamate receptors. Activation of ligand-gated 
ion channels results in a conformational change and 
opening of a pore (ionopore) in the membrane of the 
postsynaptic cells. This allows the passage of ions, to 
which the membrane was previously impermeable. The 
prototypic member of this receptor family is the nicotinic 
cholinergic receptor; stimulation of this receptor by 
acetylcholine allows sodium ion (sometimes calcium 
ion) influx and membrane depolarization. Ionopores for 
other ions such as chloride ions are associated with 
inhibitory transmission in the CNS. Excitatory neuro- 
transmitters commonly result in postsynaptic increased 
sodium or calcium ion influx, or decreased potassium 
efflux to result in membrane depolarization and trigger 
an action potential. Inhibitory neurotransmitters often 





BOX 10-2 


Biogenic Amines 


Catecholamines 
Epinephrine 
Norepinephrine 
Dopamine 

Indolamines 
Serotonin 
Histamine 


Ester 
Acetylcholine 


Purines 
Adenosine 


Amino Acids 

Excitatory 
Glutamate 
Aspartate 

Inhibitory 
y-Aminobutyric acid 
Glycine 


Peptides 
Enkephalins 


produce an increase in postsynaptic chloride influx or 
potassium efflux to stabilize or hyperpolarize the 
membrane and prevent membrane depolarization. 

The G protein family of receptors (so named because 
it binds guanosine triphosphate [GTP]) is not linked to 
ionopores but to enzymes that are located within the 
membrane of the postsynaptic cell.4 These enzymes act 
as transducers for the action of the neurotransmitter 
(first messenger) from the outside of the cell to the 
inside and produce second messengers. G protein 
receptors are able to regulate the rate of second 
messenger production and degradation via control of the 
activity of a number of effector enzymes. These include 
isoenzymes of adenylate cyclase, phospholipase C, and 
cyclic guanosine monophosphate (cGMP) phosphodi- 
esterase families. G protein-coupled receptors also 
regulate ionic flux through ion channels either by direct 
G protein regulation or via second messenger—mediated 
phosphorylation events. 

Binding of GTP to a G protein changes the activity of 
adenylate cyclase. Increased formation of cyclic aden- 
osine monophosphate (cAMP) activates specific protein 
kinases by phosphorylation, and these in turn phos- 
phorylate other proteins. At some receptors, however, 
stimulation of the receptors causes inhibition of 
adenylate cyclase and a decrease in intracellular cAMP. 
Some receptors are linked to the enzyme guanylate 
cyclase, which converts guanosine triphosphate to cGMP, 
which in turn acts as a second messenger in a manner 
analogous to that of cAMP. Phosphorylation of the 
membrane proteins cAMP and cGMP results in changes 


in membrane permeability to specific ions and in others 
to activation of further enzyme systems, which then 
mediate the biologic response. Termination of the signal 
involves hydrolysis of cAMP and cGMP by phospho- 
diesterase enzymes. Response of the postsynaptic cell can 
thus be influenced by drugs acting on the enzymes 
involved (i.e., adenylate cyclase, guanylate cyclase, and 
phosphodiesterase). Phosphatidylinositol breakdown, 
which is stimulated by phospholipase C located in cell 
membranes, represents another type of second mes- 
senger system. The breakdown of phosphatidylinositol 
4,5-bisphosphate leads to the release of inositol tri- 
phosphate and diacylglycerol. Diacylglycerol is an acti- 
vator of kinase C, whereas inositol triphosphate in turn 
stimulates other intracellular messengers such as calcium 
or calmodulin. 

Calcium ions are necessary for transmission at 
synaptic junctions and have a dual role in neuronal 
secretion. Calcium influx following the action potential 
triggers synaptic vesicle exocytosis and regulates the 
amount of vesicles released. The action potential, caused 
by a depolarizing stimulus, begins with a transient, 
voltage-gated opening of sodium channels that allows 
sodium to enter the fiber and depolarize the membrane 
fully. This is followed by a transient voltage-gated 
opening of potassium channels that allows potassium to 
leave and repolarize the membrane. 

Presynaptic neurotransmitter release is modulated by 
presynaptic receptors called autoreceptors.* Autore- 
ceptors often are inhibitory and prevent further release 
of neurotransmitter from the same neuron. These 
receptors, however, also may be excitatory. In addition, 
these receptors may influence the release of neuro- 
transmitters from neighboring neurons (heteroreceptors). 
Autoreceptors often are coupled to G proteins. They 
prevent further neurotransmitter release by increasing 
potassium efflux or limiting calcium ion influx, effects 
that hyperpolarize the membrane. 


THE NEUROTRANSMITTER SYSTEM AND 
NEUROTOXICITY 


The neurotransmitter system has many components, and 
toxins may interact with, augment, or disrupt any step in 
neurotransmission. A toxin can disrupt ionic channels, 
block or stimulate presynaptic or postsynaptic receptors, 
alter presynaptic neurotransmitter reuptake, or block 
neurotransmitter degradation. Many of these substances 
are used as pharmaceutical agents in clinical practice, 
and some are naturally occurring biologic toxins or man- 
made chemicals. The details of the processes involved 
in synaptic transmission vary from one transmitter to 
another and are discussed as the individual neuro- 
transmitter system is reviewed. 

A drug that produces a response and mimics the 
effect of an endogenous regulatory compound is known 
as an agonist. Antagonists bind to the receptor site with 
zero intrinsic regulatory activity to initiate a response 
and, therefore, cause inhibition of the agonist. Certain 
drugs are able to reduce the activity of receptor systems 
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that are active in the absence of agonists. Agonists increase 
the activity of receptor systems, and this opposite or 
negative activity is known as inverse agonism. 


The Purinergic System 


Adenosine and adenosine triphosphate (ATP) are 
purines that are released from neurons and other cells 
and produce widespread effects on many organ systems 
by binding to cell-surface purinergic receptors. ATP also 
is released from non-neuronal sources including 
platelets, mast cells, and, possibly, endothelial cells. 
Receptors for both adenosine and ATP are widely 
distributed in the nervous system and in other tissues 
such as the heart, intestine, and bladder. Receptors that 
bind adenosine or ATP are designated P) and P, 
purinergic receptors, respectively.” Adenosine and some 
adenosine analogues activate adenosine receptors but 
not AIP receptors, and some ATP analogues activate 
ATP receptors but not adenosine receptors. 

Four P} receptors, designated Aj, Ao,, Aon and As, have 
been pharmacologically characterized and all are 
members of the G protein-coupled receptor super- 
family. A; adenosine receptors are widely distributed in 
the CNS. Central A; receptor activity includes sedation, 
analgesia, neuroprotection, and anticonvulsant activity. 
Adenosine potentiates the antinociceptive action of 
norepinephrine in the spinal cord. Many of the central 
effects of adenosine are attributed to the modulation of 
neurotransmitter release in the CNS. Opiates have been 
shown to induce the release of adenosine, and some 
effects of opiates are blocked by adenosine receptor 
antagonists. In the periphery, adenosine A; receptors are 
found in the heart, where they produce negative 
inotropic, chronotropic, and dromotropic responses. In 
adipose tissue, they inhibit lipolysis and enhance insulin- 
stimulated glucose transport. In the kidneys, they reduce 
glomerular filtration pressure and produce antidiuresis. 

A, receptor activation produces effects by inhibiting 
adenylate cyclase (decreased cAMP) and by increasing or 
decreasing phospholipase activity. Presynaptic A, receptor 
activation results in decreased calcium conductance and 
decreased exocytosis of neurotransmitter. Presynaptic A, 
autoreceptors antagonize norepinephrine release in the 
sympathetic nervous system. In addition, A; receptor 
agonists result in decreased release of epinephrine and 
norepinephrine from adrenal glands. In the heart, there 
is an increase in atrioventricular nodal refractoriness and 
inhibition of delayed afterdepolarizations. Postsynaptic 
A, receptor stimulation increases potassium channel 
conductance to produce membrane depolarization. 
These effects counteract those of the sympathetic 
nervous system and augment the actions of the 
parasympathetic nervous system. In the heart, adenosine 
activates the acetylcholine-sensitive potassium current in 
the atrium and sinoatrial and atrioventricular nodes. 
This results in shortening of the action potential 
duration and slowing of normal automaticity. 

The A, receptors are classified further into A, and 
Aog subtypes, depending on their affinity for adenosine. 
Ay receptors present on sensory nerves in the carotid 
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body, aortic body, and pulmonary circulation, and 
elsewhere produce excitatory sensory input. Ao, recep- 
tor activation in the vascular bed classically is associated 
with vasodilation and hypotension. These effects are 
mediated in part by the elevation of intracellular cAMP 
and by activation of ATP-dependent potassium channels. 
Activation of the Ag, receptor on platelet membranes 
elevates intracellular cAMP levels, resulting in inhibition 
of platelet aggregation. The As receptors are found 
throughout the brain and are heavily expressed in the 
pineal body, lungs, and spleen. A receptor activation 
decreases adenylate cyclase activity and increases 
phospholipase C. Although the central effects of As 
receptors are not fully elucidated, their activation 
appears to potentiate ischemic cellular injury. 

Activation of adenosine receptors is largely neuro- 
protective. Ay receptor activation preserves tissue oxygen 
and substrate delivery via cerebral vasodilation. A, 
receptor activation decreases tissue oxygen requirements 
and raises the seizure threshold. Adenosine, an 
adenosine agonist, is an effective antiepileptic agent in 
experimental animals. Similarly, drugs that are A, 
receptor system agonists have anticonvulsant properties. 
Conversely, drugs that antagonize the effects of A, 
receptors lower the seizure threshold. Agents that 
antagonize A, receptors produce cerebral vasocon- 
striction and may potentiate neurotoxicity during 
seizures or other conditions that limit oxygen delivery to 
the brain. Carbamazepine is an A, receptor antagonist, 
which may partly explain seizures that occur with 
overdose of this psychotropic. Caffeine, theophylline, 
and theobromine are three important alkaloids derived 
from xanthine. Methylxanthines are competitive antag- 
onists at A; and A, receptors and may produce seizures 
with acute and chronic overdose. Methylxanthine- 
associated seizures have a reported mortality of up to 
50% (see Chapter 65). The reason for this high mortality 
results from A, antagonism and consequent impaired 
self-termination of seizure activity.’ In addition, 
neurologic morbidity is enhanced from concurrent As 
receptor antagonism, which produces cerebral vaso- 
constriction during seizures. GABA, receptor agonism, 
especially by barbiturates, is most effective in preventing 
and terminating methylxanthine-induced seizures. 
Intravenous adenosine may attenuate theophylline- 
induced seizures by receptor antagonism or from 
nonspecific adenosine actions.” Phenytoin remains 
ineffective in treating theophylline-induced seizures and 
may increase mortality.” Dipyramidole inhibits adenosine 
reuptake and inhibits adenosine deaminase, actions that 
result in raised adenosine concentrations. Benzo- 
diazepines partly inhibit adenosine uptake, which may 
account for some of their anticonvulsant properties.'° 

ATP receptors have a wide tissue distribution. In the 
autonomic nervous system, ATP is released as a 
cotransmitter from both sympathetic and parasym- 
pathetic neurons. ATP that is released is broken down 
rapidly by widely distributed 5’-nucleotidases; this results 
in the formation of adenosine. ATP has a biphasic or 
inhibitory effect due to its breakdown to adenosine. The 
physiologic and pharmacologic actions of ATP are 


mediated through activation of P, purinergic receptors, 
of which at least five subtypes (Poy, Por, Pox, Poy, and Poz 
purinergic receptors) have been identified. It is now 
known that the Pox receptor is a ligand-gated ion 
channel, whereas the Poy receptor is G protein 
activated.'! The receptors are classified largely on the 
basis of the relative agonist potencies of ATP and a 
number of structural analogues. The role of these 
receptors in neurotoxicity is yet to be defined. 


The Catecholaminergic System 


Three distinct catecholamines—dopamine, norepi- 
nephrine, and epinephrine—are involved in neuro- 
transmission. Norepinephrine is the predominant 
catecholamine in peripheral tissue and sympathetic 
nerves. Epinephrine, formed by Mmethylation of 
norepinephrine, is released from the adrenal glands and 
stimulates catecholamine receptors in various organs. 
Small amounts of epinephrine are found also in the 
CNS, particularly in the brainstem.'* A few sympathetic 
fibers release acetylcholine (e.g., those serving sweat 
glands). Dopamine, the precursor of norepinephrine, 
also has biologic activity in the periphery, especially in 
the kidneys. 

The amino acid L-tyrosine is hydroxylated to dihydroxy- 
L-phenylalanine (L-dopa) by tyrosine hydroxylase, a 
mixed-function oxidase located in the cytoplasm and on 
cell membranes. Tyrosine hydroxylase also hydroxylates 
phenylalanine to form tyrosine, which is then converted 
to L-dopa. Dopa decarboxylase, a pyridoxine-dependent 
enzyme, catalyzes the removal of the carboxyl group 
from dopa to form dopamine.’ In neurons that 
synthesize epinephrine or norepinephrine, dopamine 
diffuses into synaptic vesicles, where the enzyme 
dopamine-B-hydroxylase hydroxylates dopamine, forming 
norepinephrine. In chromaffin cells that synthesize 
epinephrine, the final step in the pathway is catalyzed by 
the enzyme phenylethanolamine Mmethyltransferase. 
Catecholamines are concentrated in the synaptic vesicles 
and also are found free in the cytoplasmic fluid. The 
action of catecholamines released at the synapse is 
terminated by reuptake. The excess catecholamine is 
repackaged in storage vesicles or degraded by mito- 
chondrial monoamine oxidase (MAO). These isoenzymes 
are integral flavoproteins on outer mitochondrial 
membranes. The MAO enzymes exist in two forms, A and 
B. MAO-A preferentially deaminates norepinephrine and 
serotonin and is selectively inhibited by clorgyline or 
moclobemide, whereas MAO-B acts on dopamine and is 
selectively inhibited by deprenyl (see Chapter 29). Cate- 
chol O-methyltransferase acts on extraneuronal catechol- 
amine and is responsible for inactivation of catecholam- 
ine that is not effectively removed from the synaptic 
cleft. 

The effects of catecholamines are mediated by cell- 
surface receptors.'? All adrenergic neurons contain G 
protein-coupled receptors.’ Adrenergic receptors are 
subdivided into two types, & and B receptors. a- 
Adrenergic receptor activation inhibits adenylate cyclase 
and decreases cellular cAMP levels, whereas B receptor 


activation increases adenylate cyclase activity and 
increases cellular cAMP concentrations. o-Adrenergic 
receptors have the following order of potency for 
agonists: epinephrine 2 norepinephrine >> _ isopro- 
terenol. B-Adrenergic receptors have the following order 
of potency for agonists: isoproterenol > epinephrine 2 
norepinephrine. The Q-adrenergic receptors are 
responsible for the excitatory actions of norepinephrine 
and mediate the contraction of most smooth muscles, 
particularly vascular smooth muscles, resulting in 
vasoconstriction. An exception is the gut, where œ- 
adrenergic receptor activation relaxes smooth muscle 
cells. B-Adrenergic receptor activation increases the rate 
and contractility of the heart, relaxes smooth muscles in 
the bronchioles and the uterus, and causes vasodilation. 

o-Adrenoceptors are divided into two types, 0, and Oo 
receptors. In peripheral tissues, ©, adrenoceptors are 
located on the postsynaptic membrane, whereas Oo 
adrenoceptors are located on both presynaptic and 
postsynaptic membranes. Stimulation of postsynaptic o 
receptors (Œ; and @ə) results in vasoconstriction. 
Stimulation of presynaptic OŒ autoreceptors, however, 
decreases norepinephrine release. Stimulation of 
postsynaptic Ol, adrenoceptors in the brainstem inhibits 
sympathetic nervous system output and results in 
sedation. 

B Adrenoceptors are divided into three types, Bı, Bs, 
and Bs receptors. Peripheral B, receptors are found 
predominantly in the myocardium. Epinephrine and 
norepinephrine are equivalent in potency as agonists at 
this receptor. Peripheral Bə receptors are found on 
smooth muscle, the myocardium, and numerous other 
tissues. Epinephrine is 10- to 50-fold more potent at By 
receptors than norepinephrine.** When present, 
presynaptic B.-adrenergic receptors facilitate the release 
of norepinephrine from sympathetic nerves. fs- 
Adrenergic receptors are found in fat, skeletal muscle, 
and other peripheral tissues. Norepinephrine is 10-fold 
more potent at the B, receptor compared with 
epinephrine.* The physiologic role of this receptor is not 
fully known. 

Five subtypes of the dopamine receptor have been 
identified. The D; and D; receptors are coupled to 
stimulation of adenylate cyclase. Do, Ds, and D, receptors 
have an opposing effect on adenylate cyclase.'* In the 
brain, the principal functions mediated by dopamine are 
the control of movements of behavior, including 
motivation, cognitive function, and emotion. Newer 
antipsychotic agents target D» receptors, and the 
evidence suggests that patients experience fewer 
extrapyramidal side effects (see Chapter 38).'° In the 
pituitary gland, dopamine controls the release of 
prolactin and o-melanocyte-stimulating hormone. In 
the cardiovascular system, it is important in the 
regulation of blood pressure. Dopamine receptors have 
therefore been identified functionally in tissues related 
to these effects (e.g., pituitary gland and certain blood 
vessels). The antihypertensive effects of fenoldopam are 
mediated by D} receptor activation in the kidney.'® The 
largest concentrations of dopamine receptors, however, 
are in the basal ganglia and the limbic system. 
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Numerous drugs affect catecholamine neuro- 
transmission. ‘Tyrosine analogues such as metyrosine 
(o-methyl-p-tyrosine) impair the synthesis of dopamine 
and norepinephrine by blocking the enzyme tyrosine 
hydroxylase. Disulfiram and diethyldithiocarbamate 
inhibit dopamine f-hydroxylase and can produce 
sympatholytic effects by interfering with the production 
of norepinephrine from dopamine. Reserpine and 
tetrabenazine inhibit the uptake of dopamine and other 
catecholamines into vesicles, causing depletion of 
endogenous neuronal catecholamines. o-Methyldopa 
causes dopamine depletion by replacement of dopamine 
with a relatively inactive false transmitter, o-methyl- 
dopamine; this causes hypotension and sedation. Other 
false neurotransmitters include metaraminol and octop- 
amine. Peripheral presynaptic antiadrenergic drugs such 
as guanethidine and bretylium inhibit norepinephrine 
release from the presynaptic terminal by depleting the 
nerve endings of noradrenaline. The neurotoxin 6- 
hydroxydopamine is taken up by an active uptake 
mechanism and accumulates in catecholamine- 
containing neurons, destroying them through the auto- 
oxidative liberation of hydrogen peroxide or from for- 
mation of a quinone. Indirect-acting agents are agonists 
or sympathomimetics that cause release of cytoplasmic 
norepinephrine in the absence of adrenergic receptor 
binding and presynaptic vesicle exocytosis. These drugs 
enter the presynaptic terminals and displace stores of 
norepinephrine from storage vesicles (e.g., amphetamine 
and tyramine) or inhibit reuptake of catecholamine 
already released (e.g., cocaine and tricyclic anti- 
depressants) (Box 10-3).° Indirect agents typically bind 
to the amine transport proteins (uptake-1 system) and 
interfere with uptake of endogenous catecholamines 
while facilitating reverse transport of cytoplasmic 
catecholamines into the synaptic cleft.* Indirect agents 
exhibit tachyphylaxis—that is, their effects diminish on 
repeated administration as the catecholamine pools 
become depleted. Tricyclic antidepressants principally 
interfere with norepinephrine and serotonin reuptake; 
dopamine reuptake is affected to a lesser degree (see 
Chapter 27). Amphetamine also can inhibit reuptake, 
whereas lithium facilitates reuptake. ‘The MAO inhibitors 
block metabolism of biogenic amines (norepinephrine, 
serotonin, dopamine), increasing the synaptic con- 
centration of these neurotransmitters (see Chapter 29). 
MAO inhibitors also act as indirect agents. 

Direct-acting agents are agonists that produce their 
sympathomimetic effects by direct binding to and acti- 
vation of œ- or B-adrenergic receptors (e.g., norepinephrine, 
epinephrine, and isoproterenol) (see Box 10-3).° Mixed- 
acting agents (e.g., phenylpropanolamine, dopamine, 
and pseudoephedrine) produce sympathomimetic 
effects both directly and indirectly. For instance, 
phenylpropanolamine (PPA) is a direct agonist on O- 
adrenergic receptors but also acts indirectly to promote 
release of norepinephrine from sympathetic nerve 
terminals. The toxicity of PPA is characterized by hyper- 
tension and a reflex bradycardia. Ingestion of Œs- 
adrenergic agonists such as clonidine or other imid- 
azolines (e.g., oxymetazoline and tetrahydrozoline) may 
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BOX 10-3 


Direct Acting 


a-Adrenergic Agonists 
Norepinephrine 
Metaraminol 
Phenylephrine 
Epinephrine 

Midodrine 

Dobutamine 
Methoxamine 

Ergot alkaloids 
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Indirect Acting 


Amphetamine 

MAO inhibitors 
Methylphenidate 
Pemoline 

Tricyclic antidepressants 
Tramadol 

Phencyclidine 
Phenmetrazine 
Tyramine 


Propylhexedrine 
B-Adrenergic Agonists 


Dobutamine 
Epinephrine 
Isoproterenol 
Albuterol/levalbuterol/ 
salbutamol 
Metaproterenol 
Pirbuterol 
Bitolterol 
Fenoterol 
Formoterol 
Salmeterol 
Ritodrine 
Ethylnorepinephrine 
Prenalterol 
Isoetharine 
Terbutaline 
Clenbuterol 


Mixed Acting 


Dopamine 

Ephedrine 
Phenylpropanolamine 
Pseudoephedrine 
Cocaine 
Mephentermine 


MAO, monoamine oxidase. 

Data from Kandel ER, Schwartz JH, Jessel TM (eds): Principles of Neural 
Science, 3rd ed. New York, Elsevier Science, 1991; and Hoffman TT, 
Taylor P: Neurotransmission: the autonomic and somatic motor 
nervous systems. In Hardman JG, Limbird LE, Gilman AG (eds); 
Goodman & Gilman's The Pharmacological Basis of Therapeutics, 10th 
ed. New York, McGraw-Hill, 2001, pp 115-153. 





produce a mixed clinical picture; stimulation of central 
Q»-adrenergic receptors in the brain decreases central 
sympathetic outflow, whereas stimulation of peripheral 
Q,-adrenergic receptors results in vasoconstriction and 
transient hypertension (see Chapter 62). Peripheral 
postsynaptic G-adrenergic antagonists (e.g., phenoxyben- 
zamine, phentolamine, prazosin, hydralazine, and 
minoxidil) compete with endogenous catecholamines for 
binding to Oj,- and Q,-adrenergic receptors. The 
a-adrenergic receptors (primarily œ) also are blocked 
by tricyclic antidepressants (e.g., amitriptyline and 
imipramine), certain antipsychotic agents (e.g., pheno- 
thiazines, clozapine, and risperidone), antiarrhythmic 
agents (e.g., quinidine), and certain B blockers (e.g., 
labetalol and carvedilol). B Blockers primarily antagonize 
the effects of catecholamines at B-adrenergic receptors 
(see Chapter 60). B-Blocking drugs occupy B-adrenergic 
receptors and competitively block receptor occupancy by 
catecholamines and other B-adrenergic agonists. Most 
B-blocking drugs are pure antagonists; however, a few are 
partial agonists (e.g., pindolol and acebutolol) and may 
produce intrinsic sympathomimetic activity. 


Similar to sympathomimetics, dopamine agonists can 
be direct, indirect, or mixed. Direct agonists bind to and 
activate various dopamine receptors directly, whereas 
indirect agents block dopamine uptake and/or stimulate 
presynaptic dopamine release. Direct dopamine recep- 
tor agonists include apomorphine, bromocriptine, 
fenoldopam, and pergolide. Indirect agonists include 
agents that cause dopamine release (e.g., benztropine, 
diphenhydramine, orphenadrine) and those that block 
dopamine reuptake (e.g., cocaine, amphetamines, 
methylphenidate, amantadine, benztropine, bupropion, 
diphenhydramine, and pemoline). Dopamine antagonists 
include specific receptor antagonists (e.g., antipsychotics, 
buspirone, metoclopramide, and amoxapine), agents 
that block synthesis (e.g., metyrosine), agents that prevent 
vesicle storage (e.g., reserpine and tetrabenazine) or 
cause dopamine depletion (e.g., omethyldopa), or agents 
that destroy dopaminergic neurons (e.g., 1l-methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine (MPTP).? 

Sympathomimetic toxicity often leads to CNS and 
cardiovascular complications. Cocaine (see Chapter 42) 
and amphetamines (see Chapter 44) produce their 
clinical effects predominantly from reuptake blockade 
and enhanced presynaptic release of catecholamines 
(e.g., norepinephrine and dopamine), serotonin, 
acetylcholine, and excitatory amino acids (e.g., aspartate 
and glutamate) from central and peripheral nerve 
terminals. Amphetamine and cocaine toxicity often 
includes psychostimulatory (e.g., euphoria, restlessness, 
excessive speech and motor activity, tremor, and 
insomnia) and sympathomimetic (e.g., tachycardia, 
hypertension, hyperthermia, and diaphoresis) effects. 
Intracerebral and subarachnoid hemorrhage may occur 
as a result of malignant hypertension and cerebral 
vasculitis. The actions of pemoline and methylphenidate 
are similar to those of amphetamine. Many of the 
phenylamphetamines and amphetamines may produce 
hallucinations. 5-Methoxy-3,4-methylenedioxyamphet- 
amine (MMDA) can be formed in vivo from myristicin, 
present in the dried seeds of the nutmeg tree (Myristica 
fragrans) and can produce psychomimetic effects when 
consumed in large amounts. Mescaline is an alkaloid 
component of the peyote cactus and produces psy- 
chotomimetic activity by its amphetamine-like actions 
(see Chapter 45). Cathinone, cathine, and meth- 
cathinone, related natural alkaloids found in the leaves 
and stems of Catha edulis, or khat, produces effects 
indistinguishable from those of amphetamines. Ephedrine 
is both an o- and B-adrenergic agonist; in addition, it 
enhances release of norepinephrine from sympathetic 
neurons. It is a naturally occurring drug found in various 
species of the plant Ephedra (ma huang), indigenous 
to China. 

Blockade of the nigrostriatal dopamine receptors 
(primarily D, receptors) produces extrapyramidal 
symptoms such as parkinsonism, akathisia, and dystonia 
(see Chapter 38). Cholinergic input to the caudate and 
putamen appears to be unaffected, with resultant 
cholinergic excess. Neuroleptics and drugs such as 
metoclopramide cause parkinsonism through such a 
mechanism. Chronic manganese poisoning damages the 


globus pallidus, leading to permanent neurologic 
damage.!” “Manganese madness” is characterized by emo- 
tional lability, hallucinations, irritability, and aggres- 
siveness (see Chapter 75). Carbon disulfide, a volatile, 
lipid-soluble industrial solvent, and carbon monoxide 
inhalation produce parkinsonian features owing to 
damage to the globus pallidus. Although acute carbon 
monoxide poisoning has a high mortality, a delayed 
extrapyramidal syndrome can develop in those who 
recover from the acute effects. Carbon monoxide 
produces symmetric necrosis of the globus pallidus with 
demyelination of the subcortical white matter.!® 
Methanol poisoning produces optic atrophy and low- 
density lesions on computed tomography in the region 
of the putamen, and putaminal necrosis has been 
confirmed histologically.'"? A plant and fungal neuro- 
toxin, 3-nitropropionic acid, found in mildewed sugar 
cane, is a succinate dehydrogenase inhibitor that pro- 
duces basal ganglion injury.” In 1983, some intravenous 
drug abusers injected MPTP, a compound produced 
during illicit synthesis of a narcotic related to 
meperidine.*! MPTP selectively destroys dopaminergic 
neurons in the substantia nigra, producing a condition 
indistinguishable from idiopathic Parkinson’s disease. 
Treatment of these side effects attempts to re-establish 
the dopamine/acetylcholine balance required for 
smooth motor movements. 

A central hyperexcitation syndrome with fever, 
delirium, and hypertension occurs when MAO inhibitors 
such as phenelzine, isocarboxazid, or tranylcypromine 
are coadministered with phenothiazines, tricyclic anti- 
depressants, serotonergic reuptake inhibitors, and 
sympathomimetic amines (amphetamine, methamphet- 
amine, ephedrine, phenylpropanolamine) (see Chapters 
10A and 29). Sympathomimetic amines commonly are 
found in some nasal sprays, nose drops, and over-the- 
counter cold preparations. MAO in the gastrointestinal 
tract and liver prevents access to the general circulation 
of ingested, indirectly acting agents such as tyramine and 
phenylethylamine, contained in foods such as aged 
cheese, yeast, chicken liver, and pickled herring. 
However, individuals taking MAO inhibitors do not have 
this protection and can suffer severe hypertensive crises 
after eating a large amount of tyramine-containing 
food. An exaggerated response to the usual dose of 
meperidine also has been observed. 

Neuroleptic malignant syndrome (NMS) is an 
uncommon but life-threatening disorder that occurs in 
those who are sensitive to the extrapyramidal effects of 
antipsychotics (see Chapters 10A and 38). However, it is 
important to consider the diagnosis of NMS in any 
patient who has recently received medications that affect 
CNS dopaminergic pathways. Lithium, carbamazepine, 
and cocaine may predispose patients to the development 
of NMS. The syndrome may begin from a few days to a 
few weeks after initiation or alteration of neuroleptic 
drug therapy. NMS is thought to be mediated by a 
reduction in D dopaminergic activity in certain areas 
of the CNS (e.g., basal ganglia and hypothalamus) .** 
Rigidity, catatonia, and fluctuating consciousness 
associated with autonomic hyperactivity, including 
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hyperpyrexia, and elevated serum creatinine kinase 
concentrations are typical features of NMS. 


The Serotonergic System 


Serotonin (5-HT or 5-hydroxytryptamine) is an 
indolealkylamine that functions as a neurotransmitter 
in the CNS. 5-HT also is present in many cells outside 
the CNS. Peripherally, 5-HT has a major role in 
gastrointestinal motility and is involved in platelet 
aggregation. 5-HT does not cross the blood-brain 
barrier; thus, neurons must synthesize their own 
transmitters. L-Iryptophan readily crosses the blood- 
brain barrier and is taken up into serotonergic nerve 
terminals via an active transport process. Hydroxylation 
to 5-hydroxytryptophan (5-HTP) occurs by the enzyme 
tryptophan hydroxylase and the cofactor tetrahy- 
drobiopterin. This is the rate-limiting step, because the 
enzyme tryptophan hydroxylase is not saturated under 
normal conditions. Diets high in L-tryptophan can result 
in increased synthesis of 5-HT in the CNS. The 5-HTP is 
decarboxylated by the nonspecific aromatic L-amino acid 
5-HTP decarboxylase to 5-HT. The mechanism of 
sequestration of 5-HT in storage granules is similar to 
that of catecholamines. 5-HT is then packaged into 
storage vesicles that protect it from cytosolic degradation 
by MAO. It is released by an exocytotic mechanism and 
acts on both presynaptic and postsynaptic receptors. 
Serotonergic transmission is terminated primarily by 
reuptake of the amine by a specific 5-HT transporter. 
After reuptake, the free indolamine is either repackaged 
or metabolized by MAO and aldehyde dehydrogenase to 
5-hydroxyindoleacetic acid. 

Several serotonin receptors have been cloned and are 
identified as 5-HT\, 5-HTs, 5-HTs, 5-HTy, 5-HT;, 5-HT6, 
and 5-HT,. All 5-HT receptors interact with G proteins 
except 5-HT; receptors; the latter are transmitter-gated 
ion channels. Within the 5-HT, group there are subtypes 
5-HT\,4, 5-HT jp, 5-HT 1p, 5-HT)¢, and 5-HT),. There are 
three 5-HT, subtypes, 5-HT5,, 5-HTop, and 5-HTəc, and 
two 5-HT; subtypes, 5-HT;, and 5-HT;,. Some serotonin 
receptors are presynaptic and others are postsynaptic. 

Serotonin is involved in feeding, control of sleep and 
wakefulness, sexual behavior, mood and emotion, 
thermoregulation, circadian rhythmicity, drug-induced 
hallucinatory states, and neuroendocrine function in the 
CNS. It also serves as a precursor for the pineal hormone 
melatonin. Drugs that alter serotonin neurotransmission 
may have a wide array of clinical effects; the effects 
largely depend on the specific body area and serotonin 
receptor subtype affected. 

Inhibition of 5-HT uptake has both an antidepressant 
and anxiolytic effect. Serotonin reuptake is blocked by 
some of the tricyclic antidepressants; however, the 
selective serotonin reuptake inhibitors (SSRIs), such as 
sertraline, fluoxetine, and venlafaxine, are more potent 
inhibitors of serotonin uptake than of norepinephrine 
and increase serotonin concentrations in the presynaptic 
cleft. Trazodone and nefazodone are weak cyclic 
antidepressants that weakly block 5-HT reuptake and 
antagonize 5-HT, receptors. The antidepressant effects 
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of MAO inhibitors are partly mediated by their 
prevention of 5-HT catabolism. Buspirone represents a 
new class of antianxiety agent whose anxiolytic action is 
related to agonism at the 5-HT;; receptor in the brain. 
3,4-Methylenedioxyamphetamine (MDMA [“Ecstasy”]), 
an amphetamine derivative, produces clinical effects 
primarily by causing the release of serotonin and 
blocking its reuptake. Other amphetamines and cocaine 
also promote 5-HT neuronal release and block reuptake. 
Certain opioids (e.g., dextromethorphan, meperidine) 
and psychotropics (e.g., amoxapine, tramadol) also 
inhibit 5-HT reuptake to produce effects. 

Partial agonist activity at 5-HT,4 receptors mediates 
the psychedelic effects of central hallucinogens of the 
indoleamine (e.g., lysergic acid diethylamide [LSD] and 
psilocybin) and phenylethylamine (e.g., mescaline) class 
(see Chapter 45). LSD also has agonistic activity at 5- 
HT; and 5-HT\¢ receptors. Lysergic acid, which is an 
agonist at many 5-HT receptors, is found in the seeds of 
several species of the morning glory family (Rivea 
corymbosa, Ipomoea violacea) and is produced by the 
fungus Claviceps purpurea, which grows on grain. The 
hallucinogenic mushrooms of the Psilocybe genus contain 
the thermostabile indole-alkylamine psilocybin and its 
dephosphorylated congener, psilocin. These substances 
are structurally related to serotonin and are about 100 
times less potent than LSD. Bufotenin is the hallu- 
cinogenic indole derivative similar to serotonin found in 
cohoba snuff and in the skin and parotid glands of the 
toad Bufo marinus. Recently, new drugs of abuse have 
surfaced. 5-MeO-DIPT or “Foxy Methoxy” and alpha- 
methyltryptamine or AMT have similar hallucinogenic 
effects as psilocybin and are being seen at clubs in large 
metropolitan areas.*? Metoclopramide and cisapride are 
5-HT, receptor agonists that stimulate gut motility.“ 

Tryptophan hydroxylase can be blocked by p 
chlorophenylalanine, thus decreasing the concen- 
tration of 5-HT. Drugs such as reserpine that disrupt 
the storage of catecholamines also impair the storage 
of 5-HT. Atypical neuroleptics (e.g., risperidone, 
clozapine), in contrast with conventional agents, strongly 
block serotonin 5-HT, receptors in the frontal cortex 
and striatal system in addition to their antagonism of 
adrenergic and dopamine receptors; antagonism at 
5-HT>, receptors produces independent antipsychotic 
effects and decreases the risk for developing extra- 
pyramidal movement disorders (see Chapter 38). A new 
antipsychotic, aripiprazole, has partial agonist activity at 
both 5-HT\, and 5-HT», receptors. Mirtazapine is an 
antidepressant that has numerous receptor effects; part 
of its activity is mediated by antagonism at 5-HT, and 5- 
HT, receptors. The antiemetic effects of ondansetron, 
granisetron, and metoclopramide are mediated through 
5-HT; receptor antagonism, and agonists at 5-HT\p and 
5-HT)p receptors such as sumatriptan are effective in 
treating migraine headaches.** Ergot alkaloids are 
nonspecific, partial 5-HT receptor agonists/antagonists. 
For instance, dihydroergotamine is thought to produce 
its antimigraine effects via agonist activity at 5-HT\, and 
5-HT}p activity.** Methysergide produces its effects from 
5-HT and 5-HT, receptor antagonism. Like methysergide, 


cyproheptadine also is an antagonist at 5-HT, and 5-HT, 
receptors. 

Concurrent use of two or more serotonergic drugs 
may result in a marked increase of serotonin in the 
synapses and may produce the “serotonin syndrome” 
(see Chapters 10A and 29). This important pharma- 
codynamic interaction has been commonly reported 
when fluoxetine or one of the SSRIs is used in the 
presence of an MAO inhibitor. Moreover, other 
combinations seem just as capable of producing this 
syndrome. The SSRIs have been implicated in 
combination with tryptophan, dextromethorphan, and 
lithium. 


Opioids 

The term opiate was used originally to designate narcotic 
drugs derived from opium—that is, morphine and 
codeine and their many semisynthetic derivatives 
prepared from the seed capsules of the poppy Papaver 
somniferum (see Chapter 33). Later, the term opioid was 
coined to refer in a generic sense to all drugs, natural 
and synthetic, that have morphine-related actions, as well 
as to the endogenous peptides (e.g., dynorphin A, 
endorphin, enkephalin) later discovered to have such 
actions. Opioid receptors differ in their regional 
distribution in the CNS.*° The opioids induce their 
biologic effects by interacting with three major classes of 
receptors, the 6, K, and u receptors. More recently an 
“orphan” receptor has been identified and named ORL 
(opioid receptor-like) because of a high degree of 
homology to the “classical” opioid receptors. The © 
receptor, however, is no longer regarded as an opioid 
receptor. 

Morphine and fB-endorphin are potent u receptor 
agonists, whereas the enkephalins are less potent. u 
Receptors mediate supraspinal analgesia, respiratory 
depression, miosis, euphoria, and physical dependence. 
Most of the clinically used opiates such as morphine, 
methadone, and codeine selectively interact with the u 
opioid receptor. Naloxone and naltrexone are more 
potent antagonists at u receptors than at 6 or K receptors. 
The « receptor mediates spinal analgesia and sedation 
but not respiratory depression. Agonists at the K receptor 
are less addictive and do not produce respiratory 
depression as severely as do u agonists. Tramadol is a 
centrally-acting, partial U-opioid receptor agonist that is 
structurally similar to morphine. It also inhibits the 
uptake of norepinephrine and 5-HT, which suggests that 
its antinociceptive property is mediated by both opioid 
and nonopioid mechanisms. 

The opioid receptors work by activation of G proteins, 
subsequent inhibition of adenyl cyclase, and activation of 
receptor-operated potassium channels or suppression of 
receptor-operated calcium channels.*’ Binding to the u 
and 6 receptors leads to opening of the potassium 
channel, whereas binding to «K sites results in closing of 
calcium channels. As a result, membrane hyper- 
polarization and neuronal suppression occurs. Opioid 
receptors function primarily by exerting inhibitory 
modulation of synaptic transmission in both the CNS 


and the myenteric plexus. Often they are found on 
presynaptic nerve terminals, where their action results in 
decreased release of excitatory neurotransmitters. All 
three major receptor sites are involved in pain 
modulation. 6 Receptors have been implicated in 
cardiovascular effects, whereas K receptors seem to have 
a role in salt and water balance. Both u and 6 receptors 
mediate the decreased gastrointestinal motility effects 
observed with opioids. A given opioid drug may interact 
to a variable extent with all three types of receptors and 
can act as an agonist, a partial agonist, or an antagonist 
at each. 

Opiates and opioids in overdose cause sedation and 
respiratory depression. Death usually is due to respiratory 
failure, generally as a result of apnea or pulmonary 
aspiration. The respiratory depression is complicated by 
bradycardia and hypotension. Pinpoint pupils usually are 
considered to be the classic sign of narcotic poisoning. 
Miosis is the result of u and x receptor activation, which 
results in an excitatory action on the parasympathetic 
nerve innervating the pupil. Normeperidine, the 
metabolite of meperidine, a synthetic opioid structurally 
different from morphine, is known to produce seizures 
on multiple dosing.” The neurotoxicity of normeperi- 
dine is manifested by signs of CNS stimulation that 
include tremors, twitching, myoclonus, and seizures. 
Treatment consists of administering benzodiazepines to 
reduce CNS excitation. Naloxone is contraindicated 
because it may increase the incidence of seizures. 
Propoxyphene causes delusions, hallucinations, and 
seizures, often with naloxone-resistant cardiodepression. 

Opioid-associated depression of respiration and 
mental status can be reversed by administration of opioid 
antagonists. Most opioid antagonists compete for 
binding with agonists at the u receptor and reverse the 
effects of endogenous or exogenous ligands by eliciting 
no postreceptor activity. Opioid receptor antagonists 
have variable potency and clinical half-lives; the dose 
administered also determines the duration of antagonist 
effects.” The half-life of naloxone is shorter than that of 
most opioids, and patients may again manifest signs of 
toxicity after the effect of naloxone wears off. Nalmefene 
is a new injectable methylene analogue of naltrexone 
with a half-life of about 11 hours, which is much longer 
than naloxone’s half-life of 1 to 2 hours. Naltrexone is 
an opioid receptor antagonist with effects that last up to 
48 hours after oral dosing.?” Numerous synthetic agents 
have been developed that are partial agonist/antagonists 
(e.g., buprenorphine, pentazocine, butorphanol, mep- 
tazinol, and nalbuphine). Opioid reversal in opioid-depen- 
dent patients poses a risk of precipitating withdrawal 
symptoms. Reversal and withdrawal symptoms can be pro- 
duced following the administration of either a pure 
antagonist or partial agonist/antagonist to the opiate- 
addicted or intoxicated patient. 


The Cholinergic System 


Acetylcholine is a neurotransmitter distributed through- 
out the CNS and peripheral nervous system (PNS). In 
the PNS, acetylcholine is found in somatic motor nerves, 
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autonomic ganglia, all parasympathetic postganglionic 
nerves, and a small number of sympathetic postganglionic 
nerves. In the PNS, the action of acetylcholine is respon- 
sible for mediating parasympathetic nerve stimulation. 

The enzyme choline acetyltransferase catalyzes the 
acetylation of choline by acetyl coenzyme A to form 
acetylcholine in the motor nerve terminals. Acetylcholine 
is sequestered in synaptic vesicles and is released when 
extracellular calcium enters the neuron after depo- 
larization. The released acetylcholine diffuses through 
the synaptic cleft to interact with the cholinergic 
receptor. The action of acetylcholine is terminated by 
hydrolysis by acetylcholinesterase, which is present in 
high concentrations in the synapse. Metabolism produces 
acetate and choline, and the breakdown products are 
used for resynthesis of acetylcholine. The enzyme 
acetylcholinesterase is widely distributed throughout the 
body in both neuronal and non-neuronal tissues. It is 
known as true or specific cholinesterase, unlike pseudo- 
cholinesterase, which is made primarily in the liver and 
appears in plasma. It has a lower affinity for acetylcholine 
and metabolizes some drugs, including cocaine and 
succinylcholine. 

Nicotinic and muscarinic receptors are the two major 
cholinergic receptors that mediate the effects of 
acetylcholine. Both nicotinic and muscarinic receptors 
are present in the brain, and their properties are similar 
to those of peripheral receptors. Five muscarinic 
receptors, glycoproteins designated M, through M,, have 
been molecularly cloned and described. Many drugs with 
actions at peripheral cholinergic receptors are without 
central effects because they do not cross the blood-brain 
barrier. Peripheral nicotinic receptors are found in 
autonomic ganglia (postsynaptic neurons of both 
sympathetic and parasympathetic neurons) and the 
neuromuscular junction of skeletal muscles.*? Peripheral 
muscarinic receptors are responsible for postganglionic 
parasympathetic neurotransmission; however, some 
sympathetic responses such as piloerection and sweating 
also are mediated through muscarinic receptors. 
Muscarinic receptors also are found in visceral smooth 
muscle, cardiac muscle, secretory glands, and the 
endothelial cells of the vasculature. 

The muscarinic receptors belong to the family of the 
G protein—coupled receptor. The postsynaptic response 
initiated by acetylcholine binding to muscarinic recep- 
tors is varied and depends on receptor subtype. For 
instance, stimulation of Mı and M; receptors results in 
hydrolysis of polyphosphoinositides and release of intra- 
cellular calcium.°*” In contrast, stimulation of M, and 
M, receptors is linked to adenyl cyclase inhibition and 
subsequent increased potassium efflux and membrane 
hyperpolarization. The decreased heart rate observed 
from vagus nerve stimulation is mediated by Mo 
receptors.” Nicotinic receptors are part of a ligand-gated 
channel composed of five polypeptide subunits. Nicotinic 
neuronal receptors show ligand specificity distinct from 
receptors in the neuromuscular junction (NMJ). 
Stimulation of these nicotinic channels at the NMJ by 
acetylcholine results in sodium influx, membrane 
depolarization, and a triggered action potential. At some 
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nicotinic receptors in the PNS and CNS, calcium influx 
may accompany sodium influx to generate postsynaptic 
excitatory potentials. 

The cholinergic receptor agonists and the cholinesterase 
inhibitors comprise a large group of drugs that mimic 
the effects of acetylcholine. Direct cholinergic agonists 
are divided into esters of choline (e.g., acetylcholine and 
methacholine) and alkaloids (e.g., muscarine, nicotine, 
pilocarpine, bethanechol, and carbachol). Most cholin- 
ergic agonists bind to both muscarinic and nicotinic 
receptors, but a few are highly selective. Their spectrum 
of action depends on the receptor type stimulated—that 
is, Muscarinic or nicotinic. The immediate peripheral 
clinical effects of excessive muscarinic stimulation include 
salivation, vomiting, diarrhea, sweating, cutaneous vaso- 
dilation, miosis, and bronchial vasoconstriction, whereas 
excessive nicotinic stimulation leads to muscle fascicu- 
lation, weakness, paralysis, hypertension, tachycardia, 
vomiting, and diarrhea (see Chapter 76). Central 
muscarinic agonist effects include sedation, coma, 
extrapyramidal movement disorders, and seizures. 
Central nicotinic agonist effects include seizures. 
Muscarinic antagonists block the actions of acetylcholine 
at muscarinic sites and block responses evoked by 
stimulation of parasympathetic nerves (see Chapter 39). 
At therapeutic doses, muscarinic antagonists do not bind 
to nicotinic receptors and neuromuscular blockers do 
not bind to muscarinic receptors. Ganglion blockers 
such as hexamethonium, mecamylamine, and 
trimethaphan block the action of acetylcholine and 
similar agonists at the nicotinic receptors of both 
parasympathetic and sympathetic ganglia. They are 
seldom used clinically. 

Jimson weed (Datura stramonium) and deadly night- 
shade (Atropa belladonna) contain the alkaloids atropine, 
hyoscyamine, and hyoscine. These alkaloids also are 
found in other plants belonging to the Solanaceae 
family. These alkaloids are competitive muscarinic 
receptor antagonists and in toxic amounts produce the 
anticholinergic (antimuscarinic) syndrome charac- 
terized by hot dry skin, hyperthermia, hyperactivity, 
confusion, delirium and hallucinations, and eventually 
coma, respiratory depression, and cardiovascular collapse 
(see Chapter 39). Neuroleptics, tricyclic antidepressants, 
antiparkinson drugs, and certain antihistamines, skeletal 
muscle relaxants, and glaucoma medications also have 
antimuscarinic activity, and overdoses may mimic 
atropine poisoning. Physostigmine is used as an antidote 
in anticholinergic poisoning. It is a tertiary amine 
compound that crosses the blood-brain barrier and acts 
as a reversible inhibitor of acetylcholinesterase. 

Direct-acting muscarinic receptor agonists such as 
pilocarpine and choline esters produce predictable signs 
of muscarinic excess when given in overdose. Amanita 
muscaria contains clinically insignificant amounts of 
muscarine, a cholinergic agonist, but mushrooms of 
the genera Inocybe, Clitocybe, and Omphalotus contain 
muscarine and usually are responsible if cholinergic 
symptoms dominate. Peripheral effects are recognized 
clinically as the “SLUDGE” phenomenon of salivation, 
facrimation, urination, defecation, gastrointestinal 


cramping, and emesis. All the effects are blocked by 
atropine and its congeners. Cholinesterase inhibitors are 
used as insecticides and nerve gas poisons (see Chapters 
76 and 105A). Nerve agents are organophosphorus 
compounds that are similar to but much more potent 
than organophosphorus insecticides. They lead to 
accumulation of acetylcholine, with hyperactivity at 
both muscarinic and nicotinic receptors and stimulation 
of the CNS. Atropine blocks the action of excess 
acetylcholine primarily at muscarinic sites, decreasing 
secretions, bronchoconstriction, and intestinal motility. 
Oximes such as pralidoxime work by reactivating 
phosphorylated cholinesterase enzyme and protecting 
the enzyme from further inhibition. They act primarily at 
nicotinic sites with reversal of skeletal muscle weakness 
and should be used in conjunction with atropine. 
Pralidoxime’s action on muscarinic symptoms is less 
pronounced than that of atropine. However, early 
administration of the oximes after poisoning is essential 
because nerve agents binding to the active site of 
acetylcholinesterase undergo a rapid process of “aging” 
(i.e., the chemical bond between the nerve agent and 
acetylcholinesterase becomes progressively resistant to 
deactivators, starting minutes after nerve agent poisoning). 
An “intermediate syndrome” has been described 1 to 4 
days after the acute phase of organophosphate toxicity, 
presenting with sudden respiratory paralysis, cranial 
nerve palsy, and weakness of neck flexors and proximal 
limb muscles, but this may be related to inadequate 
pralidoxime therapy.*!*? In addition, some organophos- 
phates such as tri-ortho-cresyl phosphate cause a 
peripheral neuropathy associated with axonal demyeli- 
nation that usually appears 2 to 3 weeks after exposure. 
Preceding cholinergic symptoms may be mild or even 
absent. These axonal effects are independent of 
cholinesterase inhibition and are due to inhibition of a 
second enzyme known as neuropathy target esterase. 
Acetylcholine is also the neurotransmitter found 
at the NMJ. A number of biologic toxins produce effects 
at the NMJ. Cessation of toxic exposure usually results 
in complete recovery. A number of toxins disrupt 
neuromuscular transmission by altering the release of 
acetylcholine or by producing receptor blockade. The 
heat-labile neurotoxin botulinum produced by the 
anaerobic bacterium Clostridium botulinum produces 
muscle paralysis by preventing the release of acetyl- 
choline from nerve terminals (see Chapter 26). Venoms 
of snakes, such as the Mojave rattlesnake, impair 
neuromuscular transmission by postsynaptic receptor 
blockade, which may be irreversible or partially 
reversible, in addition to inhibiting acetylcholine release 
(see Chapter 21B).°° The black widow spider (Latrodectus 
mactans) and some species of tarantula produce a venom 
(a-latrotoxin) that causes presynaptic release and 
depletion of acetylcholine from presynaptic vesicles 
through both calcium dependent and calcium inde- 
pendent mechanisms (see Chapter 22A).°*° Other 
arachnids that produce neurotoxins include ticks, 
funnel-web spiders, and scorpions. The funnel-web 
spider toxin (atraxotoxin) contains calcium channel 
inhibitors that can produce neuromuscular blockade. A 


toxin found in the salivary glands of pregnant North 
American ticks (Dermacentor andersoni and D. variabilis) 
causes presynaptic block of acetylcholine release but can 
also affect conduction in small-diameter motor and 
sensory axons.°” Removal of the tick often is curative, 
leading to complete clinical recovery. Drugs called 
hemicholiniums can block transmission at the neuro- 
muscular junction by blocking the uptake of choline. 
Cholinesterase inhibitors such as the organophosphate 
compounds and carbamates inactivate acetylcholinesterase 
by phosphorylation, preventing acetylcholine degradation 
to produce a syndrome of cholinergic excess. Direct 
nicotinic receptor antagonists competitively block activity 
at the NMJ and result in weakness or muscle paralysis. 
NMJ blocking agents may block nicotinic receptors 
without activity (e.g., nondepolarizing) or may initially 
stimulate activity and subsequently block activity due to 
persistent binding (e.g., depolarizing blockade). Nonde- 
polarizing agents include d-tubocurarine, atracurium, 
pancuronium, vecuronium, and rocuronium. Depolarizing 
blockers include succinylcholine and decamethonium. 
Many therapeutic drugs produce NMJ blockade by 
multiple presynaptic and postsynaptic actions. These 
agents include inhalational anesthetics (e.g., halothane, 
isoflurane), antibiotics (e.g., aminoglycosides, tetracyclines), 
magnesium salts, local anesthetics (e.g., lidocaine), 
corticosteroids, and calcium channel blockers.*” 

The sodium channel of cholinergic neurons is the 
target of several potent poisons. Venoms of the 
Centruroides genus of scorpions of Arizona and Mexico 
and Leiurus quinquestriatus are neurotoxic (see Chapter 
22B). They affect sodium channels with resultant 
prolongation of action potentials as well a spontaneous 
depolarization of nerves of both the adrenergic and 
parasympathetic nervous systems. ‘Tetrodotoxin found in 
the puffer fish species, suborder ‘Tetraodontoidea, 
selectively blocks fast sodium channels in nerves and 
muscle membranes (see Chapter 25). It is found in fish 
(Echinodermata), the California newt (Taricha), blue- 
ringed octopus (Hapalochlaena maculosa), frogs (Atelopus), 
and marine bacteria. Tetrodotoxin relaxes vascular 
smooth muscle and blocks preganglionic cholinergic 
motor, sensory, and sympathetic neurotransmission. 
Saxitoxin, produced by the dinoflagellate Protogonyaulax 
catenella and by some bacteria, is found in plankton- 
eating shellfish (clams, oysters, mussels, scallops) and has 
an action similar to that of tetrodotoxin. Ciguatoxin, a 
toxin elaborated by the dinoflagellate Gambierdiscus 
toxicus, enhances quantal acetylcholine release at the 
neuromuscular junction by prolonging the duration of 
sodium channel opening. Batrachotoxin, found in the 
skin of a South American frog (Phyllobates aurotaenia), 
and the plant alkaloids aconitine and veratridine prevent 
closure or inactivation of voltage-dependent sodium 
channels. A second important class of sodium channel 
blockers includes local anesthetics such as lidocaine and 
related antiarrhythmic agents. This quinidine-like 
membrane-stabilizing effect is shared with the tricyclic 
antidepressants and is responsible for the cardiotoxicity. 
Potassium channel blockers such as 4-aminopyridine are 
convulsants, and polypeptide toxins from scorpion 
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(charybdotoxin), bee (apamin), or snake (dendrotoxin) 
venoms also interfere with potassium channel activity. 


The Histaminergic System 


The histaminergic system functions in the regulation of 
arousal, body temperature, locomotor activity, analgesia, 
regulation of biologic rhythms, feeding, drinking, and 
vascular dynamics.** Many of the psychotropic drugs 
interact with histamine receptors. 

Histamine in the brain is formed from L-histidine by 
decarboxylation by histidine and L-amino acid 
decarboxylase. Unlike with the monoamines and amino 
acid transmitters, there does not appear to be an active 
reuptake process for histamine after its release. 
Histamine is metabolically inactivated by histamine 
methyltransferase. 

Histamine receptors are divided into four subtypes, 
H,, He, Hs, and Hy, and belong to the family of G 
protein-coupled receptors. H, receptor agonism leads 
to activation of phospholipase C, formation of diacyl- 
glycerol and inositol-1,4,5-triphosphate and subsequent 
activation of protein kinases, phospholipase A», and 
release of intracellular calcium.*” H} receptors are found 
in the smooth muscle of the intestines, bronchi, and 
blood vessels. H, receptor activation results in smooth 
muscle contraction in these organ systems. Ho receptor 
agonism leads to activation of adenyl cyclase, increased 
cAMP, and activation of protein kinases.*” H, receptors 
are found in gastric parietal cells and in the vascular 
system and CNS. H, receptor activation leads to gastric 
acid secretion and vascular smooth muscle relaxation. 
Activation of H, receptors on vascular endothelial cells 
also results in vascular smooth muscle relaxation 
(vasodilation). Activation of H, receptors on vascular 
endothelial cells leads to local production of nitric oxide 
or endothelial-derived relaxing factor and prostacyclin 
(PGI,), both potent mediators of vasodilation.” Hs 
receptors are found in the brain and the periphery and 
regulate histamine release. Recent evidence suggests that 
the H; receptor regulates the release of several import- 
ant neurotransmitters (e.g., acetylcholine, dopamine, 
GABA, norepinephrine, serotonin), in both the PNS and 
CNS. The H, receptor is highly expressed in peripheral 
blood leukocytes and intestinal tissue. 

Antihistamines (see Chapter 39) are related structurally 
to histamine and competitively antagonize the effects of 
histamine on H; and Hg receptor sites. Hı receptor 
antagonists block the bronchoconstrictive, large vessel 
vasoconstrictive, small vessel vasodilatory, enhanced gut 
motility, and increased permeability effects of histamine. 
Hs receptor antagonists block gastric acid secretory and 
vasodilatory effects of histamine. Many first-generation 
H, receptor antagonists (e.g., diphenhydramine and 
pyrilamine) also possess anticholinergic effects, and the 
major signs of acute overdose are similar to those caused 
by classic antimuscarinic agents and are treated 
accordingly. They also may stimulate or depress the CNS, 
and some agents such as diphenhydramine possess local 
anesthetic and membrane-depressant effects when they 
are taken in large doses. 





EFFECTS OF POISONING BY ORGAN SYSTEM 


q 202 


The Glutaminergic System 


Amino acids found in the brain can function as 
neurotransmitters and be either excitatory or inhibitory. 
Glutamic acid and aspartic acid are excitatory, and the 
main inhibitory transmitters are GABA and glycine. 

Glutamates are present in high concentration in the 
CNS. They do not cross the blood-brain barrier and are 
synthesized from glucose, glutamine, aspartate, and 
other precursors. The synthesis of glutamate is mediated 
by the enzyme glutamate dehydrogenase. Glutamate is 
released from nerve terminals by a calcitum-dependent 
exocytosis mechanism similar to other neurotransmitters. 
Glutamate is inactivated by reuptake; several uptake 
transporters remove glutamate from the synaptic cleft 
into both neuronal and glial cells. Glutamate that is 
taken up into glial cells is oxidized through the Krebs 
cycle or converted to glutamine by the enzyme gluta- 
mine synthetase. Glutamine subsequently is released 
back into the synapse and then recycled back into the 
nerve terminal to be converted to glutamate. Glutamate 
is stored in vesicles for subsequent release. 

Receptors for glutamate have a wide distribution in 
the CNS and are present on neurons that receive input 
from other neurotransmitter systems.*? Glutamate 
receptors convey most of the fast excitatory neuro- 
transmission in the CNS and act through both ligand- 
gated ion channels (ionotropic) and G protein—coupled 
receptors (metabotropic). The ionotropic glutamate 
receptors are named after the agonists kainate, AMPA, 
and NMDA. The AMPA and the kainate receptor are 
collectively known as the non-NMDA receptor.*! The 
non-NMDA receptors predominantly mediate sodium 
influx with activation, whereas NMDA receptor activa- 
tion primarily promotes calcium ion influx. These 
channels also allow sodium ion influx and potassium ion 
efflux with activation. Metabotropic glutamate (mGlu) 
receptors are G protein-coupled receptors that have 
been subdivided into three groups, based on sequence 
similarity, pharmacology, and intracellular signaling 
mechanisms. These receptors may be excitatory or 
inhibitory to postsynaptic membranes. When excitatory, 
activation of the receptor often is associated with impaired 
potassium ion efflux. When inhibitory, activation of the 
receptor often is associated with enhanced potassium ion 
efflux. 

At least five distinct sites of pharmacologic or 
regulatory significance have been identified on the 
NMDA receptor.* There are two different agonist 
recognition sites for glutamate and glycine: a polyamine 
regulatory site that promotes receptor activation, and 
separate recognition sites for magnesium and zinc that 
act to inhibit flux through agonist-bound receptors. The 
NMDA receptor requires simultaneous binding of 
glutamate and glycine for activation.*® They are known as 
coagonists because neither glycine nor glutamate alone 
can open the channel. The glycine site on the NMDA 
receptor is pharmacologically distinct from the classic 
spinal inhibitory glycine receptor in that it is not blocked 
by strychnine. Polyamines such as spermine and 
spermidine increase the ability of glutamate and glycine 


to open ion channels by binding on their modulatory 
sites.“* Thus, glutamate, glycine, and certain polyamines 
act in concert to open NMDA ion channels. Zinc and 
magnesium are endogenous blockers of the NMDA 
receptor and bind to different receptor sites. Magnesium, 
unlike zinc, exerts a voltage-dependent block on the 
open ion channel. Other voltage-dependent blockers of 
the NMDA receptor channels include dizocilpine (MK- 
801), phencyclidine, ketamine, and dextrorphan. Ethanol 
acts as an allosteric inhibitor at the NMDA receptor, and 
it is suggested that the behavioral disinhibition produced 
by ethanol is mediated by an action on the NMDA 
receptor and that the ataxia, somnolence, and CNS 
depression are mediated through other receptors.” 
Acute alcohol withdrawal is accompanied by excessive 
NMDA activity and is thought to explain some of the 
characteristic agitation, hallucinations, and convulsions.*° 

AMPA receptors are widely distributed in the CNS, 
and in the absence of other excitatory activity, AMPA 
receptors may mediate fast depolarizing responses at 
most excitatory synapses in the CNS. Kainate receptors 
activate neuronal membrane channels that are distin- 
guishable from those associated with NMDA and AMPA 
receptors on the basis of their conductance and 
desensitization properties. Distinct kainate receptors are 
involved in some neuropathologic events mediated by 
excitatory amino acids in the CNS. 

Glutamate receptors may have a role in acute 
neuronal death in response to various insults to the 
nervous system, including anoxia, hypoglycemia, seizures, 
and mechanical trauma. The non-NMDA receptors 
also may be involved in neuropathologic processes. 
Glutamate receptor activation can cause seizures, and 
excitatory amino acid receptor antagonists may be of 
primary value for the treatment of epilepsy. Postischemic 
neuronal damage is attributed in part to overactivity of 
the excitatory amino acid neurotransmitter systems. 
Elevated extracellular glutamate levels result in 
glutamate receptor—mediated increase in postsynaptic 
intracellular calcium levels. Excitotoxicity, the “excitation 
to death” of neurons, results mainly from the intra- 
cellular calcium increase subsequent to overexcitation of 
neurons. This translocation of calcium leads to a cascade 
of events with formation of free radicals, activation of 
nitric oxide synthetase, and cell death. Nitric oxide is 
produced after stimulation of the enzyme nitric oxide 
synthetase. Nitric oxide is a novel neuronal messenger 
that acts with surrounding neurons, not by synaptic 
transmission but by diffusion between cells. In excess, 
nitric oxide is toxic to neurons. This toxicity is mediated 
largely by an interaction with the superoxide anion, 
presumably through the generation of the oxidant 
peroxynitrite. This cascade can be halted by admin- 
istration of NMDA receptor antagonists.*” Studies show 
that NMDA antagonists are more effective in reducing 
penumbral damage after cerebral arterial occlusion. 
Chronic neurodegenerative disorders such as olivopon- 
tocerebellar atrophy and Huntington’s chorea are 
associated with disorders of excitatory amino acid 
transmission, as is amyotrophic lateral sclerosis. ‘The role 
that NMDA receptors play in ischemic and nonischemic 


neurotoxicity is not completely understood and under 
investigation. 

Domoic acid was identified as the toxin in a major 
outbreak of food poisoning in Canada in 1987.*° The 
alga Nitzschia pungens was found to be the source of the 
toxin, which contaminated blue mussels. Domoic acid is 
a glutamate analogue and produces neurotoxicity by 
overstimulation of the glutaminergic system. Dietary 
consumption of the chickling (not chick) pea Lathyrus 
sativus or other potentially neurotoxic Lathyrus species is 
associated with lathyrism characterized by spastic 
paraparesis. The offending agent in the pea is thought to 
be B-Moxalyl-amino-L-alanine (BOAA). The cycad Cycas 
circinalis has a BOAA-like constituent, B-N-methylamino- 
L-alanine (BMAA), and may be the cause of the motor 
neuron disease that occurs in Guam. Phencyclidine and 
ketamine are known as dissociative anesthetics because they 
produce a feeling of being apart from one’s environ- 
ment. They are antagonists at the Mmethyl-D-aspartate 
subtype of the glutamate receptor and act by blocking 
the ion channel (see Chapter 43). The primary 
antiepileptic action of felbamate is believed to be at the 
strychnine-insensitive glycine binding site at the NMDA 
receptor. It is shown also to weakly potentiate GABA 
receptor binding. Lamotrigine, another antiepileptic 
drug, is thought to act by inhibiting the release of 
glutamate. Nimodipine inhibits release of glutamate by 
blockade of voltage-gated calcium channels. 


The GABAergic and Glycinergic Systems 


The amino acids GABA and glycine are the primary 
inhibitory neurotransmitters that mediate fast postsynaptic 
inhibition in the nervous system. Their action is to bind 
specifically to GABA and glycine receptors, respectively. 

Glucose is the principal precursor for GABA 
production, although glutamate, pyruvate, and other 
amino acids can act as precursors. Glutamic acid is 
formed from the transamination of o-ketoglutarate, 
formed from glucose metabolism in the Krebs cycle by 
GABA o-oxoglutarate transaminase. Glutamic acid 
decarboxylase catalyzes the decarboxylation of glutamic 
acid to form GABA. The cofactor is pyridoxal phosphate. 
Pyridoxal phosphate is synthesized from pyridoxine 
(vitamin Bs) by the enzyme pyridoxine kinase. The 
action of GABA released into the synaptic cleft is 
inactivated by a high-affinity, sodium-dependent uptake 
process. Enzymatic breakdown entails transamination to 
succinic semialdehyde by GABA transaminase. The next 
step is oxidation to succinic acid by succinic semi- 
aldehyde dehydrogenase, with the succinic acid then 
entering the Krebs cycle. 

GABA receptors predominate in the brain, where they 
have a widespread distribution. Three types of 
receptors for GABA have been characterized. GABA, 
receptors open chloride channels, causing hyper- 
polarization and inhibition of the recipient neuronal 
cell. GABA, receptors are multimembered, with five 
subunits assembled into a functional complex. The five 
major binding sites are for GABA, benzodiazepines, 
barbiturates, picrotoxin, and the anesthetic steroid. 


CHAPTER 10 Clinical Neurotoxicology 203 





These binding domains serve to modulate the receptors 
to GABA stimulation. The binding of GABA is enhanced 
by benzodiazepines, barbiturates, certain steroids, 
etomidate, propofol, chloral hydrate, meprobamate, 
ethanol, and zolpidem (see Chapters 34, 35, and 36); 
these agents serve as indirect receptor agonists. The 
binding of GABA is inhibited indirectly by flumazenil, 
penicillins, aztreonam, MAO inhibitors, tricyclic anti- 
depressants, maprotiline, amoxapine, and organ- 
ochlorine insecticides. GABA} receptors belong to the G 
protein-coupled receptor superfamily. Activation of 
GABA, receptors results in presynaptic inhibition by 
impairing calcium ion influx and neurotransmitter 
release or postsynaptic inhibition by increasing 
potassium ion efflux and cellular hyperpolarization. 
GABA, receptors are activated by baclofen and y- 
hydroxybutyrate (GHB) and antagonized by phaclofen 
and saclofen (see Chapters 37 and 46). GABAg receptors 
are the newly identified member of the GABA receptor 
family. They are also linked to chloride channels, with 
distinct physiologic and pharmacologic properties. In 
contrast with the fast and transient responses elicited 
from GABA, receptors, GABA; receptors mediate slow 
and sustained responses. Pharmacologically, GABA, 
receptors are bicuculline- and baclofen-insensitive, and 
they are not modulated by many GABA, receptor 
modulators (such as benzodiazepines and barbiturates). 

A number of agonists bind to the binding site and 
elicit GABA-like responses. Muscimol is a naturally 
occurring GABA analogue isolated from the hallu- 
cinogenic mushrooms A. muscaria and A. pantherina that 
acts as a potent, direct receptor agonist (see Chapter 23).%° 
Benzodiazepines enhance GABAergic transmission 
indirectly. Benzodiazepine binding results in an 
increased affinity of GABA for its receptor and an 
increased frequency of chloride channel opening (see 
Chapter 35). A wide variety of nonbenzodiazepines, 
such as B-carbolines, cyclopyrrolones (zopiclone), and 
imidazopyridines (zolpidem), also bind to the benzo- 
diazepine site to enhance GABAergic transmission.”! 
Pure benzodiazepine overdoses usually are not fatal. 
However, the newer, short-acting agents may increase 
greatly the frequency of complication, especially when 
benzodiazepines are combined with other CNS 
depressant drugs and alcohol. The benzodiazepine 
antagonist flumazenil is one of several 1,4-benzo- 
diazepine derivatives that binds with high affinity to the 
benzodiazepine receptor and acts as a competitive 
antagonist at this receptor. Thus, flumazenil is an 
indirect GABA, antagonist. Caution in flumazenil 
administration is warranted in mixed overdoses, when 
benzodiazepine may provide a neuroprotective or 
cardioprotective action. 

Barbiturates facilitate GABA-mediated synaptic trans- 
mission by increasing the duration of chloride channel 
opening with GABA binding (see Chapter 36).*%°? At 
pharmacologic concentrations, some barbiturates (e.g., 
pentobarbital) are known to allosterically increase 
binding of benzodiazepine and GABA to their binding 
sites. At high concentrations, certain barbiturates (e.g., 
pentobarbital) act as direct agonists and directly open 
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chloride channels.” The allosteric regulation of GABA, 
receptor function by neuroactive steroids is well known, 
and the steroid recognition site provides a potentially 
important target in the development of new therapeutic 
agents.” General anesthetics, including barbiturates, 
volatile gases, steroids, and alcohols, enhance GABA- 
mediated chloride conductance.** Gabapentin, an 
amino acid structurally related to GABA, is being used 
currently in the treatment of epilepsy. Gabapentin 
appears to have GABA-mimetic properties; it may 
increase GABA concentrations by stimulating glutamic 
acid decarboxylase, the enzyme that produces GABA 
from glutamate (see Chapter 40). The anticonvulsant 
valproic acid is an indirect GABA agonist; it increases 
GABA concentrations by increasing activity of glutamic 
acid decarboxylase and inhibiting GABA transaminase 
and succinic semialdehyde dehydrogenase, enzymes that 
degrade GABA. Vigabatrin (y-vinyl-GABA), an anti- 
epileptic, is an irreversible inhibitor of GABA transaminase 
and increases GABA concentration. Topiramate and 
tiagabine, both anticonvulsants, are indirect GABA 
agonists. Alcohol is known to augment GABA-mediated 
chloride flux, and ethanol may exert some of its effect by 
enhancing the function of the GABA receptor.” 
Bicuculline, a plant alkaloid, is a competitive GABA 
antagonist and is selective for the GABA, receptor that 
controls chloride permeability. Picrotoxin found in the 
berries of the shrub Anamirta cocculus is a GABA, receptor 
channel blocker. The active principle picrotoxin works 
on the gating process of the channel. Penicillin is a 
chloride channel blocker with a net negative charge that 
occludes the chloride channel by interacting with the 
positively charged amino acid residues within the 
channel pore. Pyridoxal phosphate antagonists such as 
isoniazid and other hydrazines, such as monomethyl- 
hydrazine in the mushroom Gyromitra (Helvella) esculenta, 
produce seizures by impairing GABA synthesis (see 
Chapter 23).°° Intravenous pyridoxine is used to combat 
the toxicity. Cyanide inhibits glutamic acid decar- 
boxylase, thereby decreasing GABA, and it may partly 
account for seizures occurring in cyanide toxicity.” The 
chlorinated hydrocarbons inhibit the action of GABA by 
binding to the picrotoxin site on the GABA, receptor to 
produce seizures. Baclofen is an orally active GABA- 
mimetic agent and acts as a GABA, agonist.’ It causes 
hyperpolarization by increasing potassium conductance 
and has presynaptic inhibitory functions. Baclofen in an 
overdose produces drowsiness, coma, seizures, respiratory 
depression, and arrhythmias (see Chapter 37). The 
sedative/hypnotic effect of GHB is mediated by GABA, 
receptor and specific GHB receptor agonism (see 
Chapter 46). Similarly, the sedative/hypnotic effects of y- 
butyrolactone and 1,4-butanediol, which both are readily 
bioconverted to GHB, are mediated by these receptors. 
Glycine is another inhibitory neurotransmitter that 
mediates fast postsynaptic inhibition in the nervous 
system. Like GABAg, the postsynaptic glycine receptor is 
linked to a chloride channel. Activation of the glycine 
receptor causes chloride channel opening, hyper- 
polarization of the postsynaptic membrane, and 
inhibition of neuronal firing.” The glycine receptors are 


predominantly found in the spinal cord and the 
brainstem. Glycine also is likely the inhibitory neuro- 
transmitter in the reticular formation. Glycine is present 
in the forebrain, where it functions as a coagonist of the 
NMDA glutamate receptor. At this receptor, glycine 
promotes the actions of glutamate, the major excitatory 
neurotransmitter in the CNS. The pharmacology of the 
glycine receptor is known less extensively than that of the 
GABA receptors. They are defined by their antagonism 
by the convulsive alkaloid, strychnine, in contrast to the 
strychnine-insensitive glycine-binding site that is 
associated with the excitatory NMDA subclass of the 
glutamate receptor. This explains why strychnine’s effect 
is localized to the medulla and spinal cord only. 

Strychnine, an alkaloid found in the seeds of the tree 
Strychnos nux-vomica, increases the level of neuronal 
excitability by selective antagonism at glycine receptors 
(see Chapter 24). The clinical picture simulates that of 
generalized seizures and is characterized by diffuse 
skeletal muscle contraction, muscular rigidity, opis- 
thotonus, trismus, rhabdomyolysis, myoglobinuria, and 
acute respiratory and renal failure. Strychnine is used 
primarily as a rodenticide and is found sometimes as an 
adulterant in illicit drugs such as cocaine or heroin. 
Barbiturates and diazepam are effective antagonists of 
strychnine. Calycanthus species (Carolina allspice) 
contain the strychnine-like toxin calycanthine, which 
may produce convulsions. Tetanus toxin inhibits the 
release of glycine from nerve endings in the brainstem 
and spinal cord. 


TOXICITY SPECIFIC TO THE PERIPHERAL 
NERVOUS SYSTEM 


Neurotoxins almost invariably produce polyneuropathy 
and rarely are implicated in focal neuropathy. Neurologic 
dysfunction usually occurs as part of a systemic toxicity.°! 
The neurotoxicity may occur in isolation, however, and 
then need to be differentiated from other nontoxic 
causes of neuropathies. The development of a 
neuropathy is directly related to continued exposure to a 
particular toxin. The neuropathy often improves when 
the exposure is discontinued. If the neuropathy 
progresses after removal of a suspected toxin, then other 
causes should be considered (Box 10-4). 

Diseases of the peripheral nervous system can be 
classified in two ways. The first categorization depends 
on the distribution: focal, multifocal, diffuse, proximal, 
distal, symmetric, or segmental. The second system 
depends on the anatomic location of the pathologic 
process: muscle, neuromuscular junction, or peripheral 
nerve. Further differentiation is based on involvement of 
the neuron, axon, or myelin. 


Symmetric Generalized Neuropathies 


The most common form of drug- or toxin-induced 
neuropathy is a symmetric distal axonopathy. The 
neuropathy reflects failure of axonal transport and 
begins distally, where the axons are most vulnerable, and 


BOX 10-4 


Consistent pattern of neurologic dysfunction 


Reproducible pathophysiologic or pathologic findings 

Temporal relationship between exposure and onset of the clinical 
finding 

Nonfocal disorder 

Neurotoxicity improves with cessation of exposure 





predominantly affects long and large-diameter axons, 
progressing proximally. Axonopathies usually have a 
subacute onset with gradual progression and clinically 
are reflected by a symmetric, distal, diffuse, stocking and 
glove—type sensorimotor loss. Sensory signs and symptoms 
initially predominate over motor deficits. Withdrawal of 
the toxic insult is necessary for recovery, which often is 
prolonged and slow. Axonal regeneration occurs at a rate 
of 2 mm/day, with recovery in an order reverse to that of 
the initial loss (i.e., proximal before distal). 

Demyelinating neuropathy is characterized by lesions 
that occur in the myelin sheath or Schwann cells. The 
axons usually are spared. The onset usually is subacute, 
and the involvement in myelinopathy, unlike in 
axonopathy, is predominantly distal and motor because 
the heavily myelinated large motor fibers are more 
severely affected than the small-diameter myelinated and 
unmyelinated sensory fibers. The demyelination may be 
patchy, however, with early proximal involvement. 
Areflexia is characteristic, and sensory symptoms are 
minimal. Recovery from a myelinopathy usually is rapid, 
early, and complete when compared with that from an 
axonopathy. The buckthorn toxin, found in high 
concentrations in the endocarp of the fruit of Karwinskia 
humboldtiana, and perhexiline are the few toxins causing 
a peripheral myelinopathy. 

Toxic injury to the cell body directly is termed a 
neuropathy. The dorsal root ganglions are especially 
involved. This vulnerability is because of a poorly formed 
nerve-blood barrier and the fenestrated blood vessels 
with increased vascular perfusion. Neuronopathies rarely 
are the cause of toxic insults. Neuronopathies are 
characterized by the rapid or subacute onset of motor or 
sensory deficits. The neurologic defect mirrors the nerve 
root involved and can occur anywhere. Recovery is 
variable and often incomplete because of incomplete 
neuronal recovery. Toxic neuronopathies can be caused 
by mercury, pyridoxine, and doxorubicin. 

Acute and chronic heavy metal exposure may produce 
neuropathies. Metal compounds tend to be stored in 
bones, from where they may be gradually released into 
the circulation, subsequently delaying recovery time. 
Other system (i.e., hematopoietic, renal, and gastro- 
intestinal) dysfunctions usually accompany the neu- 
ropathy. Arsenic produces a generalized axonal peripheral 
neuropathy with predominant sensory involvement (see 
Chapter 74). Symptoms of toxicity usually appear 5 to 10 
days after ingestion, with painful dysesthesias and 
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numbness in the feet and hands. Arsenic reacts with the 
sulfhydryl groups on various enzymes necessary for 
cellular metabolism. Both inorganic and organic lead is 
neurotoxic. Lead intoxication produces a demyelinating 
neuropathy with predominantly motor involvement (see 
Chapter 73). Lead intoxication in children, unlike that 
in adults, may produce an encephalopathy rather than a 
peripheral neuropathy. Mercury exposure causes a 
subacute, diffuse, predominantly motor neuropathy (see 
Chapter 71). Thallium compounds have been used as 
rodenticides, and toxicity produces an axonal neu- 
ropathy with prominent systemic features that include 
alopecia and autonomic dysfunction (see Chapter 75). 
Aluminum has been implicated in the causation of 
dialysis encephalopathy, a progressive acute syndrome 
found in patients undergoing dialysis (see Chapter 75). 
A number of organic compounds also produce 
neuropathies. The rodenticide Vacor causes a severe, 
rapid-onset distal axonopathy with associated autonomic 
dysfunction and diabetes mellitus due to necrosis of 
pancreatic B cells (see Chapter 79).°* The neuropathy 
can be prevented by nicotinamide, and Vacor may 
inhibit nicotinamide dinucleotide—dependent enzyme 
with disruption of an axonal-dependent process. 
Peripheral neurotoxic organic solvents include n-hexane 
and methyl-Mbutyl ketone, carbon disulfide, and 
trichlorethylene.®? n-Hexane and methyl-Mbutyl ketone 
are metabolized to 2,5-hexanedione, the active agent 
that damages the peripheral nerves. Methyl ethyl ketone 
enhances the neurotoxic effects of n-hexane and methyl- 
N-butyl ketone without itself being neurotoxic. 
Trichloroethylene may cause trigeminal neuropathy 
through its breakdown product, dichloroacetylene. Allyl 
chloride, used in the manufacture of epoxy resin, 
produces a characteristic distal axonopathy with sensory 
loss and loss of ankle jerks. Acrylamide monomer, unlike 
its polymer, is neurotoxic and produces a distal 
axonopathy involving large myelinated fibers. Ethylene 
oxide, commonly used as a sterilizing agent, produces a 
distal sensorimotor axonopathy with numbness, 
weakness, and areflexia (see Chapter 80). Residual 
ethylene oxide in dialysis tubing after the sterilization 
process may contribute to peripheral neuropathy in 
patients undergoing long-term hemodialysis.°* Methyl 
bromide exposure causes a distal symmetric axonopathy 
with involvement of the pyramidal tracts and cerebellum. 
Polychlorinated biphenyls have been associated with 
outbreaks of neuropathy when cooking oil has been 
contaminated with tetrachlorobiphenyl (Table 10-1).° 


CONCLUSION 


An exciting future lies ahead in neurotoxicology. The 
knowledge of normal brain physiology and its response 
to insult has grown tremendously. The number of new 
antidepressants has greatly increased. Clinical trials of 
drugs that treat ischemic and traumatic brain injury are 
under way. The results of these studies will further 
expand the understanding of neurotoxicity and lead to 
the development of better therapies. 
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Selected Neurotoxins That Produce Neuropathy 


PATHOLOGIC 


TOXINS 


Arsenic 


Lead 


Mercury 


Thallium 


Carbon disulfide 
Acrylamide 

Allyl chloride 
Ethylene oxide 


Hexacarbons (e.g., hexane) 


Methyl bromide 


Trichloroethylene 


Polychlorinated biphenyls 


EXPOSURE RISK 


Metallurgy, pesticides, wood 
preservatives, pigments, ant 
stakes, weed killers 

Lead production, solders, batteries, 
pigment, insecticides, auto 
radiators, moonshine, 
construction workers, folk 
medicine (azarcon and greta) 

Gold and silver extraction, 
dental amalgams, fungicides, 
environmental contamination, 
thermometers 

Manufacture of optical lenses, 
photoelectric cells, and costume 
jewelry; rodenticide 

Insecticides, rayon fiber production 


Production of acrylamide resins 


chemical intermediate 
Solvents 


Insecticidal fumigant, fire 
extinguisher ingredient 


Typewriter correction fluid, 
insecticides, soot removers, 
paint removers 

High-temperature insulators, 


(PCBs) transformers, carbonless copy 
papers 
Organophosphates Pesticides 


Vacor (PNU) 


Rodenticides 


GI, gastrointestinal; M, motor; S, sensory. 


Epoxy resin and glycerin production 
Sterilizing agent, solvent, plasticizer, 


FINDING 


Axonopathy (S > M) 


Axonopathy (M > S) 


Axonopathy (M > S) 


Axonopathy (M > S) 


Axonopathy (MS) 
Axonopathy (MS) 
Axonopathy (S > M) 
Axonopathy (MS) 
Axonopathy (SM) 


Axonopathy (MS) 


Myelinopathy 


Myelinopathy 


Axonopathy (M > S) 


Axonopathy (M > S) 


CLINICAL FEATURES 


GI distress, psychosis, hyperkeratosis, 
hyperpigmentation, Mees’ lines, 
anemia 

GI distress, microcytic anemia, 
basophilic stippling, 
encephalopathy, acute tubular 
dysfunction, gout, hyperuricemia 


GI distress, tremor, ataxia, 
gingivostomatitis, neuropsychiatric 
disturbances 


GI distress, delirium, seizures, coma, 
alopecia, choreoathetosis, ataxia, 
tremor, Mees’ lines 

Encephalopathy, parkinsonian 
syndromes, nystagmus, psychosis 

Irritant, contact dermatitis, ataxia 

Irritant, pulmonary edema 

Convulsions, arrhythmias, leukemia 


GI dysfunction, hyperhidrosis, 
autonomic dysfunction 

Irritant, dermatitis, tremor, seizure, 
coma, dementia, psychosis, 
extrapyramidal symptoms 

Extrapyramidal dysfunction, 
degreaser’s flush 


Chloracne, hepatic transaminitis, 
porphyria 


Cholinergic symptoms, agitation, 
seizures, coma 

Nausea, vomiting, autonomic 
dysfunction, insulin-dependent 
diabetes mellitus 
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MICHAEL BEUHLER, MD 


A “neuromuscular disorder” refers to a pathophysiologic 
state created by an abnormal interaction between nerve 
and muscle. In toxicology, most neuromuscular dis- 
orders relate to an abnormal interaction between the 
central or peripheral nervous systems (CNS or PNS) 
and the motor innervation of skeletal muscles. Drug- 
associated neuromuscular disorders are typically adverse 
effects that occur during therapeutic, occupational, or 
recreational use or overuse of various xenobiotics. These 
disorders may be dose related or idiosyncratic, mild 
or severe, reversible or irreversible, and can occur early 
or late following exposure. Three drug-associated 
neuromuscular disorders will be extensively reviewed in 
this chapter. For discussion of other drug-associated 
neuromuscular disorders, you should refer to the 
specific chapter covering a particular drug. For instance, 
extrapyramidal movement disorders are discussed in 
Chapter 38, the Antipsychotic Agents. 

When exposure to a xenobiotic produces, with some 
regularity, a specific constellation of neuromuscular physical 
signs and symptoms, they are referred to as syndromes. 
Syndrome designations are often reserved for disorders 
that are associated with significant patient morbidity. 
The majority of drug-associated neuromuscular syndromes 
are manifested by exaggerated muscular tone and 
resultant hyperthermia. Although the pathophysiologic 
mechanisms underlying the neuromuscular hyperactivity 
are frequently unique, clinical signs and symptoms often 
have significant overlap, thus making accurate diagnosis 
difficult. Recognition of the unique clinical features of 
each syndrome will facilitate diagnosis and assist treat- 
ment. In this chapter, the neuroleptic malignant syn- 
drome (NMS), serotonin syndrome, and malignant 
hyperthermia (MH) will be reviewed and the similarities 
and differences of their etiology, pathophysiology, 
clinical findings, and treatment will be highlighted. 


NEUROLEPTIC MALIGNANT SYNDROME 


Please also see Chapter 38. 


Introduction, History, and Epidemiology 


This syndrome was first described in 1960 when 
fever and rigidity were associated with haloperidol 
therapy.! During the 1960s, the syndrome was increas- 
ingly recognized as a separate entity from lethal 
catatonia. By the 1980s, NMS had become widely 
accepted as a complication of neuroleptic use. During 
the past 10 to 15 years, the mortality rate from NMS 
has declined due to a wider recognition of patients at 
risk, earlier diagnosis, decreases in neuroleptic dosing, 
the use of newer and safer atypical antipsychotics, 
and improvements in critical care. 


Drug-Associated Neuromuscular Syndromes 


From retrospective studies, the incidence of NMS has 
been estimated to occur in 0.02% to 3% in patients 
treated with neuroleptics.* Prospective studies estimate 
an incidence of 0.07% to 0.9%.*° The incidence of NMS 
appears to be decreasing. This is likely due to the use of 
lower doses of neuroleptics, the use of atypical agents 
(see Chapter 38), and earlier recognition with 
prevention of full syndrome development. Stricter 
criteria for diagnosis may now limit the reporting of 
NMS. In addition, new cases are less likely to be 
published in the current literature now that the 
syndrome is well characterized. 

There does not appear to be a gender or age 
preference for NMS, but it is more common in men and 
adults due to greater frequency of neuroleptic use in 
these patient populations. Patients with neuropsychiatric 
disorders such as Parkinson’s disease and catatonia and 
those with severe forms of functional psychiatric 
disorders are at greater risk for developing NMS.* 
Patients with preexisting organic brain syndrome appear 
to have a higher risk for mortality and morbidity 
from NMS. 

NMS has been reported with several types of med- 
ications that result in decreased CNS dopamine tone. 
The high-potency neuroleptics such as haloperidol, 
fluphenazine, and thiothixene are probably more likely 
to cause the syndrome, but it has been reported with 
lower-potency neuroleptics as well. Although haloperidol 
has been associated with more documented cases of 
NMS, this may reflect more widespread use of this 
antipsychotic rather than greater absolute risk with 
this particular agent. Even the newer, atypical agents, 
which have a decreased propensity to produce extra- 
pyramidal side effects (EPS) (e.g., risperidone, clozapine, 
olanzapine, and quetiapine), have been associated with 
NMS.?°” Non-neuroleptic dopamine antagonists (e.g., 
amoxapine and metoclopramide) have caused episodes 
of NMS. Drugs that result in lower levels of dopamine 
(e.g., reserpine, tetrabenazine, and o-methyl tyrosine) 
have been associated with NMS. NMS has also been 
reported following the abrupt cessation of dopamine 
agonists (e.g., levodopa/carbidopa and amantadine) 
used for the treatment of Parkinson’s disease.®” 

There are several purported risk factors for devel- 
oping NMS. They include large doses of neuroleptics 
and/or rapid dose escalation, a positive history of NMS, 
antecedent agitated behavior, dehydration or infection 
(e.g., pneumonia or sepsis), the presence of electrolyte 
disorders (e.g., hypo- or hypernatremia), and concomi- 
tant treatment with other psychotropic agents (e.g., 
lithium, anticholinergic agents). Lithium is thought to 
decrease striatal dopamine synthesis, thus theoretically 
predisposing to NMS.'° Lithium is associated with its own 
neurotoxicity that may be mistaken for NMS. Thus, the 
diagnosis of NMS should be made with caution for 


patients who are treated with lithium and neuroleptics 
simultaneously. !!1* 

NMS is an idiosyncratic reaction to neuroleptic 
therapy and is not the result of overdose. For patients 
with NMS, serum levels of neuroleptics are typically 
in the normal range. Overdose of certain traditional 
neuroleptics (e.g., chlorpromazine, thioridazine) may 
occasionally produce short-lived patient agitation and 
hyperthermia. The clinical course (abrupt onset over 
minutes to hours and duration of 1 to 2 days) is distinctly 
different from that of NMS (gradual onset over days and 
duration of 1 to 2 weeks). 

NMS-like symptoms had been reported for years prior 
to the initial use of neuroleptics. This separate syndrome 
with similar clinical characteristics is called lethal 
catatonia (or malignant catatonia). In its final or 
advanced stages, lethal catatonia is clinically indistin- 
guishable from NMS. The patient often has gradual 
worsening of psychiatric symptoms that include 
moodiness and melancholia for several days preceding 
the full syndrome. Typically, 1 to 2 days prior to devel- 
oping lethal catatonia patients develop severe agitation 
and mania. Following this period, they develop 
catatonia, labile blood pressure, muscular rigidity, and 
mottled skin, similar to NMS. It is often difficult to 
differentiate lethal catatonia from NMS. The absence of 
a change in antecedent antidopamine drug therapy by 
history and presence of prodromal psychiatric symptoms 
suggest a diagnosis of lethal catatonia.'® 


Pathophysiology of Neuroleptic 
Malignant Syndrome 


The pathophysiology of NMS has been investigated 
for decades but has not yet been fully elucidated. NMS 
is theorized to be the result of a relative dopamine 
blockade (specifically D.-receptor blockade) in the 
mesolimbic, mesocortical, nigrostriatal, and hypo- 
thalamic brain regions.* This is largely based on the 
observation that the syndrome occurs in the presence of 
dopamine depletion or antagonist therapy, is associated 
with temperature abnormalities (controlled by preoptic 
anterior hypothalamic dopamine tracts), and motor 
symptoms are exaggerations of extrapyramidal neu- 
roleptic side effects. However, there are some limitations 
to the dopamine antagonist or hypofunction theory. 
The syndrome has been reported to occur at 
therapeutic serum neuroleptic levels, and effects last 
much longer then expected based on the elimination 
kinetics of neuroleptics. The syndrome has been 
reported to continue despite a subtherapeutic concen- 
tration or absence of neuroleptic in the CNS. This is 
partly explained by the counterhypothesis that NMS 
effects persist due to dopamine receptor hypersensitivity 
or increased number of dopamine receptors. However, 
one would expect the patient to manifest signs and 
symptoms often associated with dopamine excess (1.e., 
choreoathetoid movements, hallucinations), when CNS 
dopamine receptors are no longer occupied and 
activated due to drug metabolism. Such stigmata are 
not commonly reported with NMS. There does, however, 
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seem to be some temporal relationship between the 
duration of symptoms and the triggering agent’s half-life, 
as demonstrated by depot injections generally being 
implicated in longer clinical courses than immediate- 
release oral or intramuscular formulations. 

There is a link between serotonin (5-HT) and 
dopamine activity. The newer antidepressants have 
5-HT., antagonism, which is thought to increase 
dopamine tone in the striatum and prefrontal cortex 
(by disinhibition). This 5-HT antagonism is thought to 
limit adverse effects (e.g., EPS) and contribute to the 
antipsychotic drug effects. Selective serotonin reuptake 
inhibitors (SSRIs) aggravate haloperidol-induced dys- 
tonia and parkinsonism in monkeys (by a decrease 
in brain dopamine).'* Treatment of rats with agents 
that increase 5-HT enhances catalepsy after blockade 
of dopamine receptors.’ This suggests a dopamine- 
serotonin relationship, with increased 5-HT tone causing 
decreased dopamine tone.! There are several cases of 
EPS and NMS triggered by SSRIs in the literature.'7" 


Clinical Manifestations of Neuroleptic 
Malignant Syndrome 


NMS is most often characterized by fever, muscular rigidity, 
altered mental status, and autonomic dysfunction.*!” 
Fever and muscular rigidity are usually present but not 
required for diagnosis. The reported signs and symptoms 
of NMS syndrome are listed in Table 10A-1. Increased 
muscle tone is often present (97%), being described 
as “lead pipe rigidity,” usually by those familiar with that 
phrase’s linkage to NMS. The rigidity may have a cog- 
wheeling component. Other EPS symptoms (dystonia, 
dysphagia, gait abnormalities) may be present. Tremor 
(mild to severe, fine or coarse) has been reported. 
Mutism may be part of the syndrome and is occasionally 
described associated with fearful facial expressions. 
Elevated temperatures are common (98%) although not 
universal.**° Other symptoms associated with NMS 
include diaphoresis, tachypnea, tachycardia, and altered 
mental status (97%).* Urinary incontinence is uncom- 
monly reported. Seizures are rarely reported, and should 
prompt investigation for another diagnosis. 


Diagnosis of Neuroleptic Malignant 
Syndrome 


The diagnosis of NMS is clinical and based on suggestive 
history and physical findings along with a high level of 
suspicion in the appropriate clinical setting. By history, 
the patient must have recently had a dopaminergic agent 
started, the dose increased, or an intervention that 
decreased CNS dopamine tone. 

Several clinical diagnostic criteria are available to 
facilitate the diagnosis of NMS. The disadvantage of 
applying rigid diagnostic criteria is that borderline or 
atypical cases will be excluded, possibly delaying proper 
therapy. This is particularly important since NMS is a 
heterogeneous disorder that exists along a severity 
continuum from moderate to very severe cases. Atypical 
cases may not have rigidity or elevated temperature and 
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Signs and Symptoms of Neuroleptic Malignant Syndrome (NMS)/Serotonin Syndrome/Malignant 


Hyperthermia 





CLINICAL FEATURES NMS 


Triggering agent Neuroleptic 


SEROTONIN SYNDROME 


Proserotonergic agent 


MALIGNANT HYPERTHERMIA 


Succinylcholine or inhaled anesthetic 


Onset Slow (hours to days) Fast (minutes to hours) Very fast to fast (minutes to hours) 

Duration Long (days to weeks) Short (1-2 days) Short (1-3 days) 

Agitation Sometimes Yes No 

Confusion Yes Sometimes Unusual 

Hyperactivity No Yes No 

Bradykinesia/stupor Yes No Unusual 

Myoclonus No Yes No 

Shivering No Yes/sometimes No 

Tremor Sometimes Yes No 

Pupils Mid-sized Large Not specific 

Hyperreflexia No Yes (especially lower extremities) No 

Rigidity Severe Sometimes Severe 

Rigidity type Extrapyramidal (leadpipe) Pyramidal (clasp-knife) Generalized 

Hyperpyrexia Yes Yes Severe 

Tachypnea Yes Yes Yes 

Tachycardia Yes Yes Yes (severe) 

Hypertension Sometimes Yes Sometimes 

Leukocytosis Yes Uncommon Not typical 

Elevated creatine Severe Mild Severe 
phosphokinase 


Adapted from Gillman PK: The serotonin syndrome and its treatment. J Psychopharmacol 1999;13:100-109; Gillman K: Serotonin toxicity. 
www.psychotropical.com/SerotoninToxicity.doc, accessed January 15, 2005; and Wappler F, Fiege M, Schulte am Esch J: Pathophysiological role of the 


serotonin system in malignant hyperthermia. Br J Anaesth 2001;87(5):794-798. 





can make diagnosis difficult. A flexible definition is prob- 
ably in the patient’s best interest to allow for initiation of 
aggressive supportive treatment. In general, it is impor- 
tant to initially exclude any alternative diagnoses (e.g., 
infection) (see later section on Differential Diagnosis). 

There are no laboratory studies that confirm the 
diagnosis of NMS. The laboratory abnormalities that 
have been associated with NMS are relatively nonspecific. 
They include markedly elevated creatine phosphokinase 
(CPK), increased white blood cell (WBC) count, myoglo- 
binuria, and occasionally, diffuse slowing on electroen- 
cephalography (EEG). Serum iron levels have been 
reported to be low with NMS and have been suggested as 
a useful marker. Serum iron, however, appears to 
decrease with inflammatory responses, and thus has no 
prognostic significance.?!** 

There is significant variation in the time between the 
administration of the “triggering” medication and the 
onset of NMS. Reports range from days to weeks from 
the addition or change in the medication to devel- 
opment of signs and symptoms of NMS. Once the illness 
begins, symptoms progress slowly and peak over a period 
of 24 to 72 hours. The total duration of the illness varies 
greatly. The duration of illness appears to be longer 
for patients who received depot neuroleptics as 
compared with oral or immediate release intramuscular 
formulations. The disease often has a fluctuating clinical 
course, irrespective of the treatment. Improvement is 
usually observed within 48 to 96 hours of discontinuation 
of the triggering medication. Full recovery, however, is 
slow and often takes 10 or more days. Full recovery may 
occasionally take several weeks, and some NMS signs and 
symptoms improve while others persist.* For example, 


patients can have improvement of their rigidity and 
resolution of elevated serum CPK, but still have altered 
mental status and hyperthermia. 

Mortality appears to be related to the severity of 
hyperthermia and the degree of alteration of con- 
sciousness. Mortality from NMS usually results from 
renal failure, pulmonary embolism, respiratory failure, 
acute respiratory distress syndrome, cardiovascular 
collapse, or disseminated intravascular coagulation (DIC). 
This stresses the need for aggressive supportive care. 
Postmortem examination is unlikely to demonstrate 
specific CNS findings. 

Persistent neurologic sequelae have been reported 
following episodes of NMS. These persistent neurologic 
findings include cognitive dysfunction, catatonia, 
continued rigidity, dystonia, and amnesic symptoms.” 
Medical complications (such as hypoxic encephalopathy) 
can result in prolonged symptomatology. The patient 
may also have exacerbations of underlying psychiatric 
illness after removal of neuroleptics and/or treatment 
with dopamine agonists. 


SEROTONIN SYNDROME 


Please also see Chapter 29. 


Introduction, History, and Epidemiology 


Although not initially recognized as a distinct clinical 
entity, serotonin syndrome has existed for over half a 
century. The first published description of the syndrome 
occurred in 1955 when a fatal case of “toxic encephalitis” 


was noted after meperidine was administered to a patient 
taking iproniazid for pulmonary tuberculosis.” The use 
of L-tryptophan in conjunction with monoamine oxidase 
inhibitors (MAOIs) in the 1960s caused a similar illness 
marked by hyperactivity that was due to excess CNS 
serotonin levels.2?7 It was not until 1982, however, that 
the syndrome was fully characterized and the term 
serotonin syndrome appeared in the literature.*® 

Several studies have attempted to estimate the 
frequency of serotonin syndrome; all of them suffer from 
varying degrees of methodologic problems. Despite 
these study limitations, the incidence of severe serotonin 
syndrome is quite low during therapeutic dosing of non- 
MAOI agents. There have only been approximately 200 
cases of serotonin syndrome reported in the literature 
since it was initially characterized. This low reporting, 
however, may not reflect a true incidence. This illness, 
like NMS, has a continuum of severity. Thus, the incidence 
of the syndrome will depend on the flexibility of clinical 
criteria used for diagnosis. It is likely that mild signs and 
symptoms of serotonin excess occur frequently with many 
different proserotonergic agents. The severity of these 
symptoms, however, is mild enough to be overlooked by 
both patients and treating physicians and thus will not be 
diagnosed as serotonin syndrome. A recent surge in 
popularity of SSRIs over traditional antidepressants as well 
as increased education (and thus recognition) of the signs 
and symptoms of serotonin syndrome may lead to an 
increased incidence of syndrome diagnosis. In addition, 
the recent increased use of psychoactive medications in 
children is expected to increase the incidence of 
serotonin syndrome in this age group. 

There does not appear to be an age or gender 
preference for the development of serotonin syndrome. 
Underlying organic brain disease may be a risk factor 
that predisposes patients to the development of the 
syndrome. The incidence of serious morbidity and 
mortality associated with serotonin syndrome varies 
greatly and is related to individual host factors (i.e., 
comorbid illness), drug combinations (i.e., the “dose” of 
serotonin stimulation), and the timeliness of diagnosis 
and treatment. 

Most cases of serotonin syndrome occur with com- 
bination therapy of more than one _ proserotonergic 
agent, but it has been reported with serotonergic 
monotherapy and recreational use of indoleamine and 
phenylethylamine derivatives (e.g., “Ecstasy”). Although 
serotonin syndrome is usually an adverse drug inter- 
action that follows the combination of therapeutic doses 
of proserotonergic agents, it will also occur following 
proserotonergic drug overdose. 


Pathophysiology of Serotonin 
Syndrome 


Serotonin syndrome is caused by increased CNS 5-HT 
receptor activation. Usually, increased 5-HT receptor 
activation is due to significantly elevated CNS levels of 
5-HT, which occurs as a result of proserotonergic agent 
activity. It is helpful to think of serotonin syndrome not 
as an on/off phenomenon, but as a continuous spectrum 
of toxicity caused by increased CNS 5-HT levels. This is 
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similar to the spectrum of illness severity that exists for 
NMS. Unlike NMS, however, serotonin syndrome is not 
an idiosyncratic reaction but a dose-effect phenomenon 
caused by the combination of proserotonergic agents. 
Some investigators have advocated calling it serotonin 
toxicity, which is a more accurate description of the 
phenomenon. In many well-documented cases of 
serotonin syndrome, however, serum drug levels are 
often in the therapeutic range. Serum levels of pro- 
serotonergic drugs, however, may not correlate with end- 
organ concentrations or, more importantly, elevated CNS 
serotonergic activity. 

There are several different groups of 5-HT receptors 
found in the CNS. Most of the symptoms seen in 
serotonin syndrome are believed to be caused by 
stimulation of the postsynaptic 5-HT», receptor.*”** This 
receptor is a G protein linked to phosphoinositide- 
specific phospholipase C as well as a K* channel (causes 
depolarization). Although stimulation of the 5-HT,, 
receptor generates stereotypical behavior in mice once 
thought to be analogous to serotonin syndrome in 
humans, it is not believed to contribute significantly to 
the pathologic consequences of serotonin toxicity, and 
specific antagonists do not provide protection against 
serotonin syndrome lethality in a rat model.*”"! 

The stimulation of 5-HT»., receptors may occur in 
several different ways: increased 5-HT synthesis (e.g., 
L-tryptophan); increased 5-HT release (e.g., ampheta- 
mines); decreased 5-HT catabolism (e.g., MAOIs); 
decreased 5-HT reuptake (e.g., SSRIs); direct 5-HT recep- 
tor stimulation (e.g., 5-methoxy-N,Mdimethyltrypta— 
mine [DMT]); and increased postsynaptic 5-HT response 
by secondary messenger systems (e.g., lithium). Serotonin 
syndrome may also be precipitated following the 
withdrawal of an agent with 5-HT»., antagonist effects in 
a patient with 5-HT receptor up-regulation/hyper- 
sensitivity or in a patient on an SSRI.*4 

The propensity of an agent to cause serotonin 
syndrome is often directly correlated with its ability to 
increase brain serotonin levels or to directly stimulate 
5-HT»., receptors. Usually a combination of pharma- 
ceutical agents is required to elicit serotonin syndrome, 
but it has been reported following overdose of single 
agents.*°°° For instance, serotonin syndrome was noted 
to occur in 14% to 16% of patients who overdosed on 
SSRIs in one study. In addition, overdose of MAOIs 
produces a toxic syndrome that significantly overlaps 
with serotonin syndrome. It is much more common for 
serotonin syndrome to occur when two agents are 
combined that raise brain serotonergic tone by two 
different mechanisms. For example, many of the severe 
or fatal serotonin syndrome episodes have been due to 
an MAOI interaction with a selective serotonin uptake 
inhibitor. 

Serotonin reuptake inhibition appears to be a very 
commonly encountered cause of serotonin syndrome. 
The SSRIs paroxetine, clomipramine (a tricyclic anti- 
depressant [TCA]), sertraline, fluoxetine, and venlafaxine 
(a serotonin norepinephrine reuptake inhibitor [SNRI]) 
have all been implicated as causes of serotonin 
syndrome. Besides clomipramine, the other TCAs (e.g., 
imipramine, dothiepin, and amitriptyline) have a much 
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lower affinity for the 5-HT reuptake transporter. 
These TCAs have rarely caused serotonin syndrome but 
do not usually cause significant morbidity unless 
combined with an MAOI. It has been hypothesized that 
chlorpheniramine and, possibly, brompheniramine can 
contribute to serotonin syndrome due to SSRI properties 
of these drugs.*”°° Duloxetine, a novel SSRI, is also likely 
capable of causing serotonin syndrome. 

Certain synthetic opiates have SSRI activity and have 
been implicated as agents capable of precipitating sero- 
tonin syndrome when combined with other proseroton- 
ergic agents. These opiates include tramadol, meperi- 
dine, dextromethorphan, methadone, and pentazocine.” 
Tramadol may have serotonin-releasing properties in 
addition to being an SSRI.”! 

Traditional, irreversible, nonselective MAOIs (e.g., 
tranylcypromine, phenelzine, and clorgyline) and the 
newer, reversible, nonselective MAOIs (e.g., moclobe- 
mide) are readily capable of precipitating serotonin 
syndrome when combined with other proserotonergic 
agents (see Chapter 29).*°** Selegiline, a selective, 
irreversible MAOI-B inhibitor, may cause serotonin 
syndrome at higher doses since MAO selectivity is lost at 
supratherapeutic doses.**** Linezolid, a newer antibiotic 
that has reversible MAO activity, has the potential to 
cause a serotonin syndrome. 

Several drugs of abuse (e.g., hallucinogenic ampheta- 
mines, alklytryptamines, and lysergamides) can potentiate 
5-HT CNS activity and result in serotonin syndrome-like 
toxicity, either alone or in combination with other agents. 
The direct serotonin receptor agonists (e.g., lysergic acid 
diethylamide (LSD), 2,5 dimethoxy-4 methylampheta- 
mine (DOM), DMT, and serotonin-releasing agents (e.g., 
cocaine and 3,4-methylenedioxymethamphetamine 
[MDMA]) may produce serotonin syndrome-like 
toxicity. 47 L-tryptophan is converted to serotonin in 
the CNS and has caused serotonin syndrome when 
combined with an MAOI or SSRI. 

Several substances have been implicated in causing 
serotonin syndrome whose contributing mechanism is 
not well understood. Lithium is believed to contribute to 
serotonin syndrome because it causes an inhibition of 
phosphatases, thus resulting in increased intracellular 
inositol phosphates and potentiating the secondary 
messenger effects of serotonin.*®** Trazadone and 
nefazodone have been implicated in several cases of 
serotonin syndrome, even though they appear to have 
5-HT,, antagonistic properties and are not particularly 
potent 5-HT uptake inhibitors.?”*°*9 Buspirone is a 
direct 5-HT;4 agonist and has been implicated in causing 
serotonin syndrome, although its effect appears weak.*°°? 
Sumatriptan (a 5-HTjp agonist) has been implicated 
as a cause of serotonin syndrome through uncertain 
mechanisms.*?! It appears that 5-HT, antagonists (e.g., 
ondansetron and similar antiemetics) are unlikely to 
cause serotonin syndrome, although this is contro- 
versial.°* Bromocriptine and L-dopa increase brain 
serotonin levels and can theoretically facilitate the 
development of serotonin syndrome.’ 

It is important to understand the pharmacokinetic 
and pharmacodynamic characteristics of certain pro- 
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serotonergic agents. For example, fluoxetine and its 
active metabolite, norfluoxetine, have long elimination 
half-lives. This means that there will be significant 
serotonin uptake inhibition long after the agent is 
stopped. Thus, a “washout” period of 4 weeks is 
recommended after drug discontinuation. Another 
example is the use of irreversible MAOIs. Patients will 
require 4 to 5 weeks for the effect of these enzyme 
inhibitors to completely resolve. Significant P-450 
interactions (and the effect of genetic polymorphisms) 
are observed with several of the psychiatric medications 
and can result in potentiation and prolongation of their 
effect. For example, paroxetine has significant CYP2D6 
inhibition, which can increase serum levels of other 
medications metabolized by CYP2D6. 


Clinical Manifestation of Serotonin 
Syndrome 


There is a great range in the severity of the clinical signs 
and symptoms of serotonin toxicity. It can manifest as 
unpleasant side effects reported with routine SSRI use to 
a hyperthermic, life-threatening syndrome. ‘Typical signs 
and symptoms include CNS changes (i.e., agitation, 
confusion, anxiety, headache, mydriasis, hallucinations, 
insomnia, and dizziness), autonomic hyperactivity (i.e., 
hypertension, hyperthermia, tachycardia, tachypnea, 
flushing, diaphoresis, and shivering) gastrointestinal 
effects (i.e., nausea, vomiting, abdominal pain, and 
diarrhea), and neuromuscular abnormalities (i.e., clonus, 
myoclonus, tremor, sweating, trismus, hyperreflexia, 
ocular clonus, and muscular rigidity).°*°° Although not 
pathognomonic, hyperreflexia, clonus (myoclonus and 
ocular clonus), and/or symmetric rigidity (more promi- 
nent in the lower extremities) are characteristic findings 
associated with serotonin syndrome. 


Diagnosis of Serotonin Syndrome 


As with NMS, the diagnosis of serotonin syndrome is 
clinical and based on suggestive history and physical 
findings. There are no laboratory tests that confirm the 
diagnosis. Diagnosis is best made by excluding other 
etiologies (see later section on Differential Diagnosis) 
and application of preestablished criteria. The use of 
strict diagnostic criteria is not recommended because it 
will not allow the inclusion of atypical cases of serotonin 
syndrome. Absolute frequency of symptoms is impossible 
to determine due to the limited nature of case reports. 
Of note, serotonin syndrome is not a manifestation of 
EPS and should not be associated with dyskinesis or 
cogwheeling. 

One of the marked differences between serotonin 
syndrome and NMS is the time course of symptom onset 
and duration of illness. With serotonin syndrome, 
symptom onset often occurs rapidly or within minutes to 
hours after introduction of or an increase in dose of the 
proserotonergic agent. In contrast, with NMS, symptom 
onset occurs gradually and insidiously over days following 
the introduction of an antidopaminergic agent. One of 
the diagnostic criteria for serotonin syndrome is that 


symptoms should begin soon after starting a serotonergic 
agent, and in almost all situations they have started 
within 24 hours of the addition of the medication. The 
majority of episodes are mild, and relatively short-lived. 
Most patients recover from serotonin syndrome within 
24 hours, but patients with a severe syndrome may have 
signs and symptoms for 2 to 3 days. 

Laboratory analysis is not useful for making a specific 
diagnosis; it appears to be better suited for eliminating 
alternative diagnoses. Nonspecific findings include 
elevated WBC count, increased CPK, and mild metabolic 
acidosis. In general, the CPK elevation is not usually as 
severe as what is observed with NMS or MH, but 
significant elevation is occasionally seen with critically ill 
individuals. Laboratory analysis may help identify drugs 
of abuse as well as assisting in the identification and 
treatment of complications associated with serotonin 
syndrome (e.g., hypoxia, pneumonia, rhabdomyolysis, 
renal failure, hepatic transaminitis, and DIC). Life- 
threatening complications of serotonin syndrome 
commonly occur in patients with severe and prolonged 
neuromuscular hyperactivity and resultant hyperthermia. 


MALIGNANT HYPERTHERMIA 


Introduction, History, and Epidemiology 


Malignant hyperthermia (MH) was first described in 
1962.57 It is an idiosyncratic drug reaction triggered by 
inhaled anesthetics and/or by the depolarizing paralytic 
succinylcholine. It is a disease that primarily occurs 
in the operating room, with an incidence of about 1 in 
12,000 to 1 in 40,000 general anesthetic cases.” It is 
believed that the number of susceptible patients is likely 
higher since 50% of patients in whom the syndrome 
develops have had prior anesthesia without manifesting 
MH.°? It is thought that those of African descent have 
a much lower rate of the genetic defect than whites.°! 
There are several different proteins linked to the disease 
and several different genetic differences within each 
gene. For example, there have been more than 20 
different abnormal ryanodine receptor genes (RYR1) 
identified alone. 

MH is different from the other two “neuromuscular” 
syndromes in that the pathology is maintained without 
further stimulation at the neuromuscular junction. It isa 
disease of abnormal cytosolic calcium physiology that 
occurs in skeletal muscle cells and results in a cascade 
of pathophysiologic changes that culminate in a hyper- 
metabolic state. When it was first recognized and 
reported, MH was associated with significant mortality 
(approximately 80%). Fortunately, the mortality rate has 
fallen to about 5% with aggressive, early treatment with 
dantrolene. There is a swine model (porcine stress 
syndrome [PSS]) that has allowed significant research in 
the field. The PSS model, however, is limited; unlike 
humans, the genetic defect in the swine model is limited 
to one specific change in the ryanodine receptor. 

A syndrome of excessive susceptibility to stress 
resulting in morbidity clinically similar to MH has been 
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reported, without any of the usual MH triggers. In 
this MH-like syndrome, individuals experience elevations 
in temperature, labile blood pressure, acrocyanosis, 
muscle cramping, fasciculations and elevated CPK with 
certain environmental “stressors.” These “stressors” have 
included long car rides, bad news, increased external 
temperatures, medical illness and excessive activity. 
There may be a family history of mysterious sudden 
death, or of muscle cramps and easy fatigability with 
exercise. This has been termed the human stress 
syndrome, and individuals may be at higher risk for 
exertional heat stroke. This syndrome is believed to 
share a similar pathology with MH, but without the 
antecedent exposure to anesthetic/paralytic agents.°*°° 
MH gene abnormalities have been found in some 
patients with this stress-induced syndrome and exercise- 
induced rhabdomyolysis.&*°° 


Pathophysiology of Malignant 
Hyperthermia 


Under normal physiologic conditions, elevated intra- 
cellular calcium levels trigger contraction. The ryanodine 
receptor of the sarcoplasmic reticulum is associated with 
the dihydropyridine receptor (DHPR, L-type calcium 
channel) of the cellular membrane, and a structural 
change of the DHPR (which occurs during depolar- 
ization) is believed to open the ryanodine receptor. This 
elevated intracellular calcium stimulates more calcium 
release from the sarcoplasmic reticulum (calcium- 
induced calcium release). An increase in inositol-1,4,5- 
triphosphate is also responsible for mobilizing stored 
calcium through its own sarcoplasmic reticulum receptor 
(InsP3). 

MH is caused by a cascade of biochemical changes in 
skeletal muscle, culminating in markedly increased 
metabolic rates within muscle cells. Sustained muscle 
contraction and rigidity typically occur. Acute toxicity is 
marked by elevated intracellular calcium levels. Many 
MH patients (and the heat-intolerant swine) have a 
defect in this ryanodine receptor that is believed to 
trigger excessive calcium release from the sarcoplasmic 
reticulum. The specific defect may be attributed to 
increased rates of calcium-induced calcium release. 
Some (but not all) studies have hypothesized that there 
are higher basilar intracellular calcium concentrations 
within MH-prone muscle cells.°”® This increased intra- 
cellular calcium concentration would cause increased 
metabolic rate and increased activity of the sarcoplasmic 
Ca**/ATPase. The increased metabolic rate can occur 
without having contracture.°® Higher levels of cyclic 
adenosine monophosphate (cAMP) are found in MH 
patients during exercise when compared with control 
patients, providing additional evidence for an alteration 
in the secondary messenger system.” The cell membrane 
sodium channel populations are different between MH 
patients and controls, possibly as a result of chronically 
elevated intracellular Ca** levels.” 

The initial trigger that leads to elevated intracellular 
calcium concentrations is not well understood. For the 
inhaled anesthetics, it has been hypothesized that these 
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agents interact with the ryanodine channel and lower the 
threshold for release of calcium from the sarcoplasmic 
reticulum.°® For succinylcholine, cellular depolarization 
from motor end-plate stimulation leads to elevated 
intracellular calcium concentrations. Phosphodiesterase 
inhibitors have rarely been reported to cause MH; 
elevated intracellular calcium concentrations may occur 
from these agents’ effects on cAMP levels and the 
secondary messenger system. 

Several genetic mutations have been found to be 
associated with MH, but only about half of malignant 
hyperthermia-sensitive (MHS) families have documented 
RYRI mutations.’! Another gene that has been recently 
implicated is the dihydropyridine receptor gene; other 
gene abnormalities have been suggested.” Cases of MH 
have been associated with various myopathic, metabolic, 
and mitochondrial genetic disorders.” Of interest, 
persistent CPK elevations are frequently found in 
asymptomatic MH individuals.” 

The administration of 5-HT agonists to skeletal 
muscle from MH patients can trigger contractures.’*”” 
This suggests a link between MH and serotonin. It is 
believed, however, that the increase in circulating 5-HT 
is a secondary response to (like catecholamine increase) 
and not a primary cause of contractures. The use of 5-HT 
receptor antagonists has not prevented morbidity from 
triggered MH in the PSS model.”*-” It has been observed 
that 5-HT, antagonists reduce the MH response in 
human biopsies, possibly by causing hyperpolarization or 
modifying IP, levels.”7680 Serotonin antagonists (such as 
cyproheptadine) have not been used in humans for MH. 

Although similar to NMS in clinical appearance, MH 
syndrome has markedly different pathophysiology. Key 
differences between MH and NMS are the rapid onset of 
symptoms with MH versus the slower onset with NMS, 
and the shorter duration of illness in MH. In addition, 
patients with episodes of NMS have been successfully 
treated with inhaled anesthetics. Although it has been 
suggested previously that neuroleptics might be able to 
trigger MH, subsequent study has shown this not to be 
true. There is no apparent link between NMS and MH.®! 


Clinical Manifestation of Malignant 
Hyperthermia 


MH often begins rapidly after administration of the 
triggering agent (inhaled anesthetic or succinylcholine). 
Most of the inhaled anesthetics can trigger MH, including 
halothane, enflurane, isoflurane, methoxyflurane, des- 
flurane, and servoflurane.*? Synergy between the two 
classes of agents has been reported. MH has also been 
reported to be caused by enoximone, a phosphodi- 
esterase inhibitor. One should also consider stressors 
(such as trauma or procedures) as potential triggers for 
the syndrome. There are “safer” alternative agents that 
may be used for anesthesia in patients at risk for MH. 
These agents include propofol, benzodiazepines, nitrous 
oxide, and narcotics.°?*° 

The signs and symptoms of MH are reflective of a 
greatly increased metabolic rate. The earliest, most 
sensitive, and specific signs of MH are increased rate 


of CO, production (as either expired CO, or partial 
pressure of CO, in arterial blood [Paco,]). Other early 
findings include a rapid rise in core temperature (as fast 
as 1° F every 5 minutes), diffuse muscle rigidity, and 
acidosis.°® Temperature often rapidly increases and may 
not be initially noticed if the patient began at a subnormal 
temperature. Tetanic muscle contraction within 20 
minutes after the muscle relaxants are administered is 
often reported. Symptoms of the full syndrome include 
tachycardia, rigidity, poor chest wall compliance, 
acidosis, cyanosis, mottling, hypotension, ventricular 
arrhythmias, increased ventricular rate, and elevated 
CPK. Hyperkalemia and marked hyperthermia carry a 
poor prognosis. As for other hyperthermic syndromes, 
the incidence of secondary complications and mortality 
is directly correlated with the severity and duration of 
hyperthermia. Sometimes the initial symptoms are 
subtle, such as increased masseter muscle tone during 
intubation; masseter rigidity may make intubation 
difficult. Generalized rigidity shortly following the 
administration of inhaled anesthetics or succinylcholine 
is virtually pathognomonic for MH. Generalized muscle 
rigidity, however, may not be present. Clinical rigidity 
may be relatively mild compared with subsequent CPK 
elevation, lactate, and myoglobinuria. In some patients, 
particularly those with delayed or atypical cases, the only 
symptoms might be muscle cramping and urinary color 
change reflective of ongoing rhabdomyolysis seen 
postoperatively.8”°5 

While the majority of cases have rapid onset, there are 
reports of delayed onset (especially with desflurane). 
The onset of the signs and symptoms of MH may not 
occur until the time of paralytic reversal or later in the 
recovery room.®’ When succinylcholine is used, it is 
believed to accelerate the onset of the episode. The use 
of nondepolarizing paralytics are believed to slow the 
onset of the MH episode.* Isolated rhabdomyolysis may 
sometimes occur and is associated with a delayed 
presentation and diagnosis.” Recurrence of symptoms 
is not uncommon (see later section on Malignant 
Hyperthermia Management). 

Complications of MH include electrolyte abnormalities 
(i.e., hyperkalemia, hypercalcemia, hypocalcemia), 
ventricular fibrillation, DIC, rhabdomyolysis, hypoxia, 
hyperthermia, pulmonary edema, cerebral edema, and 
encephalopathy. These complications are ultimately 
responsible for the mortality and morbidity of MH. 
Autopsy findings (other than muscle biopsies) are 
nonspecific. Weakness and fatigue may last for months 
following an episode.” 


DIAGNOSIS OF HYPERTHERMIC 
SYNDROMES 


The initial diagnosis for all three syndromes is made 
clinically and based on a suggestive history and physical 
findings. Although confirmatory laboratory tests do not 
exist for NMS and serotonin syndrome, the diagnosis of 
MH can be confirmed by the in vitro halothane or 
caffeine contracture test. In general, specific laboratory 


and other ancillary tests are obtained to rule out other 
illnesses that may be confused with these hyperthermic 
syndromes. For instance, during the initial patient 
evaluation, a diligent investigation for all sources of 
infection should be made, including blood, urine, and 
cerebrospinal fluid cultures. In addition, recommended 
laboratory tests include CBG, electrolytes, serum creatine 
phosphokinase (CPK), and urinalysis. An EEG may be 
obtained to exclude seizure activity. 

The gold standard for diagnosis of MH is a muscle 
biopsy specimen that is then exposed to halothane and 
caffeine; the basis for this test is that contractions are 
seen at much lower concentrations of the triggering 
agents than in normal muscle tissue. There are two 
significantly different protocols in use for testing the 
muscle tissue: the North American Malignant Hyper- 
thermia Group Protocol and the European Malignant 
Hyperthermia Group Protocol. Either of these protocols 
may be utilized but they have differing reported 
sensitivities and specificities.?'** Both protocols have a 
sensitivity close to 100%, whereas the specificity for the 
European protocol is 82% to 93% but only 78% for the 
North American protocol.’* These protocols will 
categorize patients into one of three different groups: 
malignant hyperthermia negative, malignant hyperthermia 
sensitive (MHS), and malignant hyperthermia equivocal 
(MHE). Positive in vitro muscle contraction to both 
halothane and caffeine results in an MHS designation, 
whereas a positive contraction to only one agent results 
in an MHE designation. For maximum clinical safety, 
MHE is treated as MHS. The concentration of halothane 
and caffeine used as well as the strength of contraction 
should be reported. 

There are some significant limitations of the 
halothane-caffeine contracture test. Caffeine is believed 
to increase calcium release from the sarcoplasmic 
reticulum.” The test requires an open biopsy; this 
combined with its poor specificity makes it ineffective 
as a screening test. There is a significant difference in 
outcome between the two protocols,”! and significant 
intralaboratory variability as well as variability within the 
same biopsy.” False-positive results have been reported 
in patients with myopathies, but these patients may be at 
higher risk for developing MH. Abnormal in vitro muscle 
contraction similar to MH has also been observed in 
some patients that have suffered exertional heat stroke, 
suggesting a common pathology. The muscle biopsy has 
no utility in diagnosis of NMS. Although there are 
reports of abnormal contractions of muscle fibers to 
fluphenazine, this was performed at very high concen- 
trations and has not been replicated.%* In addition, 
patients who have suffered from NMS have undergone 
general anesthesia without any problems, and no familial 
link has been found between the two diseases. 


DIFFERENTIAL DIAGNOSIS 


Although these three neuromuscular syndromes are all 
characterized by alterations in mental status, autonomic 
dysfunction, and neuromuscular hyperactivity, they are 
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often readily distinguishable by history, temporal profile, 
and the presence of unique physical findings. The 
clinical signs and symptoms that can be used to 
differentiate these syndromes are listed in Table 10A-1. 
The presence of clonus (myoclonus and ocular clonus), 
hyperreflexia, and tremors are unique to serotonin 
syndrome and not present with the other two 
neuromuscular syndromes. Rigidity is lead pipe type and 
diffuse with NMS, rigor mortis—like and diffuse with MH, 
and clasp-knife type and more prominent in the lower 
extremities with serotonin syndrome. 

These three hyperthermic syndromes must be 
differentiated from other conditions associated with 
fever and neuromuscular hyperactivity. These include 
the anticholinergic and sedative-hypnotic withdrawal 
syndromes; poisoning by hallucinogens, salicylates, and 
other uncouplers (e.g., dinitrophenol), lithium, MAOIs, 
strychnine, nicotine, and sympathomimetics; and 
nontoxic etiologies, such as intracranial hemorrhage, 
brain tumors, CNS infections (e.g., meningoen- 
cephalitis, brain abscess), CNS vasculitis, thyrotoxicosis, 
addisonian crisis, heat stroke, pheochromocytoma, 
hypocalcemia, hypomagnesemia, tetanus, and lethal 
catatonia. 

EPS can occasionally look like early NMS, and some 
clinicians have proposed a spectrum of basal ganglia 
dopamine dysfunction, with NMS being the extreme 
manifestation along a continuum. The presence of EPS 
that are persistent and resistant to or exacerbated by 
anticholinergic treatment may suggest early NMS. 


MANAGEMENT OF HYPERTHERMIC 
SYNDROMES 


Management of NMS, serotonin syndrome, and MH 
involves immediate termination of any precipitating 
drugs, the provision of aggressive supportive care, and 
the administration of adjunctive pharmacotherapies for 
each syndrome. Aggressive supportive care entails the 
control of patient agitation and neuromuscular hyper- 
activity, intravenous rehydration, treatment of hyper- 
thermia, and treatment of associated complications. 
Gastrointestinal decontamination is not useful for NMS, 
MH, or serotonin syndrome due to the delay of onset of 
symptoms and the route of administration of the 
precipitating agents. The decrease in mortality observed 
for NMS and serotonin syndrome is most likely due to 
early recognition and better critical care medicine, not 
due to specific antidotes. In contrast, the timeliness of 
initiation of the antidote, dantrolene, is critical to effect 
a good survival for those with MH. 

Complications of these syndromes are similar and 
can include rhabdomyolysis, renal failure, aspiration 
pneumonitis, respiratory failure, thromboembolism, deep 
venous thrombosis, infection, electrolyte imbalance, 
DIC, hepatic dysfunction, and cardiovascular collapse. 
Supportive care should be aggressive and directed at 
preventing or treating these complications. Special 
attention should be directed to ventilator status (especially 
if there is chest wall rigidity preventing ventilation), 
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hydration, temperature, electrolytes, and possible 
seizures. Aggressive fluid hydration is usually warranted; 
if comorbidities are present, then central monitoring for 
fluid status may be required. Hydration and possible 
alkalinization of the urine will help treat the rhabdomy- 
olysis and myoglobinuria that often results. Vasopressor 
support should be given as needed for hypotension, 
assuming that fluid resuscitation is complete. 

Many of the complications of these syndromes occur 
largely as a result of neuromuscular hyperactivity and 
secondary hyperthermia. Attention should be directed to 
careful temperature monitoring and should always rely 
on core temperature readings because peripheral 
measurements can be erroneous. Cooling measures may 
initially include intravenous (IV) benzodiazepines 
(diazepam 0.1 to 0.3 mg/kg or lorazepam 0.05 to 
0.1 mg/kg), antipyretics, evaporative cooling, ice packs, 
cooled IV fluids, and adjunctive pharmacotherapies 
specific to each syndrome. For those patients with 
NMS and serotonin syndrome who develop severe or 
protracted hyperthermia (i.e., temperature greater than 
40° C), the use of nondepolarizing paralytics (e.g., pan- 
curonium) is strongly recommended.” Neuromuscular 
blockade will achieve rapid, predictable, and effective 
reduction of rigidity and fever. In contrast, for patients 
with MH, treatment with dantrolene is the key to 
minimizing mortality from severe hyperthermia. Neuro- 
muscular blockade will not achieve muscle relaxation 
with MH. 


Neuroleptic Malignant Syndrome 
Management 


There are many opinions as to the “correct” treatment 
for NMS. Most of what we know about treatment for this 
syndrome is from collections of case reports, case series, 
or retrospective, noncontrolled studies. There have been 
no prospective, controlled treatment studies. Immediate 
discontinuation of the offending agent is central to 
successful treatment. One should also ensure that 
other non-neuroleptic dopamine-blocking agents (e.g., 
metoclopramide) and other syndrome-potentiating 
medications (e.g., lithium, anticholinergic agents) are 
stopped as well. Supportive care is often overlooked in a 
rush to use the most “up to date” treatment. Because the 
natural course of the illness is often characterized by 
waxing and waning symptoms, initial improvement may 
be mistakenly interpreted as a positive response to a 
specific treatment. 

Benzodiazepines and barbiturates have been used 
successfully in individual cases and retrospective, 
uncontrolled studies. In one retrospective study of 16 
patients with NMS, clinical improvement was noted 
within 24 to 72 hours of benzodiazepine treatment 
initiation (e.g., lorazepam).°”° Regardless, it is uncertain 
if benzodiazepines hasten the recovery from NMS over 
supportive care alone. Benzodiazepine therapy has the 
advantage of being generally safe with minimal side 
effects. The alternative sedating agents, barbiturates, 
may lower the blood pressure when administered 
rapidly, which limit their utility with the unstable patient. 


Theoretically there should be some CNS benefit for 
either drug due to increased y-aminobutyric acid 
(GABA) tone limiting central neurologic excitation and 
possible injury. Standard initial IV doses of benzodi- 
azepines (diazepam 0.1 to 0.3 mg/kg or lorazepam 0.05 
to 0.1 mg/kg) should be employed. Additional doses 
may be administered as needed to achieve the desired 
level of sedation and sympatholysis. Another GABA 
agonist, propofol (2,6 disopropylphenol), might be 
effective for the short-term treatment of those patients 
with severe agitation and muscular rigidity. In this 
setting, propofol should only be administered to patients 
that are intubated. Propofol is complicated by potential 
hypotension due to its negative inotropic effects. 

Due to the similarity of NMS to MH, dantrolene has 
been utilized for the treatment of fever and muscle 
rigidity associated with NMS. Dantrolene is a direct 
skeletal muscle relaxant; it prevents calcium release from 
skeletal muscle sarcoplasmic reticulum by acting on the 
ranitidine receptor. It has very little affect on smooth and 
cardiac muscle. It is very effective for MH, but its efficacy 
in NMS has not been firmly established. Anecdotal 
experience suggests occasional efficacy, but case control 
studies have had mixed results. Dantrolene will not 
terminate muscular rigidity and hyperthermia as rapidly 
as nondepolarizing paralytic therapy. Doses utilized have 
ranged from 25 mg to more then 300 mg per day. It is 
available in an oral and IV form; a starting IV dose of 
1 to 2.5 mg/kg every 6 to 12 hours is recommended, 
titrating the dose upward as needed. A maximum dose 
of 10 mg/kg/day is recommended. Side effects of 
dantrolene include dizziness, headache, fatigue, drowsi- 
ness, and weakness (rarely clinically significant). 
Idiosyncratic reactions from chronic use that have been 
reported include hepatic dysfunction and a pleuroperi- 
cardial reaction. Dantrolene has not been shown (and 
would not be expected) to correct a central disorder 
of thermoregulation.” It should probably be reserved 
for NMS patients with rigidity who have failed other 
treatments. 

Bromocriptine has been used at a dose of 2.5 to 15 mg 
given three times a day. Bromocriptine is a partial 
dopamine agonist/antagonist. In rat studies, it can 
reverse the catatonia induced by neuroleptics. Data on 
its efficacy are mixed; studies have been done showing 
both benefit and lack thereof (see Chapter 38). Some 
retrospective studies have demonstrated a significant 
reduction in mortality from NMS in those patients 
treated with bromocriptine as compared with supportive 
care alone.”™!0 In addition, some patients who were 
treated with bromocriptine for NMS experienced 
recurrence of NMS symptoms when this therapy was 
suddenly discontinued. It has some mild side effects, 
namely nausea, vomiting, limited vasospasm, dyskinesias, 
hallucinations, and worsening psychosis. Bromocriptine 
does have a mild stimulatory effect on 5-HT receptors 
and does reduce brain serotonin turnover.!'®! Its indis- 
criminate use should be tempered with the knowledge 
that it might theoretically worsen serotonin syndrome.’ 
It should be strongly considered for treatment of 
unequivocal cases of NMS. 


Amantadine is a parkinsonian drug reported to be 
successfully used for NMS in only a few cases, making 
firm conclusions about its efficacy impossible.'°* It has 
minimal dopamine agonistic properties and its benefit 
may actually arise from its Mmethyl-D-aspartate, 
glutamate receptor antagonist properties.'” It has been 
used in divided doses from 200 to 400 mg a day. L-dopa/ 
carbidopa has been tried with mixed success. There is 
evidence that L-dopa can cause serotonin release, which 
could worsen serotonin syndrome. In general, other 
dopaminergic agents should be considered before 
amantadine or L-dopa are initiated. 

For treatment of EPS from neuroleptic use, anti- 
cholinergic agents are often employed. The theory is 
that decreasing cholinergic tone increases dopamine 
tone, thus alleviating the symptoms of dopamine receptor 
antagonism. However, in general, anticholinergic agents 
have not been shown to be of benefit for NMS. They are 
likely to be detrimental when the dose is increased due 
to their effect on heat dissipation and CNS effects. They 
should be stopped or possibly tapered if the patient has 
been on them for a prolonged period. 

Electroconvulsive therapy (ECT) has been reported as 
effective for the treatment of NMS, although controlled 
studies are lacking.'°* Some of the early cases had 
morbidity associated with the procedure, but with closer 
monitoring these events have not recurred. ECT increases 
brain catecholamine (i.e., dopamine) levels, which is 
believed to be the reason for its successful use. The suc- 
cessful use of ECT for NMS utilizing general anesthesia 
is additional evidence that MH and NMS are different 
syndromes. One should consider the use of ECT for 
patients with protracted signs and symptoms of NMS or 
those with catatonia after the illness has resolved.”4 

The best treatment for NMS is probably early recog- 
nition, immediate discontinuation of the precipitating 
agent, and vigilant supportive care in an intensive care 
unit setting. Adjunctive pharmacologic agents may be 
added. 

Once the episode of NMS has resolved, there is often 
a need to restart medication in patients with mental 
illness. Ideally, one should wait at least 2 weeks prior to 
restarting neuroleptics. Doses should be given orally, 
initiated at the lowest possible dose, and titrated up very 
slowly. Atypical or low-potency antipsychotics should be 
utilized. Patients should be in a setting where their 
temperature and clinical status can be closely monitored. 
Risk factors such as dehydration and agitation should be 
addressed and treated with IV fluids and sedation with 
benzodiazepines. 


Serotonin Syndrome Management 


Because serotonin toxicity exists as a disease spectrum, it 
is difficult to give unifying or all-inclusive treatment 
recommendations. As for NMS, good supportive care 
and immediate discontinuation of the offending/ 
triggering agent are the most important aspects of 
treatment and will achieve a good outcome in the vast 
majority of patients. Depending on the pharmaco- 
kinetics and severity of the reaction, treatment decisions 
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range from outpatient to intensive care unit admission. 
The severe serotonin reactions are usually due to MAOI 
interactions with another proserotonergic agent. These 
patients should probably be admitted to the intensive 
care unit due to the potential severity of the syndrome. 

Serotonin syndrome is due to excessive stimulation at 
certain CNS 5-HT receptors (most likely 5-HT,, and 
possibly some 5-HT,). Treatment with 5-HT,, receptor 
antagonists have been effective in animal models of 
serotonin syndrome and in case series of patients with 
serotonin syndrome. Cyproheptadine, an antihistamine 
with serotonin antagonist effects, has been effective for 
the treatment of serotonin syndrome.*'? There are no 
randomized, controlled trials that have demonstrated 
the efficacy of cyproheptadine or other 5-HT»4 receptor 
antagonists (e.g., chlorpromazine, olanzapine, risperi- 
done, methysergide) for the treatment of serotonin 
syndrome. Efficacy for these pharmacotherapies is 
difficult to establish since serotonin syndrome is often 
self-limited and has a relatively short duration. 
Cyproheptadine is only available as an oral formulation; 
the usual dose in adults is 4 to 8 mg every 1 to 4 hours, 
up to a maximum of 32 mg/day.*® For children, the 
cyproheptadine dose is 1 to 2 mg every 1 to 4 hours, up 
to a maximum of 12 mg/day. There often is a positive 
response after a single dose, but larger doses may be 
necessary for those with serotonin syndrome as a com- 
plication of a serotonin agonist overdose. Cyproheptadine 
has some sedating and anticholinergic side effects, which 
may become problematic at the higher recommended 
doses. Methysergide has blockade at 5-HT, and 5-HT, 
receptors and has been infrequently used for serotonin 
syndrome; it has less 5-HT, affinity than cyproheptadine. 
The recommended methysergide dose is 2 to 6 mg 
orally; it is not available for parenteral use. For either 
agent, if charcoal was given, larger doses may be 
required or this treatment may need to be abandoned 
due to adsorption of the antidote to charcoal. 

Chlorpromazine has been used as treatment for 
serotonin syndrome with positive results. In addition to 
its dopamine receptor antagonist effects, chlorpro- 
mazine is a potent 5-HT,, receptor antagonist with 
similar potency to cyproheptadine. It has the advantage 
of having a parenteral formulation and can be 
administered either IV or intramuscularly (IM).!°% A 
starting dose might be 50 mg IM with a repeat dose in 
4 hours if necessary; dosing is usually every 6 hours.*? 
Hypotension is common following larger doses of 
chlorpromazine. Thus, intravenous fluid administration 
should accompany or precede this therapy. Chlorpro- 
mazine is associated with numerous side effects (sedation, 
anticholinergic effects, dopaminergic blockade, potential 
to induce seizures, cardiac conduction effects). Use of 
this agent, while potentially effective, may also be 
associated with adverse effects and complicate patient 
treatment. Chlorpromazine should not be used if there 
is any concern for NMS. 

Other pharmacologic agents have been used for 
serotonin syndrome with mixed results. Benzodiazepines 
have been tried with mixed results. These agents are best 
reserved for patients with significant muscle rigidity 
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and hyperthermia. Diazepam or lorazepam may be 
administered in the same doses as recommended for 
NMS.!” The central GABA receptors are believed to 
have an inhibitory influence on serotonin syndrome.” 
Very limited data exist for propranolol, which has been 
used to treat some of the hypertensive symptoms. 
Propranolol is a 5-HTj, antagonist and, thus, is not 
expected to reverse all the signs and symptoms of the 
syndrome.*°!"8 Due to its potential for adverse hemo- 
dynamic effects, propranolol must be used with 
considerable caution and cannot be recommended for 
first-line use. Mirtazapine has been used for the 
treatment of serotonin syndrome and theoretically may 
be efficacious via its 5-HT,, antagonistic properties. !°9110 
Nitroglycerin has been used and has resulted in some 
clinical improvement anecdotally.'!! There is the theo- 
retical possibility of exacerbating serotonin syndrome 
if treated with bromocriptine; this drug can increase 
brain 5-HT levels.°*!!2 Animal experimental data support 
the use of memantine (and possibly risperidone) for 
serotonin syndrome, but no human experience exists. 113114 
Dantrolene has been used for serotonin syndrome 
without documented benefit. Dantrolene may cause 
increased CNS 5-HT tone and, thus, its use is not 
recommended for treatment of serotonin syndrome.!'? 
Intubation and paralysis should be employed as they are 
for NMS if muscular rigidity or hyperthermia is severe 
and not initially responsive to alternative measures. 

Restarting medications should be done after a 
sufficient recovery time has been allowed. Exactly how 
long depends on the half-life of the drug and its 
metabolites and the duration of ongoing drug effect. 
With irreversible MAOI therapy, MAO is permanently 
inhibited and adequate time should be allowed (3 to 
5 weeks) for regeneration of the enzyme prior to 
reinitiation of another proserotonergic agent.*®!!° When 
medications are restarted, they should be restarted one 
at a time at the lowest effective dose and slowly advanced 
to the target level. Additional medications can sub- 
sequently be added as needed. A reevaluation of the 
need for MAOI treatment and the most potent serotonin 
reuptake inhibitors should be performed. Agents with 
less proserotonergic effect should be tried initially and 
started at low doses. 


Malignant Hyperthermia Management 


This syndrome has a radically different pathophysiology 
from NMS and serotonin syndrome. The pathology 
is within the skeletal muscle itself and is not secondary 
to enhanced nerve activity and motor end-plate 
stimulation. No benefit is derived from benzodiazepines 
and nondepolarizing paralytics. As for the other 
hyperthermic syndromes, when MH is suspected, the 
precipitating agents must be discontinued immediately. 
For MH, aggressive supportive care includes hyper- 
ventilation, IV fluid administration, correction of elec- 
trolyte abnormalities (e.g., hyperkalemia, hypocalcemia, 
hypercalcemia), rapid cooling, and treatment of asso- 
ciated complications as they occur (e.g., rhabdomyolysis, 
renal failure, respiratory failure). Bicarbonate has been 


advocated, and that combined with dextrose should be 
beneficial to treat associated hyperkalemia. 

The treatment of choice is dantrolene. There is a direct 
correlation between survival and early administration 
of dantrolene in patients with MH." Dantrolene is 
believed to interact with the ryanodine skeletal muscle 
receptor, preventing further release of calcium from the 
sarcoplasmic reticulum, halting the pathologic cascade 
operative in MH. The starting dose of dantrolene is 
2.5 mg/kg IV. This dose can be repeated every 2 to 3 
minutes until a maximum of 10 mg/kg has been admin- 
istered. The IV formulation is preferred in all situations 
of MH due to uncertain levels achieved with oral dosing. 
Dantrolene is occasionally used as prophylaxis for 
patients with a previous history of MH or with a very 
strong family history of anesthetic-associated deaths. In 
this situation it is given as a 2.5 mg/kg dose prior to 
anesthesia; but despite this pretreatment, patients can 
still develop MH, so there should be strong consid- 
eration for using “safer” agents in such patients. 

Once a patient has developed MH, dantrolene should 
be continued every 6 hours until symptoms completely 
resolve, because dantrolene has a half-life of 12 hours.!!8 
When repeated doses are used, patients are much less 
likely to have a recurrence of symptoms. Sufficient dosing 
is recommended because subtherapeutic amounts of 
dantrolene may paradoxically open the ryanodine 
channel, possibly exacerbating illness.!!° The use of calcium 
channel blockers (e.g., verapamil) with dantrolene has 
been associated with hyperkalemia and hypotension. 
The use of calcium channel antagonists for arrhythmias 
is thus not recommended, even though this synergistic 
toxicity has not been demonstrated in a dog model.'*? 
Short-term side effects of dantrolene have included 
weakness, dizziness, and fatigue; clinically significant 
weakness appears to be rare.” 


REFERENCES 


1. Delay J, Pichot P, Lemperiere T, et al: Un neuroleptique majeur 
nonphenothiazine et non-reserpinique, l’haloperidol, dans le 
traitement des psychoses. Ann Med Psychol 1960;118:145-152. 

2. Caroff SN, Mann SC: Neuroleptic malignant syndrome. Med Clin 
North Am 1993;77(1):185-202. 

3. Keck PE, Pope HG, McElroy SL: Declining frequency of 
neuroleptic malignant syndrome in a hospital population. Am 
J Psychiatry 1991;148:880-882. 

4. Gelenberg AJ, Bellinghansen B, Wojcik JD, et al: A prospective 
survey of neuroleptic malignant syndrome in a short-term 
psychiatric hospital. Am J Psychiatry 1988;145:517-518. 

5. Keck PE, Sebastianelli J, Pope HG, et al: Frequency and 
presentation of neuroleptic malignant syndrome in a state 
psychiatric hospital. J Clin Psychiatry 1989;50:352-355. 

6. Farver DK: Neuroleptic malignant syndrome induced by atypical 
antipsychotics. Expert Opin Drug Saf 2003;2(1):22-35. 

7. Karagianis FL, Phillips LC, Hogan KP, LeDrew KK: Clozapine- 
associated neuroleptic malignant syndrome: two new cases and a 
review of the literature. Ann Pharmacother 1999;33:623-630. 

8. Friedman JH, Feinberg SS, Feldman RG: A neuroleptic malignant- 
like syndrome due to levodopa therapy withdrawal. JAMA 
1985;254(19):2792-2795. 

9. Hermesh H, Sirota P, Eviatar J: Recurrent neuroleptic malignant 
syndrome due to haloperidol and amantadine. Biol Psychiatry 
1989;25:962—965. 

10. Friedman E, Gershon S: Effect of lithium on brain dopamine. 
Nature 1973;243:520-521. 


11; 
12. 


13. 


14. 


15. 


16. 


17. 
IG, 


19. 


20. 


21. 


22. 


20: 


2d; 


20: 


20, 


ah 


28. 


20, 


30. 


31. 


a2. 


33. 


34. 


IN 


36. 


Spring G, Frankel M: New data on lithium and haloperidol 
incompatibility. Am J Psychiatry 1981;138(6):818-821. 

Davis JM, Caroff SN, Mann SC: Treatment of neuroleptic 
malignant syndrome. Psychiatr Ann 2000;30(5):325-331. 

Carroll BT, Taylor RE: The nondichotomy between lethal 
catatonia and neuroleptic malignant syndrome. J Clin Psycho- 
pharmacol 1997;17(3):235-236. 

Korsgaard S, Gerlach J, Christensson E: Behavioral aspects of 
serotonin-dopamine interaction in the monkey. Eur J Pharmacol 
1985;118:245-252. 

Carter CJ, Pycock CJ: Possible importance of 5-hydroxytryptamine 
in neuroleptic induced catalepsy in rats [proceedings]. Br J 
Pharmacol 1977;60(2):267P—268P. 

Kapur S, Remington G: Serotonin-dopamine interaction and 
its relevance to schizophrenia. Am J Psychiatry 1996;153(4): 
466-476. 

Halman M, Goldbloom DS: Fluoxetine and neuroleptic 
malignant syndrome. Biol Psychiatry 1990;28:518-521. 

Caley CF: Extrapyramidal reactions and the selective serotonin- 
reuptake inhibitors. Ann Pharmacother 1997;31:1481-1489. 
Addonizio G, Susman VL, Roth SD: Neuroleptic malignant syn- 
drome: review and analysis of 115 cases. Biol Psychiatry 1987;22: 
1004-1020. 

Totten V, Hirschenstein E, Hew P: Neuroleptic malignant 
syndrome presenting without initial fever: a case report. J Emerg 
Med 1994;12(1):43-47. 

Taylor C, Rogers G, Goodman C, et al: Hematologic, iron-related, 
and acute-phase protein responses to sustained strenuous 
exercise. J Appl Physiol 1987;62 (2) :464—469. 

Rosebush PI, Mazurek MF: Serum iron and neuroleptic malignant 
syndrome. Lancet 1991;338:149-150. 

Van Harten PN, Kemperman CJF: Organic amnestic disorder: a 
long-term sequel after neuroleptic malignant syndrome. Biol 
Psychiatry 1991;29:407-410. 

Caroff S, Mann SC, Keck PE Jr, Francis A: Residual catatonic state 
following neuroleptic malignant syndrome. J Clin Psychopharmacol 
2000;20(2):257-259. 

Mitchell RS: Fatal toxic encephalitis occurring during iproniazid 
therapy in pulmonary tuberculosis. Ann Intern Med 1955;42: 
417-424. 

Oates JA, Sjoerdsma A: Neurologic effects of tryptophan in 
patients receiving a monoamine oxidase inhibitor. Neurology 
1960;10:1076-1078. 

Grahame-Smith DG: Studies in vivo on the relationship between 
brain tryptophan, brain 5-HT synthesis and hyperactivity in rats 
treated with a monoamine oxidase inhibitor and L-tryptophan. 
J Neurochem 1971;18:1055-1066. 

Insel TR, Roy BF, Cohen RM, et al: Possible development of the 
serotonin syndrome in man. Am J Psychol 1982;139:954—955. 
Gillman PK: The serotonin syndrome and its treatment. J 
Psychopharmacol 1999;13:100-109. 

Nisijima K, Shioda K, Yoshino T, et al: Diazepam and chlor- 
methiazole attenuate the development of hyperthermia in an 
animal model of the serotonin syndrome. Neurochem Int 2003; 
43:155-164. 

Nisyima K, Yoshino T, Yui K, Katoh S: Potent serotonin (5-HT) 9,4 
receptor antagonists completely prevent the development of 
hyperthermia in an animal model of the 5-HT syndrome. Brain 
Res 2001;890:23-31. 

Mazzola Pomietto P, Aulakh CS, Wozniak KM, et al: Evidence that 
1-(2,5-dimethoxy-4iodophenol)-2-aminopropane (DOI)-induced 
hyperthermia in rats is mediated by stimulation of 5-HTo, 
receptors. Psychopharmacology 1995;117:193-199. 

Siegel GJ (ed): Basic Neurochemistry. Philadelphia, Lippincott 
Williams & Wilkins, 1999. 

Zerjav-Lacombe S, Dewan V: Possible serotonin syndrome 
associated with clomipramine after withdrawal of clozapine. Ann 
Pharmacother 2001;35:180-182. 

Horowitz Z, Mullins ME: Cyproheptadine for serotonin syndrome 
in an accidental pediatric sertraline ingestion. Pediatr Emerg 
Care 1999;15(5):325-327. 

Isbister GK, Bowe SJ, Dawson A, Whyte IM: Relative toxicity of 
selective serotonin reuptake inhibitors (SSRIs) in overdose. J 
Toxicol Clin Toxicol 2004;42:277-285. 


Di, 


38. 


39. 
40. 


4l. 


42. 
43. 


44. 


45. 
46. 


47, 


48. 


49. 


50. 
51, 


DA: 


DA 


54. 
ID; 
56. 
57: 


58. 


59. 


60. 


62. 


63. 


64. 


65. 


CHAPTER 10 Clinical Neurotoxicology 219 





Tatsumi M, Groshan K, Blakely RD, Richelson E: Pharmacological 
profile of antidepressants and related compounds at human 
monoamine transporters. Euro J Pharmacol 1997;340:249-258. 
Whyte IM, Dawson AH, Buckley NA: Relative toxicity of 
venlafaxine and selective serotonin reuptake inhibitors in 
overdose compared to tricyclic antidepressants. QJM 2003;96: 
369-374. 

Gillman PK: Serotonin syndrome: history and risk. Fundam Clin 
Pharmacol 1998;12:482-491. 

Gillman K: Serotonin toxicity. Accessed January 15, 2005, at 
www.psychotropical.com/Serotonin Toxicity.doc. 

Bamigbade TA, Davidson C, Langford RM, Stamford JA: Actions 
of tramadol, its enantiomers and principle metabolite, O- 
desmethyltramadol, on serotonin (5-HT) efflux and uptake in the 
rat dorsal raphe nucleus. Br J Anaesth 1997;79:352-356. 
Brodribb TR, Downey M, Gilbar PJ: Efficacy and adverse effects of 
moclobemide. Lancet 1994;343:475. 

Zornberg GL, Bodkin JA, Cohen BM: Severe adverse interaction 
between pethidine and selegiline. Lancet 1991;337:246. 

Hinds NP, Hiller CE, Wiles CM: Possible serotonin syndrome 
arising from an interaction between nortriptyline and selegiline in 
a lady with parkinsonism. J Neurol 2000;247:811. 

Francis E, Harchelroad F: LSD/fluoxetine-induced serotonin 
syndrome. J Toxicol Clin Toxicol 1996;34(5) :560. 

Marsden CA, Heal DJ (ed): Central Serotonin Receptors and 
Psychotropic Drugs. Oxford, Blackwell Scientific, 1992. 

Brush ED, Bird SB, Boyer EW: Monoamine oxidase inhibitor 
poisoning resulting from Internet misinformation on illicit 
substances. J Toxicol Clin Toxicol 2004;42(2):191-195. 

Hardman JG, Limbird LE (eds): Goodman & Gillman’s The 
Pharmacological Basis of Therapeutics, 9th ed. New York, 
McGraw-Hill, 1996. 

John L, Perreault MM, Tao T, Blew PG: Serotonin syndrome 
associated with nefazodone and paroxetine. Ann Emerg Med 
1997;29 (2):287-289. 

Baetz M, Malcolm D: Serotonin syndrome from fluvoxamine and 
buspirone. Can J Psychiatry 1995;40(7):428-429. 

Mathew NT, Tietjen GE, Lucker C: Serotonin syndrome com- 
plicating migraine pharmacotherapy. Cephalalgia 1996;16:323-327. 
Turkel SB, Nadala JG, Wincor MZ: Possible serotonin syndrome in 
association with 5-HT; antagonist agents. Psychosomatics 
2001;42 (3) :258—260. 

Sandyk R: L-Dopa induced “serotonin syndrome” in a 
parkinsonian patient on bromocriptine. J Clin Psychopharmacol 
1986;6(3):194. 

Kuisma MJ: Fatal serotonin syndrome with trismus. Ann Emerg 
Med 1995;26(1):108. 

Mills KC: Serotonin syndrome: a clinical update. Crit Care Clin 
1997;13(4):763-—783. 

Sternbach H: The serotonin syndrome. Am J Psychiatry 1991; 
148:705-813. 

Denborough MA, Forster JF, Lovell RR, et al: Anaesthetic deaths 
in a family. Br J Anaesth 1962;34:395-396. 

Mickelson JR, Louis CF: Malignant hyperthermia: excitation- 
contraction coupling, Ca** release channel, and cell Ca” 
regulation defects. Physiol Rev 1996;76(2):537-592. 

Nelson TE, Flewellen EH: The malignant hyperthermia 
syndrome. N Engl J Med 1983;309(7):416-418. 

Britt BA, Kalow W: Malignant hyperthermia: a statistical review. 
Can Anaesth Soc J 1970;17(4):293-315. 


. Lane JE, Brooks AG, Logan MS, et al: An unusual case of 


malignant hyperthermia during desflurane anesthesia in an 
African-American patient. Anesth Analg 2000;91:1032-1034. 
Jardon OM: Physiologic stress, heat stroke, malignant hyper- 
thermia—a perspective. Milit Med 1982;147:8-14. 

Bendahan D, Kozak-Ribbens G, Confort-Gouny S, et al: A 
noninvasive investigation of muscle energetics supports simi- 
larities between exertional heat stroke and malignant hyper- 
thermia. Anesth Analg 2001;93:683-689. 

Wappler F, Fiege M, Steinfath M, et al: Evidence for susceptibility 
to malignant hyperthermia in patients with exercise-induced 
rhabdomyolysis. Anesthesiology 2001;94:95-100. 

Wappler F, Fiege M, Antz M, Schulte am Esch J: Hemodynamic 
and metabolic alterations in response to graded exercise in a 





G 220 


66. 


67. 
68. 


69. 
70. 


71. 


des 
T3; 


74. 
7D: 


76. 


77. 
78. 
79. 
80. 
81. 


D2: 
83: 


84. 
85. 


86. 


EFFECTS OF POISONING BY ORGAN SYSTEM 


patient susceptible to malignant hyperthermia. Anesthesiology 
2000;92:268-272. 

Tobin JR, Jason DR, Challa VR, et al: Malignant hyperthermia and 
apparent heat stroke. JAMA 2001;286(2):168-169. 

Bendahan D, Kozak-Ribbens G, Rodet L, et al: 31Phosphorus 
magnetic resonance spectroscopy characterization of muscular 
metabolic anomalies in patients with malignant hyperthermia: 
application of diagnosis. Anesthesiology 1998;88(1):96-107. 
Lopez JR, Contreras J, Linares N, Allen PD: Hypersensitivity of 
malignant hyperthermia-susceptible swine skeletal muscle to 
caffeine is mediated by high resting myoplasmic [Ca^]. 
Anesthesiology 2000;92:1799-1806. 

Standec A, Stefano G: Cyclic AMP in normal and malignant 
hyperpyrexia susceptible individuals following exercise. Br J 
Anaesth 1984;56:1243-1246. 

Fletcher JE, Wieland SJ, Karan SM, et al: Sodium channel in 
human malignant hyperthermia. Anesthesiology 1997;86(5): 
1023-1032. 

Ball SP, Johnson KJ: The genetics of malignant hyperthermia. 
J Med Genet 1993;30(2):89-93. 

Gurrera RJL: Is neuroleptic malignant syndrome a neurogenic 
form of malignant hyperthermia? Clin Neuropharmacol 
2002;25 (4):183-193. 

Lambert C, Blanloeil Y, Horber RK, et al: Malignant hyperthermia 
in a patient with hypokalemic periodic paralysis. Anesth Analg 
1994;79:1012-1014. 

Wappler F, Scholz J, von Richthofen V, et al: Attenuation of 
serotonin-induced contractures in skeletal muscle from malignant 
hyperthermia-susceptible patients with dantrolene. Acta 
Anesthesiol Scand 1997;41:1312. 

Wappler F, Scholz J, Oppermann S, et al: Ritanserin attenuates the 
in vitro effects of the 5-HT2 receptor agonist DOI on skeletal 
muscles from malignant hyperthermia susceptible patients. J Clin 
Anesth 1997;9:306-311. 

Wappler F, Fiege M, Schulte am Esch J: Pathophysiological role of 
the serotonin system in malignant hyperthermia. Br J Anaesth 
2001;87 (5):794—798. 

Wappler F, Roewer N, Kochling A, et al: Effects of the serotonin 2 
receptor agonist DOI on skeletal muscle specimens from 
malignant hyperthermia-susceptible patients. Anesthesiology 
1996;84(6):1280-1287. 

Richter A, Scholz J, Loscher W, et al: Effects of the 5-HT, receptor 
antagonist ritanserin on halothane-induced increase of inositol 
phosphates in porcine malignant hyperthermia. Arch Pharmacol 
1996;354:593-597,. 

Loscher W, Gerdes C, Richter A: Lack of prophylactic or 
therapeutic efficacy of 5-HT2A receptor antagonists in halothane 
induced porcine malignant hyperthermia. Arch Pharmacol 
1994;350:365-374. 

Wappler F, Scholz J, Fiege M, et al: 5-HT, receptor antagonist- 
mediated inhibition of halothane-induced contractures in skeletal 
muscle specimens from malignant hyperthermia susceptible patients. 
Naunyn Schmiedebergs Arch Pharmacol 1999;360:376-381. 
Hermesh H, Aizenberg D, Lapidot M, Munitz H: Risk of 
malignant hyperthermia among patients with neuroleptic 
malignant syndrome and their families. Am J Psychiatry 1988; 
145(11):1431-1434. 

Allen GC, Brubaker CL: Human malignant hyperthermia 
associated with desflurane anesthesia. Anesth Analg 1998;86(6): 
1328-1331. 

Fiege M, Wappler F, Weisshorn R, et al: In vitro and in vivo effects 
of the phosphodiesterase-ii1 inhibitor enoximone on malignant 
hyperthermia-susceptible swine. Anesthesiology 2003;98:944—949. 
Riess FC, Fiege M; Moshar S, et al: Rhabdomyolysis following 
cardiopulmonary bypass and treatment with enoximone in a 
patient susceptible to malignant hyperthermia. Anesthesiology 
2001;94:355-357. 

Fiege M, Wappler F, Scholz J, et al: Effects of the phospho- 
diesterase-III inhibitor enoximone on skeletal muscle specimens 
from malignant hyperthermia susceptible patients. J Clin Anesth 
2000;12:123-128. 

McKenzie AJ, Couchman KG, Pollock N: Propofol is a “safe” 
anesthetic agent in malignant hyperthermia susceptible patients. 
Anaesth Intensive Care 1992;20(2):165-168. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


04. 


95. 


96. 
97. 


98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 
106. 


107. 


108. 
109. 
110. 
111. 


112. 


113. 


Fierobe L, Nivoche Y, Mantz J, et al: Perioperative severe 
rhabdomyolysis revealing susceptibility to malignant hyper- 
thermia. Anesthesiology 1998;88 (1):263-265. 

Harwood T, Nelson TE: Massive postoperative rhabdomyolysis 
after uneventful surgery: a case report of subclinical malignant 
hyperthermia. Anesthesiology 1998;88(1):265-268. 

Hoenemann CW, Halene-Holtgraeve TB, Booke M, et al: Delayed 
onset of malignant hyperthermia in desflurane anesthesia. Anesth 
Analg 2003;96:165—-167. 

Wohlfeil ER, Woehlck HJ, McElroy ND: Malignant hyperthermia 
triggered coincidentally after reversal of neuromuscular blockade 
in a patient from the Hmong people of Laos. 1998;88(6): 
1667-1668. 

Islander G, Twetman ER: Comparison between the European and 
North American protocols for diagnosis of malignant hyper- 
thermia susceptibility in humans. Anesth Analg 1999;88(5): 
1155-1160. 

Allen GC, Larach MG, Kunselman AR: The sensitivity and 
specificity of the caffeine-halothane contracture test: a report 
from the North American malignant hyperthermia registry. 
Anesthesiology 1998;88 (3) :579-588. 

Ørding H, Islander G, Bendixen D, Ranklev-Twetman E: Between- 
center variability of results of the in vitro contracture test for 
malignant hyperthermia susceptibility. Anesth Analg 2000;91 (2): 
452—457. 

Caroff S, Rosenberg H, Gerber JC: Neuroleptic malignant 
syndrome and malignant hyperthermia. Lancet 1983;1(8318):244. 
Sangal R, Dimitrijevic R: Neuroleptic malignant syndrome 
successful treatment with pancuronium. JAMA 1985;254(19): 
2795-2796. 

Francis A, Koch M, Chandragiri S, et al: Is lorazepam a treatment 
for neuroleptic malignant syndrome? CNS Spectrum 2000;5:54-57. 
Wedel DJ, Quinlan JG, Iaizzo PA: Clinical effects of intravenously 
administered dantrolene. Mayo Clin Proc 1995;70:241-246. 
Amsterdam JT, Syverud SA, Barker WJ, et al: Dantrolene sodium 
for treatment of heatstroke victims: lack of efficacy in a canine 
model. Am J Emerg Med 1986;4:399—405. 

Sakkas P, Davis JM, Hua J, et al: Pharmacotherapy of neuroleptic 
malignant syndrome. Psychiatr Ann 1991;21:157-164. 

Sakkas P, Davis JM, Janicak PG, et al: Drug treatment of the 
neuroleptic malignant syndrome. Psychopharmacol Bull 
1991;27:381-384. 

Hutt CS, Snider SR, Fahn S: Interaction between bromocriptine 
and levodopa. Neurology 1977;27:505-510. 

McCarron MM, Boettger ML, Peck J]: A case of neuroleptic 
malignant syndrome successfully treated with amantadine. J Clin 
Psychiatry 1982;43 (9) :381-382. 

Kornhuber J, Weller M: Psychotogenicity and N-methyl-D- 
aspartate receptor antagonism: implications for neuroprotective 
pharmacotherapy. Biol Psychiatry 1997;41:135-144. 

Nisijima K, Ishiguro T: Electroconvulsive therapy for the 
treatment of neuroleptic malignant syndrome with psychotic 
symptoms: a report of five cases. J ECT 1999;15(2):158-163. 
Graudins A, Stearman A, Chan B: Treatment of the serotonin 
syndrome with cyproheptadine. J Emerg Med 1998;16(4):615-619. 
Gillman PK: Serotonin syndrome treated with chlorpromazine. 
J Clin Psychopharmacol 1997;17:128-129. 

Cano-Munoz JL, Montejo-Iglesias ML, Yanez-Saez RM, Galvez- 
Borrero IM: Possible serotonin syndrome following the combined 
administration of clomipramine and alprazolam. J Clin Psychiatry 
1995;50(5): 122. 

Guze BH, Baxter LR: The serotonin syndrome: case responsive to 
propranolol. J Clin Psychopharmacol 1986;6(2):119-120. 

Hoes MJAJM: Mirtazapine as treatment for serotonin syndrome. 
Pharmacopsychiatry 1996;29:81. 

de Boer T: The pharmacologic profile of mirtazapine. J Clin 
Psychiatry 1996;57:19-25. 

Brown TM: Nitroglycerine in the treatment of the serotonin 
syndrome. Ann Pharmacother 1996;30:191. 

Kline SS, Mauro LS, Scala-Barnett DM, Zick D: Serotonin 
syndrome versus neuroleptic malignant syndrome as a cause of 
death. Clin Pharm 1989;8:510—514. 

Nisijima K, Shioda K, Yoshino T, et al: Memantine, an NMDA 
antagonist, prevents the development of hyperthermia in an 


114. 


115. 


116. 


be 


animal model for serotonin syndrome. Pharmacopsychiatry 
2004;37:57-62. 

Hamilton S, Malone K: Serotonin syndrome during treatment 
with paroxetine and risperidone. J Clin Psychopharmacol 
2000;20(1):103-105. 

Nisyima K, Ishiguro T: Does dantrolene influence central 
dopamine and serotonin metabolism in the neuroleptic malignant 
syndrome? A retrospective study. Biol Psychiatry 1993;33:45—48. 
Kolecki P: Venlafaxine induced serotonin syndrome occurring 
after abstinence from phenelzine for more than two weeks. J 
Toxicol Clin Toxicol 1997;35:211-212. 

Kolb ME, Horne ML, Martz R: Dantrolene in human malignant 
hyperthermia: a multicenter study. Anesthesiology 1982;56:254—262. 


118. 


119. 


120. 


CHAPTER 10 Clinical Neurotoxicology 





Ward A, Chaffman MO, Sorkin ME: Dantrolene, a review of its 
pharmacodynamic and pharmacokinetic properties and thera- 
peutic use in malignant hyperthermia, the neuroleptic malignant 
syndrome and an update on its use in muscle spasticity. Drugs 
1986;32:130-168. 

Nelson T, Lin M, Zapata-Sudo G, Sudo RT: Dantrolene sodium 
can increase or attenuate activity of skeletal muscle ryanodine 
receptor calcium release channel: clinical implications. 
Anesthesiology 1996;84(6) :1368-1379. 

San Juan AC, Wong KC, Port JD: Hyperkalemia after dantrolene 
and verapamil-dantrolene administration in dogs. Anesth Analg 


1988;67:759-762. 


1 1 Hepatic Toxicology 


ALISON L. JONES, BSc, MD m PAUL I. DARGAN, MBBS, MD 


INTRODUCTION AND IMPORTANCE 


Many potentially toxic substances enter the body via the 
gastrointestinal tract. As the blood supply from the 
gastrointestinal tract (through the portal vein) drains 
into the liver, the liver comes into contact with them, and 
this exposure often is at a higher concentration than that 
received by other tissues. The liver is essential for the 
metabolic disposal of virtually all xenobiotics. This 
process is achieved mostly without injury to the liver itself 
or to other organs. 

Some compounds, such as carbon tetrachloride, are 
toxic themselves and/or produce metabolites that cause 
liver injury in a dose-dependent fashion. Most agents, 
however, cause liver injury only under special circum- 
stances when toxins accumulate. Factors contributing to 
the build-up of such toxic substances include genetic 
enzyme variants (metabolizing enzymes with altered func- 
tion due to gene defects), which allow greater formation 
of the harmful metabolite, and induction (greater 
production) of an enzyme, which produces more than 
the usual quantity of toxic substance. There also may be 
accumulation of toxic substances by interference with 
regular nontoxic metabolic pathways by substrate compe- 
tition for enzymes (e.g., ethanol and trichloroethylene) or 
depletion of substrates used to metabolize the toxins or 
prevent toxic injury (e.g., glutathione). In addition there 
are a number of other factors that can potentially increase 
the risk of drug-related hepatotoxicity. Generally, women 
are more susceptible to drug-induced hepatotoxicity 
(with the exception of azathioprine hepatotoxicity, 
which is more common in men).'* Being older than 
60 years of age is associated with a greater risk of drug- 
induced hepatotoxicity (particularly with nonsteroidal 
anti-inflammatory drugs [NSAIDs]), whereas children 
appear to be more susceptible to salicylate and valproate- 
related hepatotoxicity.'** Nutritional status also can be 
important—malnutrition probably is associated with liver 
glutathione depletion and a greater risk of hepatotoxicity 
in acetaminophen overdose.” Conversely, the risk of 
halothane hepatotoxicity is greater in obese patients.’ 

Hepatocytes near the portal tract branches (zone 1) 
receive blood that is rich in oxygen and nutrients, but 
those near the hepatic vein branches (zone 3) receive 
blood that has lost much of its nutrients and oxygen 
(Fig. 11-1). Therefore, zone 3 of the liver is sensitive 
particularly to damage from toxic compounds. Zone 3 
cells also have a higher level of some metabolic enzymes 
and higher lipid synthesis than zone 1, which may also 
explain why zone 3 tends to be the most damaged and 
why lipid accumulation is a common response to this 
damage (see the carbon tetrachloride example later). 

Allyl alcohol (2-propen-l-ol), however, causes zone 1 
necrosis partly because this is the first area exposed to 


the compound in the blood and partly because of the 
presence of the enzyme alcohol dehydrogenase in zone 
1, which produces reactive toxic metabolites (see Fig. 11-1). 

Toxic substances can damage cells in target organs in 
many ways. The eventual pattern of response may be 
reversible injury or an irreversible change leading to the 
death (necrosis) of the cell or perhaps to carcinogenesis 
(cancer). Molecular mechanisms of liver injury are 
shown in Box 11-1.° 

Toxin-induced liver injury is a major challenge, 
because its difficult to differentiate from hepatic disease 
due to other causes, including hepatic drug reactions, 
which may mimic almost any kind of liver disease.?:"° 
Failure to recognize hepatic injury that is caused by a 
toxin may lead to worsening of hepatic injury or even 
hepatic failure. 


EPIDEMIOLOGY OF DRUG-RELATED 
HEPATOTOXICITY 


The epidemiology of drug hepatotoxicity is relatively 
poorly documented.!! There are a number of reasons for 
this, including the difficulty encountered in making a 
definitive diagnosis of drug hepatotoxicity.'* Many cases 
are subclinical and are never detected or detected only 
by chance as part of a routine biochemical workup, and 
many cases are not correctly identified as drug related. 
Clinical studies during the premarketing phase of drug 









P. vulgaris endotox. 


Ngaione 


Allyl formate 


FIGURE 11-1 Hepatic zones. ACM, anticentromere; C.V., cen- 
trallvein; CZ, centrilobular zone (zone 3); MZ, midlobular zone 
(zone 2); PZ, periportal zone (zone 1). 
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Covalent binding: Free radicals have an unpaired electron 
centered on a carbon, nitrogen, sulfur, or oxygen atom and hence 
are extremely reactive, electrophilic species, which can react with a 
variety of cellular components. Free radicals and other reactive 
intermediates may be produced by metabolism, which interact with 
proteins and other macromolecules binding covalently to them. 
There is a correlation between the amount of binding and tissue 
damage, though this may reflect production of other damaging 
species. Binding to critical sites on proteins alters their function by, 
for example, inhibiting an enzyme or damaging a membrane, but 
binding could be to noncritical sites, and therefore be of no 
toxicologic importance. 

Lipid peroxidation: Lipid peroxidation is caused by the attack of a 
free radical on unsaturated lipids (particularly polyunsaturated fatty 
acids found in cell membranes), the reaction being terminated by 
the production of lipid alcohols, aldehydes, or malondialdehyde. 
Therefore, there is a cascade of peroxidative reactions, which leads 
to the destruction of lipid unless stopped by a protective 
mechanism or a chemical reaction such as disproportionation, 
which gives rise to a nonradical product. The structural integrity of 
membrane lipids is adversely affected, leading to alterations in 
fluidity or permeability of membranes, destabilization of lysosomes, 
and altered function of the endoplasmic reticulum and 
mitochondria. Such mechanisms are thought to be involved in liver 
damage caused by carbon tetrachloride and white phosphorus. 
Thiol group changes: Glutathione is responsible for cellular 
protection and if depleted, a cell is made more vulnerable to toxic 
substances. Reactive intermediates of toxic substances can react 
with glutathione either by a direct chemical reaction or by a 
glutathione transferase—mediated reaction. If excessive, these 
reactions can deplete cellular glutathione and leave essential 
proteins vulnerable to attack by oxidation, cross-linking, formation 
of disulfides, or covalent adducts. 

Enzyme inhibition: Sometimes inhibition of an enzyme may lead 
to cell death; for example, cyanide inhibits cytochrome aa3, leading 
to blockage of cellular respiration. This results in depletion of 
intracellular adenosine triphosphate (ATP)—ATP is produced by 
mitochondria and is the main energy source within the cell—and 
other vital endogenous molecules. 

Ischemia: Reduction of oxygen or nutrients supplied to cells results 
in cell damage and eventual cell death if prolonged. Ischemia may 
be a secondary event due to swelling of cells with reduction of 


blood flow. As a result changes in subcellular skeleton and 
organelles may occur. This may result in ATP depletion, changes in 
Ca** concentration, damage to intracellular organelles, and DNA 
damage, and stimulation of apoptosis (programmed cell death) may 
occur. For example, phalloidin (a toxin from toxic mushrooms) 
causes centrilobular necrosis (see discussion on toxic mushrooms). 
Depletion of ATP: Depletion of ATP may be caused by many toxic 
substances, usually by the uncoupling of mitochondrial oxidative 
phosphorylation or by DNA damage that causes activation of 
poly(ADP-ribose) polymerase. Depletion of ATP in the cell means 
that active transport in and out of the cell is altered or stopped and 
changes in electrolytes, particularly Ca?+, lead to changes in 
biosynthesis within the cell, such as protein synthesis, production of 
glucose, and lipid synthesis. A very important mechanism of cellular 
damage is alteration of the intracellular Ca** concentration. 
Changes in the intracellular distribution of this ion have been 
implicated in the cytotoxicity of many toxic substances including 
carbon tetrachloride. Interference with Ca2* homeostasis may occur 
as a result of inhibition of Ca** ATPs, direct damage to the plasma 
cell membrane allowing leakage of Ca2*, or depletion of 
intracellular ATP. 

Damage to intracellular organelles: Damage to intracellular 
organelles can result from the above mechanisms of injury; for 
example, carbon tetrachloride damages both smooth and rough 
endoplasmic reticulum, leading to disruption of protein synthesis of 
the whole cell. Mitochondrial damage may occur, for example, after 
exposure to hydrazine, leading to functional changes and rupture of 
mitochondria. The mitochondria are crucial to the cell, and 
inhibition of their electron transport chain leads to rapid cell death. 
DNA damage: DNA damage may result from compounds such as 
alkylating agents; for example, dimethyl sulphate can cause single- 
strand breaks in DNA, resulting in the activation of poly(ADP-ribose) 
polymerase, which catalyses post-translational protein modification 
and is involved in polymerization reactions and DNA repair. Severe 
DNA damage may result from its activation and be sufficient to 
lead to cell death or carcinogenesis. 

Apoptosis: Apoptosis is programmed cell death. Some foreign 
compounds may stimulate such cell death by the influx of calcium 
into a cell. In other cases, cell death may be mediated by cytokines 
(e.g., interleukin-6), chemicals produced by activated white blood 
cells capable of mediating tissue injury. 


Data from Timbrell JA: Principles of Biochemical Toxicology. London, Taylor & Francis, 1992. 


development are likely to identify only agents that 
commonly cause hepatotoxicity and most information 
comes from case reports or spontaneous reporting of 
hepatotoxicity to drug safety authorities such as the U.S. 
Food and Drug Administration (FDA).'' There have 
been a number of studies that have attempted to identify 
the frequency of drug-related hepatotoxicity, but they 
have not used uniform criteria to define hepatotoxicity 
and many have not used samples that are representative 
of the general population. For these reasons it is likely 
that the true frequency of drug-related hepatotoxicity is 
greater than the frequency reported in the following 
studies. It has been estimated that drugs account for 3% 
to 5% of cases of jaundice admitted to hospitals and 10% 
of cases of acute liver failure.'*!° 


In a French study, all cases of symptomatic drug- 
related hepatotoxicity were collected for an area with 
a population of 81,301 inhabitants.’ Over the 3 years 
studied, 34 cases were identified, 82% occurring in 
outpatients, with the diagnosis being made in primary 
care in approximately half of the cases. Two deaths were 
attributed to drug-related acute liver failure, whereas the 
other 32 patients recovered fully. The most common drugs 
implicated were antibiotics, psychtropics, hypolipemic 
agents, and NSAIDs. The crude annual incidence rate 
was 13.9 + 2.4 per 100,000 and standardized annual 
incidence rate 8.1 + 1.5, with a female-to-male ratio of 
0.86 until 49 years of age and 2.62 at older than 50 years 
of age.! When these figures were compared with 
spontaneous reporting figures it was estimated that 


16 times more cases were identified.' In a retrospective 
cohort study in the United Kingdom, using a primary 
care database, the incidence rate of drug-related 
hepatotoxicity varied from greater than 100 per 100,000 
users of isoniazid to less than 10 per 100,000 for users 
of omeprazole, ranitidine, NSAIDs, and amoxicillin; 
amoxicillin-clavulanic acid and cimetidine were asso- 
ciated with an intermediate risk of between 10 and 100 
per 100,000.!” A further two epidemiologic studies in 
France suggested that the overall incidence of drug- 
related hepatotoxicity has not changed significantly in 
the last 10 years; however, for the reasons discussed 
previously, these data may not be reliable.'®" 

There is relatively little published information on the 
long-term outcome of drug-induced liver disease.’* A 
recent study looked at the natural history of patients with 
drug-induced liver disease proven through liver biopsy.*° 
The most common agents involved were antibiotics, 
NSAIDs, phenytoin, and halothane. At a median follow- 
up of 5 years (range, | to 19 years) 39% of patients had 
persistent significant abnormalities in liver blood tests 
and/or scans.™® Factors predicting persistence or devel- 
opment of chronic liver disease were fibrosis at the time of 
the initial biopsy and continued exposure to the drug.”° 


DIAGNOSIS OF TOXIN- OR DRUG- 
INDUCED LIVER INJURY 


Determining the Etiological Agent(s) 


When assessing a patient with virtually any kind of liver 
disease, the best policy is to systematically evaluate the 
possibility of drug- or toxin-induced liver disease. The 
first step is to establish clearly and meticulously any drugs 
the patient has been taking, including over-the-counter 
and herbal or traditional medicine preparations. The 
patient may not disclose use of certain compounds for 
fear of admitting to their use or misuse (e.g., Ecstasy [3,4 
methylenedioxy-methamphetamine, MDMA], cocaine, 
hypnotics, antidepressants, anabolic agents, or neurolep- 
tic drugs). It is estimated that greater than 1000 drugs 
have the potential for hepatotoxicity,*! and space lim- 
itations here preclude their complete tabulation. Any list 
of hepatotoxic drugs represents only a soon outdated 
snapshot, because new drugs are released into the market 
constantly and the nature of the premarketing studies is 
that they are small and hence potential for hepatotoxicity 
is seldom recognized until the postmarketing stage when 
a larger population is exposed to the drug. The reader 
is referred to Stricker’s book for an exhaustive list.” 
However, a list of common drugs and toxins in overdose- 
causing hepatotoxicity is provided below and discussed 
in more detail later in this chapter. 

In addition, poisoning may result from ingestion of 
natural toxins or synthetic chemicals in food or drink.?** 
These also are detailed later in this chapter. 

Occupational exposure to hepatotoxic agents also 
occurs as agents with hepatotoxic potential have been 
used in various industries (Table 11-1). The number of 
occupations that give exposure to hepatotoxic agents is 
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large and includes the manufacture of munitions, rubber, 
rocket fuels, cosmetics, processed foods, paints, 
insecticides, herbicides, pharmaceuticals, and chemical 
products (Box 11-2). The risk, however, is largely 
hypothetical and a clear history of exposure taking place 
is required to make the diagnosis. However, many 
instances of poisoning from exposure to carbon tetra- 
chloride (CCl,) have resulted from the use of this volatile 
solvent as a dry-cleaning agent in a poorly ventilated 
room, particularly by those who drink ethanol to excess.** 

A large number of chemicals are found in the home 
as components of household products (Table 11-2) or as 
pesticides (Table 11-3). Household products likely to 
contain hepatotoxic chemicals are those used for 
cleaning clothes and furniture and for paint removal. 
Despite the potential hepatotoxicity of some household 
products, the number of reported instances is very low. 
There is little evidence that hepatic injury has occurred 
as a result of correct use of pesticides. 

In contrast, accidental or deliberate overdose of a 
known drug or chemical (e.g., CCl, acetaminophen 
[paracetamol], iron) is a very common cause of hepato- 
toxicity. Ingestion of organochlorine insecticides, herbi- 
cides, fungicides, copper salts, or compounds of trivalent 
arsenic also can lead to hepatotoxicity. Ingestion of 
rodenticides containing phosphorus has led to numerous 
cases of severe liver injury.*? Occasionally, liver damage 
has been caused by ingestion of rodenticides containing 
thallium or warfarin.’ In general, acute hepatic injury due 
to ingestion of pesticides has been very rare.” 

Evidence must also be gathered that may point to an 
alternative diagnosis (e.g., alcohol intake, blood trans- 
fusions, high-risk sexual activity, intravenous drug misuse, 
arrhythmias). Viral serology (hepatitis A, B, C, and E, HIV, 
cytomegalovirus, Epstein-Barr virus) and ultrasonography 
often are required, particularly in cases in which the liver 
function tests indicate cholestasis. Other liver disease 
(autoimmune chronic active hepatitis, hemochromatosis, 
primary biliary cirrhosis, Wilson’s disease) must be 
excluded.** 


Chronology 


Once the list of toxins to which the patient has been 
exposed has been compiled, the chronology of each 
treatment should be compared with that of the liver 
disease. As a general rule, toxins or drugs introduced 
within the last 6 to 12 weeks should be most suspect, 
although a shorter duration (1 to 7 days) may be 
observed in patients who have been exposed previously 
to the drug/chemical and have been sensitized. It is 
important not to exclude any that have been withdrawn 
before the onset of the liver injury; for example, with the 
amoxicillin and clavulanic acid combination, jaundice 
may not become apparent until 2 weeks after the treat- 
ment. Amiodarone may continue to cause liver dam- 
age long after it has been stopped. Information that 
strengthens the case for an iatrogenic reaction includes 
previous adverse effects with the drug or related analogs 
and presence of immunoallergic manifestations, such as 
drug-induced rash. 


a 


EFFECTS OF POISONING BY ORGAN SYSTEM 





Partial List of Agents Likely To Be Encountered Occupationally, with Indication of Hepatotoxic Effects in 


Experimental Animals and Humans 





EXPERIMENTAL 


ANIMALS HUMANS LESION* 
Organic, Nonhalogenated 
Alcohols and glycols 
Allyl alcohol + ? Necrosis, zone 1 
Dioxane + + Necrosis, zone 3 
Ethyl alcohol + + See Chapter 32B 
Ethylene glycol + + 
Methyl alcohol + + 
Isopropyl alcohol 0 0 
Aldehydes, acetyls, acetates, esters 0 0 
Amines, aliphatic 
Ethanolamine + ? Degeneration 
Ethylenediamine + ? Degeneration 
Amines aromatic 
4,4’-Diaminodiphenylmethane + + Cholestasis 
(methylene dianiline) 
4-Dimethylaminobenzene + ? Degeneration, CA' 
Cyanides and nitriles 
Acetonitrile t ? Degeneration 
Acrylonitrile + ? Degeneration 
Hydrogen cyanide 0 0 
Hydrocarbons, aliphatic 
Alicyclic + 0 
Cyclopropane de 0 
Cyclohexane E 0 
Gasoline (C8-C10) + 0 
n-Heptane £ 0 
Hexane + 0 
Turpentine + 0 
Hydrocarbons, aromatic 
Benzene + + Trivial steatosis 
Diphenyl + + Necrosis 
Naphthalene 0 0 
p-Terbutyl toluene + 0 
Styrene + 0 Degeneration, steatosis 
Tetraline + 0 Steatosis, necrosis 
Toluene + + Trivial steatosis 
Xylene + + Steatosis, necrosis in fatal poisoning 
after ingestion 
Nitroaliphatic compounds 
Nitroethane + + Necrosis 
Nitromethane + + Necrosis 
2-Nitropropane + + Necrosis 
1-Nitropropane + + Steatosis, necrosis 
Nitroaromatic compounds 
Dinitrobenzene + + Necrosis 
Dinitrophenol de + ?Cholestasis 
2,6-Dinitrotoluene + + Necrosis, CA‘ 
Nitrobenzene + + Degeneration 
Nitrodiphenyl + + 
Picric acid (2,4,6-trinitrophenol) + + Necrosis 
Tetryl + + Necrosis 
Trinitrotoluene (TNT) + + Necrosis 
Organic, Halogenated 
Haloaliphatic compounds 
Bromoform + + Necrosis, zone 3 
Bromoethene (vinyl bromide) + 2 Degeneration, CA' 
Carbon tetrachloride + + Necrosis, zone 3, fat, CAt 
Carbon tetrabromide + + Necrosis, zone 3 
Chloroform + + Necrosis, zone 3, fat 
Chloroethane (vinyl chloride) + + Degeneration, CA', angiosarcoma 
hepatoportal sclerosis 
Chloroprene de ? Degeneration 
1,2-Dibromoethane + + Necrosis, zone 3, CA} 
1,2-Dichloroethane + + Necrosis, CAt 
Fluoroethane ? ? 
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Partial List of Agents Likely To Be Encountered Occupationally, with Indication of Hepatotoxic Effects in 





Experimental Animals and Humans (Cont’d) 


See Table 11-3 


EXPERIMENTAL 
ANIMALS HUMANS LESION* 
Haloaliphatic compounds (Continued) 
Halothane + + Necrosis, zone 3 
Methyl chloride t + Degeneration 
Methylene chloride + + Degeneration 
Propylene chloride + + Necrosis 
Tetrachloroethane + + Necrosis 
Tetrachloroethylene + E Steatosis, degeneration, necrosis only with 
severe exposure 
1,1,2-Trichloromethane + + Necrosis, steatosis 
1,1,1-Trichloromethane + 5z Steatosis, degeneration, necrosis only with 
severe exposure 
Haloaromatic compounds 
2-Acetylaminofluorine + + Degeneration, CA' 
Benzyl chloride a 25 
Brominated biphenyls -+ + Steatosis, necrosis in animals 
Brominated benzenes + + Necrosis, zone 3 
Chlordecone + + Steatosis, CAt 
Chlorinated biphenyls + + Steatosis, necrosis in animals 
Steatosis in humans 
3,3’-Dichlorobenzidine + ? Degeneration, CA' 
4,4’-Methylenebis (2-chloroaniline) + ? Necrosis, CA‘ 
O-Dichiorobenzene + ? Necrosis, zone 3+ 
p-Dichiorobenzene + ? Degeneration, CA‘ 
Chlorinated benzenes + + Necrosis, zone 3 
Chlorinated naphthalanes + + Necrosis 
Pentachlorophenol + + Degeneration, CA‘ 
Nitrochloroaliphatics + + Necrosis 
Nitrochloroaromatics + + Necrosis, CAT 
Organic miscellaneous 
B-Propiolactone + ? Necrosis 
Carbon disulfide =- ? Steatosis 
Decalin + 0 Steatosis, necrosis 
Dimethyl sulfate 0 0 
Dimethylacetamide + + Degeneration 
Dimethylformamide + + Steatosis, necrosis 
Diphenyl oxide + + Necrosis 
Ethyleneimine + ? CAt 
Furans £ F 
Hydrazine -+ + Steatosis, necrosis 
Mercaptans -— 0 
N-Nitrosodimethylamine + + Necrosis, CA‘ 
(dimethyInitrosamine) 
Pyridine + + Necrosis 
Bipyridyls 
Paraquat + + Necrosis early, bile duct injury and 
cholestasis later 
Diquat + + Necrosis 
Inorganic 
Arsenic + + Steatosis, necrosis angiosarcoma, CA‘ 
Arsine 0 0 
Beryllium + + Granuloma in humans 
Boronhydrides + + Zone 2 necrosis in exposed animals 
Granulomas, hepatoportal 
Bordeaux mixture (copper salts and ? + Steatosis 
lime as spray) Sclerosis, cirrhosis, angiosarcoma 
Cadmium + ? Necrosis, cirrhosis 
Chromium + Je Degeneration 





0, no known injury; +, trivial injury, i.e., minor degeneration or steatosis; +, definite hepatic injury. 
* Ability to cause injury on ingestion or injection, not in ordinary ocupational exposure. 
tHepatocarcinogenic in experimental animals. 

*2-Chloro-2-bromo, 1,1,1, trifluoroethane. Injury is due to idiosyncrasy. 
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BOX 11-2 


Airplane makers 

Airplane pilots 

Airplane hangar employees 
Artificial pearl makers 
Burnishers 

Cement (rubber, plastic) makers 
Cementers (rubber) 
Chemical industry workers 
Chemists 

Chlorinated rubber makers 
Cobblers 

Color makers 

Degreasers 

Dry cleaners 

Dye makers 

Dyers 

Electric transformer and condenser makers 
Electroplaters 

Enamel makers and enamelers 
Extractors, oil and fats 
Fillers (plastics) 

Fire extinguisher makers 
Galvanizers 

Garage workers 

Gardeners (insecticides) 
Gas (illuminating) workers 
Glass (safety) makers 

Glue workers 

Ink makers 

Insecticide sprayers/makers 
Insulators (wire) 


Lacquer makers and lacquerers 
Leather workers 

Linoleum makers 
Lithographers 

Paint remover makers and users 
Painters, paint makers 

Paraffin workers 

Perfume makers 

Petroleum refiners 
Pharmaceutical workers 
Photographic material workers 
Polish (metal) makers and users 
Printers 

Pyroxylen-plastics workers 
Rayon makers 

Refrigerator workers 

Resins (synthetic) makers 
Rubber workers 

Scourers (metal) 

Shoe factory workers 

Soap makers 

Spreaders (rubber works) 
Straw hat makers 

Tapers (airplanes) 
Thermometer makers 

Tobacco denicotinizers 

Varnish makers and users 
Varnish removers 
Waterproofers 

Wax makers 


From Zimmerman HJ: Hepatotoxicity: Adverse Effects of Drugs and Other Chemicals on the Liver. New York, Appleton-Century-Crofts, 1978, with permission of 
copyright holder. 


Diversity and Classification of Drug- 
and Toxin-Induced Liver Disease 


The next step in diagnosis relies on comparison of the 
patient’s liver disease with the types of liver disease 
known to be associated with the drugs or toxins to 
which he or she has been exposed. Stricker is very 
useful for identifying likely therapeutic drugs causing 
hepatotoxicity, and once suspected they should be 
withdrawn immediately. The ultimate step in diagnosis of 
therapeutic drug-induced liver disease is based on the 
improvement in the liver disease, which usually occurs 
within a few days or weeks following cessation of 
exposure to drug. 

A differential white count may show eosinophilia and 
nonspecific autoantibodies (antinuclear, antismooth 
muscle) at relatively low titers that regress after 
interruption of the treatment, which may strengthen a 
diagnosis of immune-mediated drug-induced liver 
disease. However, specific serologic markers are available 
for only a minority of drugs (Table 11-4).?°*9 

A liver biopsy is not necessary in most cases of acute 
liver injury. In rare cases, it is helpful either to eliminate 
other causes of liver injury or to show lesions suggestive 





of drug-induced hepatotoxicity, and it can be carried out 
even in the presence of significant coagulopathy by the 
transjugular approach if necessary. The standard 
transabdominal route is the most common, though it 
also can be done under laparoscopic control. This has 
advantages in being able to see the biopsied area and 
photocoagulate any bleeding points.°” 

The pattern of liver damage from the mechanisms in 
Box 11-1 shows that the liver’s response to injury is 
limited and includes fatty liver, necrosis (cell death), 
cholestasis, cirrhosis, and carcinogenesis. 


FATTY LIVER 


This is the accumulation of triglycerides (fats) in the 
liver cells. Fatty liver is a common response to toxicity, 
often occurring as a result of interference with protein 
synthesis in hepatocytes, such as after exposure to 
hydrazine (HN-NHo), for example.*'! Normally it is a 
reversible process that does not lead to cell death, 
although it can occur in combination with liver cell 
death (necrosis), as is the case with CCl, exposure.** Two 
types of fatty liver or steatosis can occur. Tetracycline and 


Household Products That Might Be 


Hepatotoxic 
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Serologic Markers for Immunologically 
Mediated Drug- or Toxin-Induced Liver Disease 





PRODUCT TOXIC AGENT 


Chlorobenzene 
Chlorobenzene 
Methylene chloride 


Antifreeze 
Carburetor cleaner 
Christmas tree lights 
(bubbling) 
Drug-cleaning fluids Chlorinated aliphatic 
compounds 
Acetaminophen 
Aspirin 
Ethanol 
Ferrous salts 
Phenylbutazone 
Antimony (trivalent) 
Nitrobenzene 
Cellosolve 
Chlorobenzenes 


Drugs hepatotoxic in overdose 


Furniture polishes and waxes 


Mothballs 
Paint products 


Brush cleaners Cresols 
Paints Arsenic (trivalent) 
Plasticizers, lacquers, Varied 

resins 


Removers, paint, wax, etc. Chlorinated aliphatic 


compounds 


Pesticides See Table 11-3 
Plastic menders, greasers, Ethylenedichloride, 
plasticizers, glues phthalates 
Shoe cleaners Aniline 
Nitrobenzene 
Spray repellent Vinyl chloride 
Stamping inks Phenol 


Toilet bowl blocks Paradichlorobenzene 


Any unknown product should be considered potentially hepatotoxic, 
and all halogenated ones should be considered hepatotoxic until 
otherwise determined. 





hypoglycin A produce microvesicular steatosis—the fat 
droplets are small, there are many in each hepatocyte, 
and the nucleus is in the center of the cell. Other 
substances (e.g., ethanol, methotrexate) lead to 
macrovesicular steatosis. Individual large fat droplets 
within each cell displace the nucleus to the periphery. 
See Box 11-3 for examples of drugs and toxins that cause 
steatosis.”®? Repeated exposure to compounds that 
cause fatty liver, such as ethanol, may lead to cirrhosis. 


Specific Uses of Various Potentially 


Hepatotoxic Pesticides 





HALOGEN P,Th, 
COMPOUNDS As Cu DIOXINS* WARFARIN 


Fumigants 
Fungicides 
Herbicides 
Insecticides 
Rodenticides 


I ++++ 
++ 1+ 
I+ i +i 
+ 
| 


As, inorganic arsenic derivatives; Cu, copper compounds; P, white 
allomorph of phosphorus; Th, thallium compunds. 
*Dioxins present in herbicides as contaminants. 





SPECIFIC SEROLOGIC MARKER DRUG 


Halothane hepatitis? 
lproniazid hepatitis? 


Antitrifluoroacetylated proteins 

Antimitochondrial type 6 (anti-M6) 
autoantibody 

Antiliver kidney microsomal type 2 
(anti-LKM2) autoantibody 

Antiliver microsomal autoantibody 

Lymphocyte proliferation assays 


Tienilic acid hepatitis” 


Dihydralazine hepatitis?® 
Immunoallergic drug- 
induced hepatitis?” 
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Amiodarone? 

Aspirin and Reye's syndrome**?> 
Dideoxynucleoside antiviral agents*° 
Ethanol?” 

Methotrexate?® 

Perhexilene*® 

Tetracycline?? 

Valproate*? 


ACUTE HEPATITIS 


Acute hepatitis is the most common drug- or toxin- 
induced lesion. A liver biopsy is rarely necessary for the 
diagnosis. These cases tend to be diagnosed from the 
maximal increase in serum alanine aminotransferase 
(ALT), a marker of hepatocyte damage, and alkaline 
phosphatase (AP), a marker of “cholestasis,” and from 
the ratio of ALT/AP, with each activity being expressed in 
multiples of the upper limit of normal (N) (Table 11-5). 

Hepatitis may occur by direct cell injury (necrosis), 
with disruption of intracellular function, or by indirect 
injury by immune-mediated membrane damage. 


Liver Function Test Criteria for Diagnosis of 


Acute Hepatitis” 





INJURY TYPE CRITERIA 


Hepatocellular If only ALT is increased (>2 N) or when 
both activities are increased, if the 
ALT/AP ratio is > 5 (reference 6). NB: 
Many other medical differential 
diagnoses (e.g., viral hepatitis, Budd- 
Chiari syndrome, microvesicular 
steatosis, low output cardiac failure) 


may also give such a liver test profile. 


Mixed ALT and AP are increased and the ALT/AP 
ratio is between 2 and 5. 
Cholestatic AP is increased > 2 N or when both ALT 


and AP are increased, if the ALT/AP 
ratio is < 2. 


ALT, alanine aminotransferase; AP, alkaline phosphatase; N, normal. 
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As mentioned previously, allyl alcohol causes peri- 
portal (zone 1) necrosis partly because alcohol dehy- 
drogenase is present in zone | and partly because this is 
the first area exposed to the compound in the blood (see 
Fig. 11-1). Conversely, CCl, and bromobenzene cause 
zone 3 (centrilobular) necrosis as a result of metabolic 
activation in that region (Fig. 11-2). Mid-zonal (zone 2) 
necrosis is less common than the other two types 
of necrosis, but it occurs with beryllium toxicity (see Fig. 
11-1). The explosive trinitrotoluene (TNT) can cause 
massive liver necrosis involving all zones. Ischemia 
(impaired blood supply to the liver) also may contribute 
to necrosis; for example, phalloidin, a toxic substance 
present in poisonous mushrooms, may cause swelling of 
the cells lining the sinusoids and therefore reduce the 
oxygen and nutrients supplied to hepatocytes. Hepatitis 
due to direct toxicity is not associated clinically with 
hypersensitivity manifestations. The liver injury may have 
relatively high frequency, consistent with direct toxicity. 

Hepatitis due to immune mechanisms has a low 
frequency, but this may also be true in idiosyncratic 
hepatitis due to direct toxicity. The frequency of 
immunologically mediated hepatitis (as that of hepatitis 
due to direct toxicity) may be influenced by either 
genetic or acquired metabolic factors (such as microsomal 
enzyme induction). Immunoallergic hepatitis frequently 
is associated clinically with hypersensitivity manifestations, 
such as fever, rash, and blood eosinophilia, and a marked 
inflammatory infiltrate in the liver with sometime 
eosinophils, or granulomas. Immunoallergic hepatitis 
promptly recurs after inadvertent drug rechallenge. 
In some cases (halothane, tienilic acid, clometacin, 
a-methyldopa) the patients sera have been shown to 
contain antibodies directed against hepatic neoantigens 
(see Table 11-4). 
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FIGURE 11-2 Metabolic activation of carbon tetrachloride (CCl,). 


DRUGS THAT CAUSE ACUTE 
HEPATOCELLULAR HEPATITIS AND THEIR 
MECHANISMS OF HEPATOTOXICITY 


Acetaminophen (Paracetamol) 


Recent reports have raised the possibility of toxicity from 
acetaminophen given in therapeutic doses.*!** In most 
cases of apparent therapeutic toxicity in children, the 
patterns of liver function tests, clinical course, and plasma 
concentrations represent those of acetaminophen over- 
dose (see Fig. 11-1). The confusion often is between 
therapeutic intent to treat fever or pain and therapeutic 
dose.** Often parents are tempted to give extra doses of 
pediatric acetaminophen preparations, and the appar- 
ent therapeutic toxicity in children is probably due to 
overdosage.* In adults, unlike the pediatric population, 
not all the cases are clear-cut overdoses. Other factors, 
such as timing, stated dose, stated product, other 
products/drugs (particularly those that delay gastric 
emptying), glutathione depletion, and enzyme induction, 
may be operating, not to mention inadequate treatment 
with Macetylcysteine.*” This causes confusion, but the 
possibility remains that a few people might be more 
susceptible to acetaminophen at therapeutic doses. 

Acetaminophen overdose is discussed in detail in 
Chapter 47. Poisoning with acetaminophen is charac- 
terized by liver damage, though a variety of less common 
manifestations, including pancreatitis, renal failure, and 
thrombocytopenia, also can be seen.*? 

The mechanism of toxicity in early acetaminophen 
poisoning (within 15 hours) has been well understood 
since the 1970s, and it depends on the metabolism 
of acetaminophen by cytochrome P-450 mixed-function 
oxidases (CYP2E1 and CYP3A4 in humans) to the 
active Macetyl-p>benzoquinone imine metabolite.**** This 
metabolite then causes cell death by covalent binding to 
hepatic proteins and enzymes once intracellular 
glutathione is depleted. Centrizonal necrosis tends 
to occur first. The antidote, Macetylcysteine, if given 
at an early enough stage, particularly within the first 8 
to 12 hours of ingestion, prevents hepatic cell damage by 
production of cysteine, which acts as a glutathione 
donor.#47 The standard treatment line indicating when 
N-acetylcysteine should be given is lowered by 50% for 
chronic alcoholics and users of enzyme-inducing drugs 
(such as phenytoin, carbamazepine, phenobarbital, 
primidone, and rifampicin) because such patients are at 
increased risk of toxicity due to increased production of 
the active metabolite, which is due to CYP enzyme 
induction. Alcohol (ethanol) is actually protective if 
coingested with an acetaminophen overdose, but whether 
chronic excessive use increases the risk of hepatotoxicity 
when an acetaminophen overdose is taken remains 
controversial.‘9°° In animals chronic ethanol adminis- 
tration causes induction of hepatic microsomal enzymes 
(especially CYP2E1) and so increases formation of the 
toxic metabolite and increases acetaminophen hepato- 
toxicity.“ However, because of dose-dependence and 
species differences in expression, activity, and inducibility 
of isoenzymes, it is not justifiable to extrapolate these 


results to humans.®5° In a recent series of 553 patients 
with acetaminophen hepatotoxicity at a regional liver 
unit, there was no association between chronic alcohol 
consumption and the severity of hepatotoxicity.°! 

Factors that lead to depletion of intrahepatic glu- 
tathione probably also potentiate acetaminophen hepa- 
totoxicity in overdose. Fasting decreased glucuronidation 
of acetaminophen in rats; hence, more active metabolite 
was present, potentiating acetaminophen-induced hepatic 
necrosis.°* Fasting has been claimed to predispose to 
toxicity in humans, and a few cases suggest that patients 
with glutathione depletion are at increased risk of 
acetaminophen poisoning.” The mean half-life of 
acetaminophen is significantly longer in infants and 
children with protein-energy malnutrition.°? Patients 
with HIV and AIDS have been shown to have systemic 
glutathione deficiency’*®? and probably also have 
hepatic glutathione deficiency. Patients with advanced 
HIV have been shown to have reduced acetaminophen 
glucuronidation and increased formation of hepatotoxic 
oxidative acetaminophen metabolites.’ It therefore 
seems a reasonable precaution to treat malnourished 
patients and patients who are seropositive for HIV who 
have taken an overdose with N-acetylcysteine at a lower 
acetaminophen level using the lower treatment line. 

In contrast, little is known about the mechanisms of 
injury in late acetaminophen poisoning. Recently, a 
significant role of macrophages and Kupffer cells in 
production of cytokines and chemokines and activation 
of hepatic sinusoidal cells and neutrophils has been 
established.>”°8 In addition, activated macrophages and 
Kupffer cells produce potentially toxic reactive oxygen 
species such as superoxide and peroxynitrite, capable of 
directly mediating tissue injury.°°°? Nitric oxide is 
proposed as a hepatoprotective mechanism against 
oxidative injury.°°*! Many studies have tried to evaluate 
which of many hundreds of cytokines and chemokines 
are important in the pathogenesis of liver injury by 
acetaminophen without a clear result.°*°? Such studies 
are complicated by the fact that the presence of 
cytokines does not mean they are directly involved in the 
pathogenesis; they may just be an epiphenomena of 
injury.®? Nuclear transcription factors NF-KB and IL-6 are 
negative regulators of hepatocyte inflammatory 
cytokines. The current hypothesis is that toxicity occurs 
when the tumor necrosis factor pathway is activated but 
only in the absence of activation of the protective 
negative modulating NF-KB pathway.** In addition to 
their role in the pathogenesis of cell injury, tumor 
necrosis factor-o and other cytokines facilitate the 
process of regeneration and repair.®®° Knowledge of 
the mechanisms of liver injury, at the cellular level, is 
important in the development of new treatments for 
acetaminophen overdose, particularly in late presenting 
patients who are at greatest risk of hepatotoxicity. 


Cocaine 


It is estimated that 22 million Americans have used 
cocaine at least once and that 5 million Americans use it 
regularly.” Fifteen percent of cocaine-use inpatients 


CHAPTER 11 Hepatic Toxicology 231 





(not administered intravenously) have mild elevations 
of liver enzymes.°’ Most addicts take cocaine intranasally 
rather than orally, as it had been assumed that the 
stomach hydrolyses cocaine. However, oral cocaine 
produces dose-related hepatotoxicity in male mice.®® 
Acute cocaine hepatotoxicity is caused by hyperpyrexia, 
hypotension, and direct toxicity of the cocaine and 
can cause severe hepatic dysfunction.®*” Cocaine is 
metabolized by cytochrome P-450 to norocaine, which is 
further oxidized to Mhydroxynorocaine, norocaine 
nitroxide, and norocaine nitrosonium ion.” These 
metabolites cause an oxidant stress and lipid peroxi- 
dation in hepatocytes.”’’* Mouse studies suggest that a 
hydroxyl radical produced by the reaction of nitric oxide 
and superoxide via peroxynitrite may be involved in the 
pathogenesis of cocaine hepatotoxicity.” In animals, 
toxicity is enhanced by inducers (phenobarbital, ethanol) 
of cytochrome P-450 and prevented by cytochrome P-450 
inhibitors (particularly CYP2A).”°7)°.76 The presence of 
noninjurious doses of lipopolysaccharide (LPS) appears 
to potentiate the hepatotoxicity of cocaine in mouse 
models,” and pretreatment with Macetylcysteine prevents 
this. Cotreatment with adrenergic antagonist drugs 
appears to reduce the hepatotoxicity of cocaine.” 

Cocaine-induced hepatotoxic patients have a huge 
rise in ALT activity with 48 hours,” *° and liver lesions are 
in the centrilobular zone, extending into the midlobular 
zone.’!°!_ Hepatocytes adjacent to the central vein 
are spared,’! although hepatic enzyme-inducing and 
-inhibiting agents affect the site of necrosis.* 


Ecstasy (3,4-methylenedioxymetham- 
phetamine) 


The social use of Ecstasy and amphetamines is wide- 
spread in Europe and the United States.® Recreational 
use of this drug presents an important but often 
concealed cause of hepatitis or acute liver failure, 
particularly in young people.” Hepatotoxicity has 
featured in several hundreds of cases of intoxication with 
Ecstasy in the literature and it is probable that many are 
subclinical and go undetected.**** The evidence to date 
suggests there is more than one pattern of hepatotoxicity, 
in which different mechanisms may be responsible. The 
clinical pattern varies from asymptomatic hepatitic liver 
function tests to acute hepatic failure due to hepato- 
cellular necrosis, from which some patients recover but 
others die or require liver transplantation.**°’ Some 
present with cholestasis.” Rarely, accelerated panacinar 
fibrosis has been observed.” Subacute hepatitic toxicity, 
with cumulative damage on recurrent exposure, has 
been reported after recurrent ingestions over a period of 
time.8”°9°9 Hepatotoxicity may be variously manifest at 
histological level as a microvesicular fatty change, small 
foci, or cell necrosis or massive hepatic necrosis,°4°79! 
but it is most commonly due to necrosis. 

In humans, oxidation is the main metabolic pathway 
for Ecstasy,” and this reaction is catalyzed by cytochrome 
P-450 CYP2D6 in yeast? and CYP2D in rats.°* Thus, 
methylenedioxyamphetamine (MDA) is a main MDMA 
metabolite.” 


a 
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In humans, the molecular mechanisms involved in the 
hepatotoxicity of MDMA remain poorly understood. 
Immune-mediated mechanisms have been hypothesized 
to play a part in Ecstasy- or amphetamine-induced liver 
damage, as a result of the observation that rechallenge 
with ecstasy produced greater liver damage, and this has 
occurred in some patients in the absence of hyper- 
thermia.8”° Liver biopsy in one patient suggested an 
autoimmune hepatitis-like injury, which resolved sponta- 
neously on withdrawal of the drug.” However, a dose- 
dependent effect can be seen.” 

Many patients with hepatotoxicity have been hyper- 
pyrexic for several hours,*°8”°8 although this has not 
occurred in every case. Rat livers perfused by hyper- 
thermic solutions show oxidative stress with superoxide 
formation.’? Animals normally react to hyperthermia by 
the rapid transcription and translation of heat shock 
proteins, which help the cell survive thermal stress. 100-104 
Administration of amphetamine to rats caused hyper- 
thermia but no induction of heat shock protein in the 
liver, which suggests the liver may have impaired 
thermotolerance when amphetamine is present.®*!% In 
mice (and probably in humans), high ambient tem- 
perature contributes to hepatotoxicity.27104! It is also 
postulated that apoptosis may occur.!° 

Incubation of hepatocytes with d-amphetamine induced 
a concentration-dependent glutathione depletion, which 
was prevented by pretreatment with the P-450 enzyme 
inhibitor metyrapone in rats.” Glutathione depletion 
most likely contributes to hepatotoxicity of amphetamines 
and ecstasy. 

Hepatic damage has followed the intravenous use of 
methamphetamine and amphetamine,!?”!” but this is 
probably a result of viral infection by hepatitis B or C due 
to contaminated needles.!°9 


lron 


After overdose of iron, the amount absorbed is probably 
about 10%.''° All of the absorbed iron goes to the liver 
via the portal vein and enters cells via a receptor 
mediated endocytosis of transferrin-bound iron.'!01"! 
Acute hepatic necrosis (mid zone necrosis) can result 
from the ingestion of large amounts of iron,?*'!” 
particularly if there is failure to recognize the severity of 
poisoning and delay in administration of the antidote 
deferoxamine (see Chapter 72). Shortly after ingestion, 
evidence of severe gastrointestinal injury is noted, with 
nausea, vomiting, diarrhea, and melena. Symptoms may 
abate for a short period followed within 1 to 3 days by the 
third phase in which evidence of hepatic injury, 
Jaundice, elevated aspartate transaminase (AST) and 
ALT and striking hypothrombinemia appear, with 
periportal necrosis.!!*1!4 Evidence from case reports and 
animal studies suggests hepatotoxicity occurs early in the 
clinical course (within the first 24 to 48 hours) and has 
relatively high mortality.''* The lowest serum iron 
concentration associated with hepatotoxicity is 304 
uM/L (1700 ug/dL), although it was not clear at what 
time post-ingestion this sample was taken.'” 

It has long been suspected that free radicals play 
a part in metal-induced hepatotoxicity because of the 


powerful pro-oxidant action of iron and copper salts 
in vitro, which catalyze free radical reactions.''? The 
resulting oxyradicals have the potential to damage cel- 
lular lipids, nucleic acids, proteins, and carbohydrates, 
and this impairs cellular function and integrity.'!° Kupffer 
cells have enhanced respiratory bursts.!!6117 Cells have 
cytoprotective mechanisms (antioxidants, scavenging 
enzymes, repair processes) that act to counteract free 
radicals, thus the extent of damage depends on the 
balance between free radical generation and cytopro- 
tective systems. Iron overload in vivo can result in 
oxidative damage to lipids in vivo, once the plasma 
concentration of metal exceeds a threshold level. In the 
liver, this lipid peroxidation is associated with impair- 
ment of membrane-dependent functions of mitochondria 
(oxidative metabolism) and lysosomes (membrane 
integrity, fluidity, pH). Although these findings do not 
prove causality, lipid peroxidation likely is involved, since 
similar functional defects are produced by metal- 
induced lipid peroxidation in these organelles in vitro." 
Iron impairs hepatic mitochondrial respiration, primarily 
through a decrease in cytochrome c oxidase activity. In 
iron overload, hepatocellular calcium homeostasis may 
be impaired through damage to mitochondrial and 
microsomal calcium sequestration.'!? Reduced cellular 
adenosine triphosphate (ATP) levels, lysosomal fragility, 
impaired cellular calcium homeostasis, and damage to 
DNA all may contribute to hepatocellular injury in iron 
overload. Deferoxamine is the treatment of choice in 
significant iron poisoning, in addition to acting as an iron 
chelating agent it also has antioxidant properties and can 
reverse or arrest iron-induced lipid peroxidation.!'!®"19 

Unlike most other hepatotoxins, the periportal areas 
of the hepatic lobule are the primary sites of injury. This 
is the site for hepatic regeneration, which probably 
accounts for the relatively high mortality.'!° 


Halothane 


Halothane is a general anesthetic that causes mild 
hepatotoxicity in 20% of individuals.**! In contrast, a 
very small subset of individuals develops severe halothane 
hepatitis, which is thought to have an immunologic 
basis.**1* Halothane is transformed by cytochrome P- 
450 via both oxidative and reductive pathways to reactive 
metabolites. The reductive pathway (via CYP2A6 and 
CYP3A4)"! forms a radical, CF,CHCI, which under certain 
conditions (microsomal enzyme induction and hypoxia) 
may lead to direct hepatotoxicity in animals. The 
oxidative pathway (via CYP2E1)!'*! forms reactive acyl 
chloride (CF;COCI) that binds covalently to hepatic 
proteins, including plasma membrane proteins. These 
trifluoroacetylated proteins can lead to immunization 
and to the severe form of hepatitis seen in rare subjects. 
This occurs in | out of every 10,000 subjects after first 
anesthesia within 2 weeks of the procedure. In one study, 
25 (45%) of 56 patients with halothane hepatitis had 
autoantibodies against CYP2E1.'*? 

Jaundice is more frequent after repeated exposure and 
occurs sooner; 12 days after first exposure, 7 days after 
second exposure, and 5 days after third exposure. 
Jaundice frequently is associated with fever (75%) and 


eosinophilia (40%). Sera from patients with severe 
halothane hepatitis contain antibodies against trifluo- 
roacetylated plasma membrane proteins such as protein 
disulfide isomerase, microsomal carboxylesterase, calreti- 
culin, Erp72, GRP 78, and Erp99.?°'*°!?4 Halothane 
hepatitis is hepatocellular. It is best avoided by avoiding 
repeated exposure, especially over short intervals.!*° 
Halothane was the most frequent cause of hepatotoxicity 
resulting in death over a 21-year period in New Zealand.'*° 


Isoniazid (with or without Rifampicin) 


Major adverse reactions to antituberculosis drugs can 
cause significant morbidity and compromise treatment 
regimens for tuberculosis, and antituberculosis drug- 
induced hepatitis is one of the most prevalent drug- 
induced liver injuries.!?” Most cases of antituberculous 
drug-induced hepatitis have been attributed to isoniazid. 
Isoniazid given alone increases serum transaminase 
activity in 10% of patients and causes clinical hepato- 
toxicity in 1%.'*8 Peak risk is in the second month of 
therapy.'*8 Hepatocellular damage without hypersensitivity 
manifestations take place. Isoniazid is metabolized to a 
reactive toxic metabolite in the liver.!™ Isoniazid is first 
acetylated into acetylisoniazid by hepatic N-acetyltrans- 
ferase, which is hydrolyzed into acetylhydrazine. 
Acetylhydrazine may be either acetylated again, into the 
nontoxic diacetylhydrazine, or transformed by cytochrome 
P-450 CYP2E1'*® into the reactive acetyl radical that 
binds covalently to hepatic proteins.'®’ Approximately 
40% of Caucasians and blacks, but 90% of Japanese, are 
rapid acetylators of isoniazid.'’' Rapid acetylators form 
acetylhydrazine at a faster rate, but at the same time, 
detoxify it to diacetylhydrazine at a faster rate. Thus, slow 
acetylators have a higher risk of hepatotoxicity than do 
rapid acetylators.!?”!°! In addition, slow acetylators are 
prone to develop more severe hepatotoxicity than rapid 
acetylators!*7!82_ CYP2E1 genetic polymorphism may be 
associated with susceptibility to antituberculous drug- 
induced hepatitis.'*° 

Rifampicin in therapeutic doses when given alone is 
seldom hepatotoxic and mainly produces cholestatic 
liver injury. However, in patients receiving both isoniazid 
and rifampicin, the incidence of hepatitis is 5% to 8%, 
mainly during the first month of therapy.'®? Acute 
hepatic failure due to the combination tends to develop 
even earlier, after about 1 week of treatment.!** Pessayre 
and Mazel!'** suggest that rifampicin, a microsomal 
enzyme inducer, increases the formation of the reactive 
isoniazid metabolite. 

Liver function tests should be monitored in patients 
receiving antituberculosis drugs in the first few days, 
within the first week, and once a month thereafter. 
Isoniazid should be withdrawn if ALT exceeds three 
times the upper limit of normal. 


Nonsteroidal Anti-inflammatory Drugs 


Hepatotoxicity is an uncommon but potentially lethal 
complication of therapy with nonsteroidal anti- 
inflammatory drugs (NSAIDs). Clinically apparent liver 
injury occurs in | to 8 cases per 100,000 patient years 
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of NSAID use.'*°!88 Hepatotoxicity can occur with all 
NSAIDs but appears to be more common with diclofenac 
and sulindac,'®”!8° and most commonly within 6 to 
12 weeks of initiation of therapy. Patients who have 
experienced hepatotoxicity to one NSAID often have the 
same reaction if the drug is restarted or a sister drug is 
given. Female patients older than 50 years of age who 
have autoimmune disease and those on potentially 
hepatotoxic drugs appear to be particularly susceptible, 
but whether this merely represents the population taking 
NSAIDs remains to be established.'® Liver function 
test abnormalities usually settle within 4 to 6 weeks of 
stopping the causative drug. However, some patients 
may develop liver failure and require liver transplan- 
tation.!°9'9 Several NSAIDs have been withdrawn from 
clinical use because of associated hepatotoxicity.'“""* The 
new more selective cyclooxygenase 2 (COX-2) inhibitors 
(e.g., celecoxib, rofecoxib) also are associated with 
hepatotoxicity. 44147 

Two main mechanisms are responsible for injury, 
hypersensitivity and metabolic aberration. Hyper- 
sensitivity reactions often have significant antinuclear 
factor (ANF) or anti-smooth muscle antibody titers, 
lymphadenopathy, and eosinophilia. Rechallenge results 
in an increase in ANF titers.'*° Metabolic aberrations can 
occur as genetic polymorphisms and alter susceptibility. 
It may account for the incidence of 1 to 8 in every 
100,000 prescriptions. In vitro metabolism of aceclofenac 
reflects phenotypic variability among donor liver cells.'*9 

Recent in vitro animal studies have shown that the 
mechanism of diclofenac toxicity relates both to 
impairment of ATP synthesis by mitochondria and to 
production of active metabolites, particularly n,5- 
dihydroxydiclofenac, which causes direct cytotoxicity.°?'?! 
Mitochondrial permeability transition also has been 
shown to be important in diclofenac-induced liver injury, 
resulting in generation of reactive oxygen species, 
mitochondrial swelling, and oxidation of nicotinamide 
adenine dinucleotide phosphate (NADP) and protein 
thiols. Other studies have shown that ferrous iron 
release from rat liver microsomes contributes to 
naproxen-induced microsomal lipid peroxidation.!°° 
Toxicity thus relates both to impairment of ATP synthesis 
by mitochondria and to drug metabolism. Nearly all of 
the NSAIDs have been implicated in causing liver injury, 
and they tend to be hepatocellular in nature. 19154155 

Patients who develop NSAID-induced hepatotoxicity 
must be advised to stop taking NSAIDs permanently. 
Acetaminophen remains the analgesic of choice for 
these patients, even if they are jaundiced.!°°!5” They also 
may safely switch to aspirin use because the toxicity of 
NSAIDs relates to their diphenylamine ring molecular 
structure, which aspirin does not have.!** 


Phenytoin 


Phenytoin is a microsomal enzyme inducer. Its admin- 
istration to patients commonly causes a rise in ¥-glutamyl- 
transferase and may cause a small rise in ALT and AP in 
some patients.!°® Clinical hepatitis is much less common 
(serious idiosyncratic reactions occur in approximately 
1% of patients'®’) and occurs within 6 weeks of therapy, 
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usually associated with fever, rash, lymphadenopathy, lym- 
phocytosis, hepatomegaly, splenomegaly, and eosinophilia, 
suggesting an allergic mechanism. Phenytoin is metabo- 
lized to a 3,4-epoxide.'® An autoantibody against a 53-kD 
microsomal protein has been reported.'”® Hepatitis is 
predominantly hepatocellular, but sometimes it is mixed. 


Thiazolidinediones 


These drugs act as insulin-sensitizing agents and are 
used in the management of type 2 diabetes mellitus. 
Troglitazone was the first agent in this class to be used 
clinically, but it has now been withdrawn after being 
implicated in more than 100 cases of hepatotoxicity, 
including a number of deaths and cases of acute liver 
failure that required liver transplantation.'©!!” Significant 
hepatotoxicity was more common in women and obese 
patients, but concurrent use of other drugs and pre- 
existing liver disease did not appear to increase the risk 
of troglitazone-induced liver disease.! The onset of 
hepatotoxicity often was delayed (mean, 4 months; range, 
8 days to 12 months), but progression to acute liver 
failure once hepatotoxicity developed often was rapid 
and, in some cases, liver injury continued to progress 
after discontinuation of troglitazone.!87!70.173 

Troglitazone is metabolized by CYP3A4 and CYP2C8 
to a quinine metabolite, which may cause hepatotoxicity 
similar to that seen with antimalarials and quinolone 
antibiotics.“ The hypotoxicity of troglitazone is pre- 
dominantly hepatocellular, but in addition, the sulfate 
metabolite of troglitazone inhibits hepatobiliary trans- 
port of bile acids by competing with the bile acid export 
pump, so there may also be a cholestatic element.!”! 

The other thiazolidinediones (pioglitazone and 
rosiglitazone) are similar structurally to troglitazone, but 
their metabolic pathways differ and they do not appear 
to have the same hepatotoxic potential as troglitazone. 
In large clinical trials the incidence of liver enzyme 
elevations with these two drugs did not differ from 
placebo.!™16 There have been two reports of hepato- 
toxicity with rosiglitazone and one related to piogli- 
tazone; all of these patients recovered.!77!79 In one case 
of troglitazone-related hepatotoxicity, the patient was 
successfully treated with rosiglitazone with no recurrence 
of hepatotoxicity.'®° 

Many other drugs cause acute hepatocellular hepatitis 
and some of these are listed in Box 11-4.!8!2° 


MUSHROOMS THAT CAUSE ACUTE 
HEPATOCELLULAR HEPATITIS 


Hepatotoxic mushrooms may be mistaken for edible 
mushrooms. Several hundred deaths per year are 
attributable to hepatotoxic mushrooms, especially in 
Europe,” and the amount ingested need not be great 
(see Chapter 23). There are more than 21,000 published 
cases of amatoxin poisoning.™?!207 Fatal mushroom 
poisoning is relatively rare in North America. There are 
many thousands of species of mushrooms, but the num- 
ber of poisonous species is small. Most fatal poisonings 
are due to the ingestion of Amanita phalloides or the 


closely related A. verna or A. virosa.*°° Amatoxins are 
bicyclic octapeptides that bind eukaryotic DNA-depend- 
ent RNA polymerase II and inhibit transcription.*°°?" A 
single mushroom has been estimated to contain a fatal 
dose.*”° The toxicity results from thermostabile toxins 
(amatoxins and phallotoxins) present in the mushroom. 
They cause a syndrome of hepatorenal failure similar to 
that caused by CCl, and white phosphorus. The lesion 
produced by mushroom poisoning is steatosis and 
centrizonal (zone 3) necrosis. Degenerative changes of 
the gastrointestinal tract, kidneys, heart, and central 
nervous system also occur.?!° 

The syndrome consists of a latent period of 6 to 
20 hours after ingestion of poisonous mushrooms 
followed by extremely severe gastrointestinal symptoms, 
including abdominal cramps/pain, vomiting, and 
diarrhea. ‘These symptoms usually are promptly followed 
by cyanosis and shock. Within | to 2 days, hepatocellular 
jaundice and uremia are noted. Central nervous system 
abnormalities such as confusion, coma, and convulsions 
may occur during the first 3 days after ingestion.*”° 
Electrocardiogram evidence of myocardial involvement 
may include bundle branch block and premature 
ventricular beats.*°° Hemolytic anemia may occur. AST 
and ALT levels are strikingly elevated, as with those of 
CCl, poisoning.’ 

Mortality rate is 10% to 25%.?' Death within 4 to 8 
days results from hepatic failure, severe dehydration, and 
collapse or central nervous system complications. Death 
also may occur during the first 48 hours from choleriform 
diarrhea,*!” of which children are more at risk. 

No specific antidote is available, but several agents 
have been tried, including penicillins, silymarin, thioctic 
acid, and antioxidants. Benzylpenicillin, N-acetylcysteine, 
and silymarin all are effective in animal models of 
Amanita poisoning.?°7?!!215 However, in a recently 
published review of 2108 patients treated for Amanita 
poisoning, benzylpenicillin did not appear to offer a 
significant benefit, whereas N-acetylcysteine and 
silymarin were associated with a modest benefit; these 
data need to be interpreted with caution as the review 
was retrospective and uncontrolled.?°” 


CHEMICALS THAT CAUSE ACUTE 
HEPATOCELLULAR HEPATITIS 


Carbon Tetrachloride Poisoning 


Careless use or sniffing of the solvent carbon tetra- 
chloride (CCl,) leads to centrilobular necrosis,*!°?*! 
usually accompanied by renal tubular epithelial necrosis. 
Alcoholic individuals are particularly susceptible. The 
syndrome consists of renal and hepatic failure, usually 
preceded by transient neurological and gastrointestinal 
symptoms. Immediately after exposure, dizziness, 
headache, visual disturbances, and confusion occur, 
reflecting the anesthetic properties of haloalkenes.??7!6718 
Nausea, vomiting, and abdominal pain with diarrhea 
occur also during the first 24 hours, especially if 
ingestion has occurred. Evidence of hepatic disease 


BOX 11-4 


Amoxicillin-clavulanic acid: Hepatocellular or cholestatic 
hepatitis. '®! 

Allopurinol: Patients on diuretics or those with compromised renal 
function are most susceptible. Hepatitis occurs most frequently 
during the first month of treatment and is hepatocellular. 
Granulomas, fever, rashes, and eosinophilia suggest an allergic/ 
hypersensitivity mechanism. 182 

Amodiaquine: Hepatocellular jaundice and even acute liver failure. 
Amodiaquine undergoes autoxidation into a reactive 

quinoneimine. 183.184 

Aspirin: Hepatitis occurs after one to several weeks of treatment. 
This is a dose-related phenomenon related to intrinsic salicylate 
hepatotoxicity and generally occurs only when aspirin is used in full 
anti-inflammatory doses. Plasma salicylate concentrations greater 
than 25 mg/L are likely to lead to hepatic injury, whereas 
concentrations less than 15 mg/L rarely do. Hepatic injury often is 
silent, or, at least, anicteric. However, a few cases with hepatic 
encephalopathy have been described. Use of aspirin during viral 
infections favors the secondary development of Reye's syndrome in 
children.'® 

Cyproterone acetate: Often produces mild abnormalities in liver 
function tests. However, it has also produced acute liver failure in 
elderly patients. It may also lead to hepatocellular carcinoma.'*° 
Dantrolene: Prolonged administration of dantrolene increases 
serum transaminase activity in 1% to 8% of recipients and 
produces jaundice in 0.6%. Hepatitis usually occurs between month 
2 and 5 of treatment, with a fatality rate of 28%. Hypersensitivity is 
uncommon. 187 

Dihydralazine and hydralazine: Hepatitis occurs weeks to months 
after treatment and is hepatocellular. Some cases of associated 
fever or blood eosinophilia have been described. Anti-smooth 
muscle, antimitochondrial, and antimicrosomal antibodies have 


usually follows the exposure by 2 to 4 days, but it can 
occur at 24 hours. Jaundice develops in 50% of cases of 
poisoning; it is hepatocellular and rapid in evolution. 
Renal failure begins a few days after the liver damage and 
peaks in the second week. It may be heralded by oliguria 
between the second and fourth day after exposure. 
Continued oliguria or anuria beyond day 4 and rising 
blood urea during the first and second weeks indicates 
the presence of tubular necrosis. Renal failure is the 
cause of death in most fatal cases.**?!© Pulmonary edema 
is observed in most patients who survive for longer than 
1 week. Laboratory features include a low hemoglobin 
concentration and a neutrophil leucocytosis. ‘Toward the 
end of the first week frank uremia secondary to renal 
tubular necrosis develops. There are striking elevations 
of AST and ALT***** and prolongation of the pro- 
thrombin ratio. Mortality rate was 25% prior to 
hemodialysis.** N-acetylcysteine has been used successfully 
to treat the hepatotoxicity of CCl." With chronic 
exposure, like in the case of ethanol, CCl, causes micro- 
nodular and macronodular cirrhosis. 


White Phosphorus Poisoning 


Suicide by deliberate ingestion of phosphorus in 
cockroach powder, rat poison, or firecrackers often takes 
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been observed. The antimicrosomal antibodies are directed against 
the cytochrome P-450 1A2 isoenzyme, which transforms 
dihydralazine into reactive radicals. Slow acetylators are at 
increased risk of developing hepatitis. 188.183 

Disulfiram: Disulfiram is converted into reactive metabolites and 
causes abnormal liver biochemistry in 25% of recipients during the 
first few weeks of treatment, which represents direct toxicity. 
However, clinically relevant effects accompanied by hypersensitivity 
manifestations occur within 2 months of treatment and at least 

10 cases of acute liver failure have been reported. 190.191 
Enflurane: Hepatitis closely resembles halothane hepatitis. 
Enflurane is transformed into reactive acyl halide metabolites, 
which cause immune-mediated hepatitis. 1°- 

Fipexide: Has produced acute liver failure in three patients. '”? 
Ketoconazole: Overt hepatitis on rechallenge with drug. May 
produce cirrhosis,'94'% 

Lamotrigine: Acute hepatitis has been reported in six patients 
(acute liver failure in two of these), with onset between 2 and 

3 weeks of starting therapy. Liver function tests normalized in 

five patients when lamotrigine was stopped; the other patient had 
mildly abnormal liver function tests.'9°'% 

Methyldopa: Hepatitis seen in pregnancy, sometimes with 
hemolytic anemia.'?? 

Nicotinic acid/Niacin: Hepatotoxicity.2°° 

Nifedipine: Acute hepatotoxicity accompanied by 
eosinophilia.2°' 2 

Pyrazinamide: The incidence of pyrazinamide-induced 
hepatotoxicity is higher than that of other first-line antituberculosis 
drugs <4 

Tacrine: Half of patients treated have abnormal liver functions 
tests. One case of fatal hepatic necrosis has been documented.2” 





place in the developing world. It causes mid-zone 
necrosis and periportal steatosis.*** Mortality rate is high 
(50%), and renal tubular necrosis is common in such 
cases. Initially, there are severe, irritant effects on the 
gastrointestinal tract: nausea, vomiting, abdominal pain 
and diarrhea, and even hematemesis and shock. The 
vomitus and feces are phosphorescent and have a strong 
garlic odor, as does the breath. One third of patients die 
during this 8- to 24-hour stage. One third of patients 
recover and one third go to the next stage, which is a 
latent, symptom-free period for 1 to 3 days.** The third 
Stage is characterized by hepatic failure, renal failure, 
and recurrent central nervous system involvement, 
including restlessness, coma, and toxic psychosis. Jaundice 
is apparent between days 3 and 5 after poisoning and 
renal failure is apparent between days 1 and 4. AST and 
ALT levels are only moderately elevated (compared with 
CCl, poisoning) and coagulopathy occurs.**7*°*5 


Inorganic Arsenicals, Thallium, and 
Borates 


These compounds can cause neurological, muscular, 
renal, and gastrointestinal manifestations. Hepatic injury 
(necrosis and steatosis) is a regular feature of the 
intoxication, but it has only a contributory role in 
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determining the outcome. Jaundice and other evidence 
of hepatic failure are rare, and they can be recognized 
only in patients who survive for a few days. Prolonged 
exposure causes cirrhosis.**-*?7*" 


Sniffing of Chloroform, 
Trichloroethylene, or Perchloroethylene 


Often users who develop jaundice have histological 
features of necrosis and fat deposition in the liver. 
Features of toxicity include a syndrome usually of lesser 
severity than that due to CCl, poisoning #4430231 


Copper 


Clinical features of copper poisoning are similar to those 
of iron overdose. Even dermal application has been 
associated with hepatotoxicity. Copper salt ingestion 
causes gastrointestinal erosions, centrizonal necrosis, 
and renal tubular necrosis. The course resembles that of 
other forms of hepatorenal failure. Severe nausea, 
vomiting, diarrhea, and abdominal pain, accompanied 
by metallic taste, are followed by jaundice, high 
aminotransferase activities, and hepatomegaly by the 
second or third day after ingestion.*°***°° 

Other chemicals associated with hepatocellular 
hepatitis are shown in Box 11-5.7°*7% 


DRUGS AND TOXINS THAT CAUSE 
MIXED HEPATITIS 


Mixed hepatitis reflects both hepatocellular necrosis and 
cholestasis in the same patient from direct necrosis or by 
adverse immune response against the liver**! and 
causing the liver function tests abnormalities shown in 
Box 11-6.242-264 


HMG-CoA Reductase Inhibitors 
(“Statins”) 


Hepatotoxicity from a mixed hepatocellular-cholestatic 
mechanism has been reported with atorvastatin, flu- 
vastatin, lovastatin, cerivastatin (predominantly hepato- 
cellular mechanism, now removed because of frequent 
rhabdomyolysis), simvastatin, and _ pravastatin.?°>?° 
Elevation of liver enzymes up to three times the upper 
limit of normal occurs in up to 3% of patients who take 
these agents and is usually dose dependent and occurs 
within 3 months of initiating therapy.*°°*° The inci- 
dence of severe hepatotoxicity is low (0.2 per 100,000), 
although there are a number of published cases of acute 
liver failure due to statins.2°’ There is conflicting 
evidence on the cross-toxicity of these agents (e.g., in 
one patient with simvastatin-related toxicity, pravastatin 
also caused hepatotoxicity but atorvastatin was not 
associated with hepatotoxicity) .*°? Although rhabdomy- 
olysis commonly is associated with  statin-fibrate 
combination therapy, concurrent liver injury with this 
combination does not appear to be more common than 
with statin therapy alone.?™ 


BOX 11-5 


Polychlorinated biphenyls: In 1968, hepatic injury developed in 
11% of more than 1000 people in Japan who ate food prepared 
with cooking oil contaminated with polychlorinated biphenyl.234236 
Nitrites and nitrates: Caused hepatic necrosis due to reaction of 
nitrites with secondary amines in the fish to form 
dimethylnitrosamine. They may be used as food preservatives.? 


Beryllium: Central zone necrosis.??” 

Toluene: Subacute necrosis.”?° 

Tetrachloroethane: Subacute necrosis in industrially exposed 
humans. Ingestion or inhalation of high concentration, however, 
leads to acute disease similar to that induced by CCl3.7%° 
Insecticide poisoning (e.g., DDT and paraquat): A number of 
insecticides are chlorinated hydrocarbons. Ingestion of large 
amounts of DDT (=6 g) and paraquat (20 g) has led to zone 3 
centrizonal hepatic necrosis. Paraquat also is associated with a later 
selective destruction of bile ducts and cholestasis.?”° 





BOX 11-6 


Angiotensin-converting enzyme inhibitors?” 

Carbamazepine?” 

Chlorpropamide?* 

Cimetidine?® 

Clozapine? 

Haloperidol?” 

Methimazole2*® 

Nitrofurantoin2“? 

Dextropropoxyphene?”° 

Quinidine?>! 

Ranitidine2>2 

Sulfonamides?4?.2°3 

Tamoxifen2>4 

Terbinafine? 

HMG-CoA reductase inhibitors (e.g., pravastatin, simvastatin, 
atorvastatin)?>6-264 





ANGIOTENSIN-CONVERTING ENZYME (ACE) 
INHIBITORS AND ANGIOTENSIN II RECEPTOR 
INHIBITORS 
There have been a number of reports of pure cholestatic 
jaundice, hepatocellular hepatitis, and a mixed 
hepatotoxicity with all of the angiotensin-converting 
enzyme (ACE) inhibitors and reports of acute liver 
failure associated with lisinopril and enalapril. ?®5272 
Onset of hepatotoxicity can be delayed up to 1 to 3 years, 
but it generally occurs within the first 3 to 4 months and 
is more common after a dose increase.?®®:271 

There is little published data on the newer 
angiotensin II receptor antagonists, but there have been 
published case reports of hepatotoxicity associated with 
candesartan (hepatocellular), irbesartan (cholestatic), 
and losartan (hepatocellular) 273777 


DRUGS AND TOXINS THAT CAUSE 
ACUTE CHOLESTATIC HEPATITIS 


Because of the close interrelation between bile ducts and 
hepatocytes, damage to bile ducts may be accompanied 
by damage to hepatocytes by the build-up of bile, which 
damages cell membranes in excess. A list of common 
agents that cause acute cholestatic hepatitis is shown in 
Box 11-7.27°?54 Cholestasis can result from direct bile 
duct necrosis or by adverse immune response against the 
liver.**! Clinically, cholestasis presents as jaundice, 
pruritus, and dark urine. Biochemically, in pure 
cholestasis there is an increase in AP, conjugated 
bilirubin and y-glutamyl transpeptidase; in mixed 
cholestatic-hepatitis the ALT also increases but the 
ALT/AP ratio is between 2 and 5. 


DRUGS AND TOXINS THAT CAUSE PURE 
CHOLESTASIS WITHOUT HEPATITIS 


Bile duct injury may result from exposure to a number of 
compounds, particularly those that are concentrated in 
bile. The result of the damage is cholestasis due to debris 
from necrotic cells blocking the ductules. 

Accidental contamination of food by industrial 
chemicals can lead to domestic hepatotoxicity. Epping 
jaundice occurred in the United Kingdom after 
contamination of flour by a leaking container of 4,4’- 
diaminodiphenylmethane (methylenedianiline) .? Similar 
injuries have been acquired occupationally with this 
chemical.*®° 

Drugs that cause pure cholestasis are listed in 
Box 11-8.486292 


CIRRHOSIS 


Cirrhosis is characterized by regenerative nodules 
(clumps of new cells) within fibrotic tissue (amorphous 
tissue) forming an irregular lobulated (defined) pattern. 
Any repetitive injury resulting in cell death (necrosis) 
followed by repair mechanisms may lead to cirrhosis. 
This happens because the liver has only a limited 
capacity to regenerate.” 


BOX 11-7 


Amoxicillin-clavulanic acid (can also get acute hepatocellular 


Azathioprine?*° 
Chlorpromazine?®' 
Erythromycin??? 
Flucloxacillin2® 
Gold salts?® 
Penicillamine® 
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BOX 11-8 


Estrogens and oral contraceptives’®° 

Anabolic steroids?®’ 

Cyclosporin? 

4,4’-methylenedianiline (Epping jaundice)?8>:230 
Rapeseed oil-aniline (Spanish toxic oil syndrome)?" 





The classic and most common agent that causes 
cirrhosis is ethanol.**??"4 In addition, compounds that do 
not appear to cause acute necrosis, such as ethionine, 
may cause cirrhosis after chronic exposure.*” 

Other drugs or chemicals that have been reported to 
cause cirrhosis include ketoconazole, amiodarone, and 
floxuridine.79°?"" 

The main problems with cirrhosis are portal hyper- 
tensive complications (1.e., variceal bleeding) and 
ascites, together with encephalopathy when the liver cell 
mass becomes insufficient to cope.00-303 


VENO-OCCLUSIVE DISEASE 


Rarely, a toxin may damage sinusoids and endothelial 
cells directly; for example, monocrotaline, a plant 
alkaloid, which is metabolized to a reactive molecule, 
causes damage and blockage of the venous return to the 
liver and secondary ischemic death of hepatocytes.°™* 


DRUG- OR TOXIN-INDUCED HEPATIC 
TUMORS 


Liver tumors may be benign®” (grow in situ) or 
malignant (able to metastasize to other tissues). They 
may arise from any cell type within the liver (e.g., 
adenoma,” hepatocellular carcinoma [aflatoxin,*%°°” 
dimethylnitrosamine,*? ethanol,’ hepatitis C?!°], or 
hemangiosarcoma [vinyl chloride®'!*!?]). 

Among the various mycotoxins (toxins produced by 
molds on nuts, oil seeds, and grains), the aflatoxins 
have been the subject of intensive research because they 
are potent carcinogens. Aflatoxin B, is a very reactive 
compound (Fig. 11-3). Its carcinogenicity is associated 
with its biotransformation to a highly reactive, elec- 
trophilic oxide, which forms covalent bonds, adducts 
with DNA, ribonucleic acid (RNA), and protein (see Fig. 
11-3) .306307 Damage to DNA is thought to induce tumor 
growth. There may be species differences due to 
differences in biotransformation and susceptibility to the 
initial biochemical lesion. 

Dimethylnitrosamine is evenly distributed through- 
out the body, but exposure to single doses causes cen- 
trilobular hepatic necrosis indicating that metabolism is 
an important factor in its toxicity.” One metabolite is a 
highly reactive alkylating agent that methylates nucleic 
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FIGURE 11-3 Aflatoxin B4. 


acids and proteins. The degree of methylation of DNA in 
vivo correlates with the risk of tumor induction in those 
tissues. 

Vinyl chloride (or vinyl chloride monomer) is the 
starting point in the manufacture of poly(vinyl chloride). 
Chronic exposure leads to a “vinyl chloride disease,” 
which includes skin changes, changes to the bones of the 
hands, and liver damage. Hemangiosarcoma is a tumor 
of sinusoidal cells (not hepatocytes) that also may result 
from chronic exposure to vinyl chloride.’!!31? This again 
appears to occur because the epoxide intermediate 
and fluoroacetaldehyde bind to DNA and proteins 
respectively within the cell. Hemangiosarcoma has been 
associated also with arsenite exposure, although the 
mechanism is still unclear. It should be stressed that 
the experience in humans with carcinogenicity has not 
been replicated in animal models. 


HERBAL AND PLANT CAUSES OF 
HEPATOTOXICITY 


Hepatic impairment from use of conventional drugs is 
widely acknowledged but there is less awareness of the 
potential hepatotoxicity of herbal preparations. Plants 
and herbs are considered to be harmless and commonly 
are used for self-medication without supervision. 
However, many plants and herbs can cause severe 
hepatotoxicity, including acute and chronic abnor- 
malities and even cirrhotic transformation and acute 
liver failure (Box 11-9).°!°%°° This list probably 
represents the tip of an emerging iceberg. 

The diagnosis of herbal hepatotoxicity often is 
delayed because patients may not readily give a history of 
their use of herbals, so it is important that a detailed 
history be taken of exposure to drugs (prescribed, over 
the counter, and illicit/recreational), chemicals, plants, 
and traditional medicines in all patients with hepato- 
toxicity. There has been reports of hepatotoxicity related 
to Chinese herbal medicine (CHM), including at least 
three cases of acute liver failure.*°”°* As discussed below, 


it can be difficult to identify the specific component of 
the CHM that is responsible for hepatotoxicity, but the 
genus Paeonia has been present in at least four cases of 
severe hepatotoxicity.°°?*°9! Two studies have looked at 
the incidence of hepatotoxicity in patients taking these 
agents.36>363 In a review of 1265 patients taking CHM, 
one developed acute hepatitis and 106 (8.4%) developed 
an increase in ALT up to three times normal, which 
returned to normal in 95% of patients.°** In a study of 
1507 patients using CHM for chronic pain, 14 had a 
reversible increase in ALT greater than two times 
normal, the risk being greater with use of glycyrrhizae 
radix and atractylodis macrophalae.* Prescriptions of CHM 
often contain up to 25 different ingredients, so if 
hepatotoxicity develops it can be difficult to identify 
which agent is responsible. 


PRINCIPLES OF MANAGEMENT FOR 
DRUG- OR TOXIN-INDUCED LIVER 
DISEASE 


General Management 


Drug- or toxin-induced hepatotoxicity must be con- 
sidered in the differential diagnosis of all patients pre- 
senting with a spectrum of disease that ranges from 
isolated deranged liver function tests in an otherwise well 
patient to acute liver failure. The degree and extent of 
liver injury should be monitored by serial prothrombin 
time estimations and liver function tests, including 
bilirubin, aminotransferases, alkaline phosphatase, and 
albumin. As discussed earlier it is important to exclude 
all other nondrug causes of liver disease. Liver biopsy 
should be considered if the extent of liver damage or 
etiology is in doubt. Accurate clinical assessment of renal 
function—that is, more than simply monitoring plasma 
urea and electrolytes—is also required. 

Patients who develop hepatotoxicity must be advised 
to stop taking the drug or stop exposure to the toxin. 
Acetaminophen is the analgesic of choice for these 
patients, even if they are jaundiced.'*!>” Meticulous 
supportive care is critical to good outcome. Systemic 
hypotension, which may reduce liver blood flow, should 
be avoided with judicious fluid and inotropic support.*” 

Hyperthermia, if present (e.g., MDMA hepato- 
toxicity), should be treated aggressively with cold 
fluids, but care should be taken to avoid provocation of 
hyponatremia due to antidiuretic hormone (ADH) 
release.*°°" The role of dantrolene is controversial.>° It 
acts to control calcium release at the sarcoplasmic 
reticulum and thus reduce “muscular” source of heat. 
However, hyperthermia from amphetamines or Ecstasy 
also is attributed to a central hyperthermic effect, and 
there is no evidence that dantrolene has any action on 
the central nervous system. There may be a role for 
specific 5-hydroxytryptamine (5-HT) drugs, such as 
cyproterone, to reduce central nervous system—induced 
hyperthermia. 

The development of acute liver failure is charac- 
terized by cerebral edema, circulatory shock, coagu- 


10), Gi Bi Be] 


Germander (Teucrium chamaedrys): The diterpenoids of the 
plant are transformed by cytochromes P-450 3A into hepatotoxic 
epoxide metabolites. Mixed hepatocellular and cholestatic or acute 
cholestatic hepatitis results. Several cases have occurred, mainly in 
France, Spain, and Canada.?!33"6 

Pyrrolizidine alkaloids: Use of plants that contain unsaturated 
pyrrolizidine alkaloids (PAs), such as Symphytum officinale 
(comfrey), Tussilago farfara, Heliotropium, Senecio, and t'u-san-ci'| 
(Compositae), is associated with hepatotoxicity due to veno- 
occlusive disease. This is due to the conversion of PAs to cytotoxic 
pyrroles, which damage hepatic sinusoidal and endothelial cells, 
resulting in ischemic damage and centrilobular necrosis. Liver 
failure can occur in the acute phase with mortality of 20% to 40%, 
but complete recovery is also reported. Chronic PA veno-occlusive 
disease has a poor prognosis.?'*72? 

Pennyroyal oil: Pulegone is the main component that has been 
shown to deplete hepatic glutathione. It is metabolized to 
menthofuran, which is directly toxic to hepatocytes. Both pulegone 
and menthofuran are metabolized via CYP2E1. Administration of N- 
acetylcysteine is recommended in all cases of ingestion of more 
than 10 mL of pennyroyal oil.?2*°2° 

Skullcap: Diterpenoid containing metabolite-mediated 
hepatotoxicity. 327 

Teucrium polium: One reported case of acute liver failure 
requiring liver transplantation.32° 

Chaparral leaf (creosote bush, Larrea tridentata): Nineteen 
reported cases of hepatotoxicity (mixed-cholestatic hepatitis), 
occurring 3 to 52 weeks after ingestion, with resolution over 1 to 
17 weeks in most patients. However, there have been two cases of 
acute liver failure with successful liver transplant and four cases of 
chronic liver disease progressing to cirrhosis.331-334 

Kava (Piper methysticum): There have been at least 22 cases of 
acute hepatitis, including 18 cases of acute liver failure. Generally, 
the hepatotoxicity settles within 8 weeks, but two patients with ALF 
have required liver transplantation. Liver histology shows extensive 
hepatocellular necrosis, and additional cholestasis was identified in 
two cases. In one report, two patients with kava hepatotoxicity 
were poor metabolizers of debrisoquine, and so it is possible 

that CYP2D6 deficiency may increase the risk of kava 
hepatotoxicity.?3> 738 





lopathy, and renal failure, as well as liver failure with 
encephalopathy.°® Conservative management focuses 
on invasive hemodynamic monitoring and prevention of 
complications such as cerebral edema, infection, renal 
failure, and coagulopathy.*”’ A common cause of death 
from acute liver failure is cerebral edema due to raised 
intracranial pressure.” Intracranial pressure may 
increase rapidly and waiting for clinical signs such as 
pupil abnormalities, bradycardia, or hypertension may 
result in brain death before treatment can be started. 
Therefore, intracerebral pressure monitoring ideally 
should be undertaken in all patients who fulfill 
liver transplant criteria.°°? Controlled hypothermia has 
been proposed as a treatment for patients with 
acetaminophen-related acute liver failure.” Jalan and 
coworkers actively cooled (to 32°C-—33°C) seven patients 
with acetaminophen-related acute liver failure and 
increased intracranial pressure unresponsive to 
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Senna fruit extracts: Commonly used as laxatives and stool 
softeners. Metabolite rhein anthrane is thought to cause 
hepatotoxicity.*2" 

Fruit of the cycad tree: Found on Guam, contains a potent 
hepatotoxin that can also lead to hepatic injury when eaten.?”° 
Senecio, Heliotropium, Crotalaria: More than 100 alkaloids have 
been identified and these cause centrizonal necrosis and veno- 
occlusive disease. The clinical picture is of relatively acute or 
subacute hepatic failure, with ascites, jaundice, and a mortality rate 
of 20% M 

Camphor: Hepatitis.3423% 

Mediterranean glue thistle (Atractylis gummifera): Hepatic 
necrosis, possibly due to interference with hepatic ADP and ATP 
transport inhibiting oxidative phosphorylation and induction of the 
mitochondrial membrane permeability transition pore resulting in 
apoptosis.** 

Impila (Callilepsis laureola): The carboxyatractyloside component 
produces an acute illness with abdominal pain, vomiting, 
convulsions, and acute renal and liver failure (centrizonal necrosis) 
with profound hypoglycemia. Up to 63% patients die within 24 
hours, with an overall mortality rate of 91% at 5 days.?” 

Cascara sagrada: Cholestatic hepatitis.7” 

Isabgol: Giant cell hepatitis.**” 

Venencapsan (horse chestnut leaf): Steatosis.?83® 

Prostata: Hepatic fibrosis.” 

Ma Huang (Ephedra species): There have been two case reports 
of severe acute hepatitis in patients using ma huang for weight 
loss. However, the contents of the products were not formally 
analyzed to confirm botanical identity.??'3>4 

Jin Bu Huan: There have been 10 reported cases of acute hepatitis 
and one case of chronic hepatitis related to jin bu huang use. Levo- 
tetrahydropalmatine is the active agent and probably responsible 
for the hepatotoxicity, which developed at a mean of 20 weeks 
(range, 6 days to 52 weeks) in the reported cases. Liver biopsy in 
one case showed eosinophilic infiltrates and cholestasis. 33335 
Greater celandine (Chelidonium majus): Ten reported cases of 
reversible mixed cholestasis-hepatitis within 3 months, one 
unintentional rechallenge resulting in a recurrence of 
hepatotoxicity. Commercial extracts of greater celandine contain 
more than 20 alkaloids and the toxic component has not been 
identified.7°° 


treatment with mannitol and ultrafiltration. All seven 
showed a decrease in intracranial pressure with cooling 
(from 45 mm Hg [25 to 49] to 16 mm Hg [13 to 17]).*” 
In addition, in some reports, hypothermia associated 
with acetaminophen overdose appears to have provided 
additional protection by slowing metabolic activation of 
acetaminophen.?°” 


Specific Therapies 


STEROIDS 

The role of steroids in cases postulated to have an 
immune component has not been properly evaluated, 
although steroids probably have rationale in cases in 
which rechallenge with the drug produces significant 
hepatotoxicity.” Once a viral etiology has been excluded, 
a therapeutic trial with high-dose steroids (e.g., 
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prednisolone 40 mg/day) is worthy of consideration in 
such patients. 


N-ACETYLCYSTEINE 
Nacetylcysteine (NAC; see Chapter 47) is used routinely 
for the management of early and late acetaminophen 
poisoning. Its mechanism of action is well understood 
in early poisoning, where it replenishes intracellular 
glutathione by acting as a cysteine donor.“ In late 
acetaminophen poisoning NAC has been shown to alter 
cytokine concentrations, such as interleukin-] and tumor 
necrosis factor.?’*3”° Chemopreventive properties of 
NAC include reduction of oxidized thiol groups in 
key enzymes that permits reestablishment of calcium 
homeostasis, which plays a key role in apoptosis.” NAC 
blocks electrophiles and scavenges reactive oxygen 
species, and it can restore the capacity of the intra- 
cellular proteolytic system to degrade toxic arylated 
proteins.*’8 The catheter study by Harrison and 
coworkers reporting that NAC acts by hemodynamic 
action together with prostaglandin E, (PGE,) to increase 
cardiac output, oxygen delivery, and utilization has 
recently been challenged.>”**° Using end-tidal CO, as a 
measure of oxygen uptake, Walsh and colleagues 
demonstrated that NAC administration alone did not 
lead to an increase in oxygen utilization.**° The increase 
in cardiac output seen was transient, lasting, at most, 
20 to 30 minutes. Whether regional hyperemia in one 
or multiple circulations is likely to benefit patients with 
acute liver failure remains a critical but unanswered 
question.°°9 

N-acetylcysteine also is used for CCl, poisoning,” and 
it may have a role in amatoxin mushroom poisoning.?0” 


LIVER TRANSPLANTATION 
The role of liver transplantation in acute liver failure is 
controversial and emotive. Orthotopic or auxiliary liver 
transplantation has been performed successfully in 
patients with acute liver failure due to acetaminophen,” 
Ecstasy,®° 8", NSAIDs (e.g., diclofenac) ,*8°°%* iron,>* 
A. phalloides,’ isoniazid,**’ and many other drugs and 
chemicals.38° 387 

In the United Kingdom, the presence of non- 
acetaminophen drug-induced acute liver failure is 
considered to be a poor prognostic feature. Association 
with two of the following four features is considered to 
be an indicator for emergency liver transplantation®*: 
jaundice to encephalopathy developing over more than 
1 week; age younger than 10 years or older than 40 years; 
serum bilirubin greater than 300 UM/L; prothrombin 
time greater than 50 seconds. Different criteria are used 
in the United Kingdom for transplantation for 
acetaminophen-induced liver failure.*®’ Ninety-two 
percent of patients whose peak prothrombin time 
exceeded 180 seconds died.’ Ninety-three percent of 
patients with an increasing prothrombin time between 
day 3 and day 4 died.” In clinical practice, if a patient’s 
prothrombin time starts to improve, full recovery occurs. 
The O’Grady criteria (arterial blood pH of less than 7.3 
or H+ of more than 50 nmol/L or prothrombin time of 
more than 100 seconds and serum creatinine more than 


300 uM/L in patients with grade III or grade IV 
encephalopathy) currently provides the best guide for 
when to transplant for acetaminophen poisoning in the 
United Kingdom.®**! It therefore follows that in the care 
of patients prior to transplantation it is important to 
avoid giving fresh frozen plasma (unless there is life- 
threatening bleeding), vitamin K, or sedative drugs.’ 
Recently, the O’Grady criteria have been modified to 
include the post-resuscitation serum lactate concen- 
tration, and this has increased the sensitivity from 76% 
to 91%.°° A threshold value of 3.0 mmol/L after 
resuscitation even when used alone has a sensitivity of 
76% and a specificity of 97% in predicting nonsurvival.*?" 

Contraindications to transplantation may vary be- 
tween transplant centers, but in the United Kingdom 
they include HIV-positive status, acute alcoholism (i.e., 
delirium tremens), serious sepsis, acute intravenous drug 
abuse, serious chronic psychiatric illness associated with 
high risk of repeat suicide attempts, and extrahepatic 
malignancy.*”! 

A report of 7 years’ experience of treating 
acetaminophen-induced liver failure at Kings College, 
London, found survival rate improved from less than 
50% in 1987 to 78% in 1993.” Meticulous supportive 
care and transplants were believed to be responsible, 
among other factors. 


MOLECULAR ADSORBENTS RECIRCULATIONS 
SYSTEM 

Water-soluble drugs can be removed by hemodialysis or 
hemofiltration. However, kinetically this method of 
elimination is unsuitable for protein-bound drugs. The 
molecular adsorbents recirculations system (MARS) 
offers particular promise in removal of highly protein- 
bound drugs and in the management of acute liver 
failure.°°* Severe phenytoin toxicity has been successfully 
treated with the MARS system.” 
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Acute Renal Failure 


MIGUEL C. FERNÁNDEZ, MD 


Acute renal failure (ARF) is one of the most common 
and serious consequences of poisoning or drug over- 
dose. ARF is a clinical syndrome of diverse causes (Box 
12A-1) in which a relatively sudden deterioration of 
renal function results in the inability of the kidneys to 
regulate normal homeostasis. Its importance stems from 
the acuteness and severity of the clinical manifestations 
that develop and the potential for reversibility of the 
condition, particularly if it is recognized early and the 
appropriate preventive and therapeutic measures are 
instituted promptly. ARF can be a self-limited condition 
and is one example of organ failure that is totally 
reversible and for which replacement therapy is 
available. Nevertheless, ARF is principally associated 
with a high mortality rate because of the seriousness 
of the underlying conditions that lead to its onset, which 
are in turn aggravated by the loss of renal regulatory 
functions.! 

Much of what we know about ARF was relatively recently 
elucidated.* Human activity has often led to infection, 
crush injury, dehydration, massive hemorrhage, and other 
causes of shock and tissue injury. Historically, acute 
anuria was attributed to obstruction or associated with 
edema, earlier known as dropsy. Nonobstructive sup- 
pression or retention of urine was termed ischuria 
renalis in the Age of Enlightenment, which came to be 
attributed to either inflammation or “paralysis of the 
kidneys.” In 1909, Osler classified ARF under the 
general heading of acute Bright’s disease. He described 
a broad and vague group of cases of ARF related to 
burns, other trauma, and the toxicants turpentine, 
potassium chlorate, and carbolic acid (phenol). Acute 
renal lesions that affected crushed or wounded soldiers 
were described in the German literature during and 
immediately after World War I.* In 1923, Muir used the 
term war nephritis and others used the term field or trench 
nephritis in describing variations of ARF.’ Sporadic 
reports of ARF in traumatized civilians began to appear 
in the literature thereafter and were soon followed by 
reports of cases of ARF that ensued after prolonged, 
complicated, and infected surgical procedures.® In 1926, 
Haas described his poorly accepted hemodialysis 
invention for treatment of uremia.’ In 1941 Bywaters, 
and Beall reported on four patients who sustained crush 
injuries during the bombing of London in the Battle of 
Britain and developed ARF, and although they did 
not make a clear etiologic connection, they made the 
first modern description of rhabdomyolysis. In 1945 
nephritis following mite-borne rickettsial scrub typhus 


infection was described by several researchers.”'° 


Detailed studies of ARF developed during efforts to 
elucidate the mechanism of shock in battle injuries.” 
This, coupled with the further development of hemodial- 
ysis and renal replacement therapy by Kolff and Beck 
in 1944, led to a rapid expansion of knowledge about 
ARF, while hemodialysis became better accepted as 
further studies led to improvements of outcome in the 
1950s.'*"* Literature in the 1960s concerning patients 
whose kidneys had failed because of the acute renal toxicity 


BOX 12A-1 


Y 





Prerenal Failure 


Extracellular circulating fluid volume contraction 
Gastrointestinal losses: vomiting, diarrhea 
Fluid sequestration: burns, pancreatitis, peritonitis, crush 
injury, venous ligation 
Renal losses: diuretics, diabetic ketoacidosis 
Blood loss 
Central or cardiac shock: congestive heart failure, myocardial 
infarction, tachyarrhythmias, central nervous system injury 
Septicemia: endotoxic shock 
Anoxia (requires salt depletion) 


Postrenal Failure 


Prostatic hypertrophy, tumors, calculi, blood clots, ureteral edema, 
retroperitoneal fibrosis, inadvertent ureteral ligation, papillary 
necrosis 


Renal Failure 


Primary damage to tubular epithelium 
Ischemia 
Nephrotoxic 
Drugs: aminoglycosides, methoxyflurane, cytolytic agents, 
phenytoin, cisplatin, bismuth, rifampin 
Radiopaque contrast agents 
Respiratory pigments: hemoglobin, myoglobin 
Poisons: heavy metals, carbon tetrachloride, animal toxins 
Intratubular precipitation: uric acid, myeloma proteins, 
mucoprotein, sulfas, calcium, xanthine, oxalate 
Primary damage to glomeruli and small renal vasculature 
Acute glomerulonephritis, collagen vascular disease, malignant 
hypertension, serum sickness, thrombotic microangiopathy 
Primary damage to major renal vessels 
Thrombosis, embolization, atheroembolism 
Parenchymal necrosis 
Cortical, papillary 
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of drugs and poisons emphasized removal through renal 
replacement therapy.’® 

Presently, ARF is classified into three general cate- 
gories: that caused by renal hypoperfusion (prerenal), 
that caused by intrinsic parenchymal lesions of the kid- 
neys (renal, or intrinsic), and that caused by obstruction 
of the urinary outflow passages (postrenal, or obstructive 
uropathy). These categories and their relative preva- 
lence as a cause of ARF are shown in Figure 12A-1. 


PATHOPHYSIOLOGY 


The hallmarks of ARF are the onset of progressive 
oliguria and azotemia, typically over a period of hours to 
days, stemming from a sudden decrease in glomerular 
filtration rate (GFR) and leading to an acute rise in 
blood urea nitrogen (BUN) and serum creatinine (Cr) 
concentrations.!° Daily urine volume less than the 
volume necessary to excrete the waste products of the 
body is termed oliguria. Azotemia exists when the blood 
contains a higher than normal quantity of urea or other 
nitrogen-containing substances. Normal human kidneys 
are able to maximally concentrate the urine to 1200 
mOsm/L of water. To maintain normal homeostasis, 
an adult must excrete about 600 mOsm of solute, with 
urea constituting 40% to 50% of this obligatory solute 
load. Therefore, the daily urine excretion necessary to 
maintain homeostasis is about 400 to 500 mL in an adult 
with normal renal function who is concentrating the 
urine maximally and consuming a normal diet, and 
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FIGURE 12A-1 Prevalence and principal forms of acute renal 
failure. ACEI, angiotensin-converting enzyme inhibitors; AGN, 
acute glomerulonephritis; AIN, acute interstitial nephritis; ARF, 
acute renal failure; ATN, acute tubular necrosis; NSAIDS, 
nonsteroidal anti-inflammatory drugs. 


oliguria is said to be present if urine production is less 
than this amount. Normal daily urine output of 1000 
to 1500 mL reflects the intake of water in excess of the 
amount necessary to maintain homeostasis, thus allowing 
the excretion of less concentrated urine. This is a 
desirable consequence since concentrating the urine 
maximally entails added work and energy consumption 
by the kidneys, rendering them more susceptible to 
injury. ° 

Urea excretion is diminished in individuals with low 
dietary intake of protein or in those unable to 
metabolize protein to urea (hepatic cirrhosis). Because 
urea constitutes half of the normal solute load, the daily 
urine output to maintain balance in these individuals 
is reduced to about 300 mL. By the same token, in 
individuals on restricted salt intake or patients whose 
kidneys are in a sodium retention state (congestive heart 
failure, nephrotic syndrome, hepatic cirrhosis), the urine 
output necessary to maintain balance is also reduced to 
the extent that the load of sodium excreted and, 
therefore, the amount of water obligated to it are now 
reduced. Conversely, in a hypercatabolic state (trauma, 
burn, or sepsis), when urea production is increased, or in 
conditions in which diuretics are used to inhibit sodium 
reabsorption, a proportionately larger urine volume is 
necessary to clear the solute load.!” 

Injured kidneys that are unable to absorb and 
maximally concentrate urine require a larger volume 
of water to excrete the daily load of solutes. Thus, in 
kidneys only able to concentrate urine to 600 mOsm, 
1000 mL of urine would have to be excreted to maintain 
homeostasis, whereas in kidneys only able to concentrate 
to 300 mOsm, 2000 mL of urine would have to be 
excreted. This would be the case of chronically diseased 
kidneys, but much more important for purposes of this 
chapter is the situation in the early stages of acute renal 
injury. One of the first structural consequences of 
injured tubular cells appears to be a loss of the polar 
distribution of the sodium-potassium-adenosine triphos- 
phatase (Na-K-ATPase) pump, with consequent impair- 
ment of the capacity to absorb filtered sodium and, 
hence, the subsequent natriuresis and inability to achieve 
medullary hypertonicity necessary to concentrate the 
urine maximally.''® The duration of this otherwise 
invariable phase of early acute renal injury varies, 
depending on the magnitude and severity of the insult 
to the kidneys. This stage when the urine output is high 
at a time that the GFR is declining has been termed 
nonoliguric ARF (Fig. 12A-2). Its early detection, by noting 
increasing BUN and Cr concentrations, is important 
because removal of the insult may prevent progression to 
oliguric ARF, with its graver prognosis. 

In terms of laboratory values, ARF is commonly 
defined as an increase in Cr concentration of 0.5 mg/dL, 
an increase in BUN of 10 to 15 mg/dL, or an increase of 
more than 50% over the baseline levels of either one. 
The early identification of progressive incremental 
changes in BUN and Cr concentrations are key to 
making an early diagnosis of ARF.” An acute reduction 
in the normal regulatory function of the kidneys can 
occur in the presence of reduced, normal, or high urine 
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Range of Daily Urine Composition 


NORMAL 
Volume (mL/24 hr) 300-1500 
Urea (g/24 hr) 20 
(mM/24 hr) 350 
Creatinine (g/24 hr) 1-1.5 
Sodium (mEq/24 hr) 100 
Potassium (mEq/24 hr) 50-79 


ACUTE RENAL FAILURE 


PRERENAL 
FAILURE OLIGURIC NONOLIGURIC 
<400 <400 1500+ 
15 5 10 
250 85 170 
>1.0 <1.0 <1.0 
5 25 100 
10 >50 >50 





flow rates (Table 12A-1). The clinical jargon of “good 
urine output” is a misnomer that provides a false sense of 
security and should be abandoned. 


TOXIC ACUTE RENAL FAILURE 


Strictly defined, toxic ARF is acute tubular cell injury and 
ultimate acute tubular necrosis (ATN) due to dose- 
dependent direct cell damage caused by a toxic agent 
that is usually limited to a specific part of the tubule. 
More broadly defined, in the general context of ARF, 
the renal injury may be induced by a host of agents that 
exert a detrimental effect at various sites within the 
entire nephron by mechanisms other than direct 
cell injury and that are not necessarily dose dependent 
(Fig. 12A-3) 2021 

Injury due to exogenous poisons, such as mercuric 
chloride (HgCl,), formerly the best-characterized form 
of toxic ATN, is now rare. Much of the ARF currently 
encountered is due to drugs,”*** whose increased avail- 
ability and wider use have been associated with a host 
of undesirable side effects. The kidneys as the principal 
organs for the excretion of drugs and their metabolites 
are particularly prone to their side effects. The renal 
factors that render the kidneys particularly susceptible 
to injury are listed in Box 12A-2. Volume depletion is 
extremely important to recognize and correct early, 
because the associated increase in renal vascular resis- 
tance and consequent ischemia is central to much of the 


Uosm > 600 mOsm 


Una 30-50 mEq/L 
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Time 


Una < 20 mEq/L 
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Prerenal Nonoliguric 
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FIGURE 12A-2 Changes in urine osmolality and sodium 
concentration during the various phases of acute renal failure. 


nephrotoxicity encountered in clinical practice.'!°*° 


The nonrenal factors that contribute to increased drug- 
induced injury are listed in Box 12A-3. Clearly, the 
physician-related factors noted in Box 12A-3 can be 
circumvented. By the same token, of the patient-related 
factors, recognition of reduced renal function allows the 
physician to avert renal hypoperfusion and can prevent 
renal injury through appropriate adjustments of drug 
dosage and correction of volume depletion. 
Furthermore, although strictly defined acute renal 
toxicity is a result of toxic effects on the renal 
parenchyma, several toxic agents exert their effect by 
causing impaired perfusion of the kidneys (prerenal) 
or their direct renal toxicity (renal) is magnified in the 
presence of reduced extracellular circulating fluid 
volume (ECFV). As such, it is essential to fully appreciate 
the sequence of events that characterize prerenal ARF. 


PRERENAL FAILURE 


Prerenal failure is usually present in patients with vascular 
collapse or circulatory insufficiency (see Box 12A-1). In 
their attempt to preserve ECFV, the kidneys sustain 
functional changes without demonstrable organic or 
structural damage (Fig. 12A-4). The most important of 
these is severe but reversible renal vasoconstriction with 
a preferential renal cortical hypoperfusion.*® The 
resultant reduction in renal blood flow may be associated 
with reduced glomerular filtration and thus a decreased 
filtration of solute. In addition, a greater fraction of this 
filtrate (urea, water, sodium) is reabsorbed under the 
influence of volume-stimulated factors. Simultaneous 
stimulation of antidiuretic hormone secretion usually 
occurs in response to volume changes. Thus, the oliguria 
that results is associated with urine that is character- 
istically highly concentrated and low in sodium content. 
The azotemia that may be present is the result of 
increased reabsorption of urea and may develop in the 
absence of an actual decline in GFR. When renal cir- 
culation is restored, these patients respond with a 
prompt diuresis with correction of the azotemia and 
oliguria.”” An important aspect of prerenal ARF is that 
it represents an earlier and reversible change in renal 
circulation that, if left uncorrected, may ultimately lead 
to organic renal damage (see Fig. 12A-2). At the very 
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FIGURE 12A-3 Schematic representation of the mechanisms and sites of injury within the nephron of the major nephrotoxic drugs. 
CH2O, free water clearance; ECFV, extracellular fluid volume; HUS, hemolytic-uremic syndrome; MCD, minimal change disease; MGN, 


membranous glomerulopathy. 


least, it renders the underperfused kidneys much more 
susceptible to toxic injury. 

Although this category of ARF may be identified 
by the usual accompanying signs of peripheral cir- 
culatory failure and low ECFV, the composition of the 
urine is the main clue to its diagnosis (see Figs. 12A-2 
and 12A-4). The urine is characteristically low in sodium 
content (<10 mEq/L, fractional sodium excretion 
<1%) and high in concentration (urine osmolarity 
> 500 mOsm/KgH,O). 

A number of drugs exert their detrimental effects on 
the kidneys by inducing or aggravating prerenal ARF 


BOX 12A-2 
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FIGURE 12A-4 Pathogenetic pathways implicated in prerenal failure. The arrows reflect the directional changes in the parameters 
depicted. The legends enclosed in the ovals indicate the changes in the blood chemistries that might be expected. ADH, antidiuretic 
hormone; FF, filtration fraction; GFR, glomerular filtration rat; RBF, renal blood flow. 


(see Fig. 12A-3). Most notable among these are diuretics, 
whose injudicious and nondiscriminating use accounts 
for most cases of ARF in the hospital setting.” A 
second and common cause is nonsteroidal inflammatory 
drugs (NSAIDs).*°*9 By inhibiting cyclooxygenase, the 
principal enzyme in prostaglandin synthesis, NSAIDs 
deprive the kidneys of the protective vasodilatory 
prostaglandins and thereby aggravate any existing 
vasoconstriction and initiate a hemodynamically 
mediated ARF. This is usually a mild and reversible effect 
but on occasion results in severe oliguric ARF requiring 
renal replacement therapy.’ Patients with preexisting 
ineffective ECFV and decreased renal perfusion (con- 
gestive cardiomyopathy, cirrhosis, sepsis, or diuretic ther- 
apy) or those with preexisting renal disease (nephrotic 
syndrome, chronic renal failure) are at risk for NSAID- 
induced ARF. A third group of drugs that inhibit the 
protective effect of efferent arteriolar vasoconstriction 
on maintaining GFR in the presence of reduced renal 
perfusion are the angiotensin-converting enzyme (ACE) 
inhibitors. The vasodilatory effect of these agents on the 
afferent arteriole is potentially salutary but essentially 
modest; by contrast, their effect on the postcapillary 
efferent arterioles is greater and results in a sudden 
decline in the glomerular intracapillary hydrostatic 
pressure (Poc) necessary for filtration. Unless blood 
flow (Qa) to the kidneys is increased by the afferent 
dilatation, the result is a sudden reduction in GFR. As is 


the case with NSAIDs, the renal effects of ACE inhibition 
are usually modest and reversible but on occasion result 
in severe oliguric ATN necessitating renal replacement 
therapy.” The detrimental effect of ACE inhibitors is 
most evident in patients who have severe congestive 
cardiomyopathy, renal artery stenosis, or reduced ECFYV; 
they are unable to compensate for the loss of Pec by 
increasing Qa. Given the role of diuretics in causing 
ECFV depletion, it is not unexpected that most cases 
of ACE inhibitor—induced ARF observed clinically are in 
patients who have severe congestive cardiomyopathy 
and who are diuresed aggressively. The combined 
nephrotoxic effect of NSAIDs and diuretics is associated 
with a several-fold increase in the development of ARF.*! 
Additionally, the use or abuse of medications and dietary 
or herbal supplements or drugs that either directly or 
indirectly lead to increased sympathetic tone, agitation, 
or muscle activity and heat production can lead to 
rhabdomyolysis and ARF.** 

Notable among the causes of prerenal ARF are those 
due to antihypertensive agents, which, even in the 
absence of decreased ECFV, induce a reduction in renal 
perfusion pressure that can result in ARF. Not unex- 
pectedly, this is most evident in individuals who have 
accelerated or malignant hypertension and in whom the 
endothelial swelling caused by the preexisting severe 
hypertension results in a narrowed lumen with a high 
renal vascular resistance that requires high pressure 
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levels to perfuse the narrowed and constricted renal 
vasculature.* It is in these individuals that the sudden 
and severe reduction in the mean arterial blood pressure 
(>25 mm Hg) can result in the onset of progressive ARF, 
often necessitating renal replacement therapy. Hence, 
gradual titration of the blood pressure downward in slow 
increments is important in such cases, while monitoring 
renal function and maintaining adequate ECF'V. 
Although the inducement of renal hypoperfusion may 
induce ARF, calcium channel blockers have been shown 
to protect against acute renal injury at both the vascular 
and tubular epithelial level in both ARF and chronic 
renal failure.** 


RENAL FAILURE 


The broad definition of renal failure includes such 
diverse entities as acute glomerulonephritis, vasculitis, 
thrombotic microangiopathy, and papillary necrosis (see 
Box 12A-1). However, the vast majority of ARF cases 
encountered clinically are most commonly due to 
ischemia, nephrotoxic agents, or a combination of both 
(see Fig. 12A-1).**°° The ultimate picture that results is 
that of ATN, although strictly defined this term may be a 
misnomer because the apparently necrotic cells that are 
excreted have been shown to be viable and to grow in 
vitro in cultures of tubular epithelial cells isolated from 
the urine.*® Their shedding into the urine is one of the 
consequences of cell injury, rather than actual necrosis, 
which in addition to the loss of their polarity sustain a 
loss of cell wall integrins and a decomposition of their 
attachment to the basement membrane and to each 
other. This accounts for the loss of their anchorage and 
ultimate shedding into the urine.'?>?” In addition to 
microscopic examination of the urine for tubular epithe- 
lial cells that are shed, analysis of the urine is extremely 
valuable in the diagnosis (see Figs. 12A-2 and 12A-4), 
showing a characteristically high sodium (>50 mEq/L, 
fractional sodium excretion > 1%) and literally isosmotic 
concentration (320 to 350 mOsm/kg of water). 

Should the patient survive, in the absolute majority of 
cases regeneration of tubular cells sets in and restores 
renal function. The regenerative and repair process of 
the injured tubules is an early event that is activated at 
the very start of injury, culminates during the ensuing 
days, and results in the ultimate restoration of normal 
renal structure and function.**** The clinical course that 
ATN follows has been divided into four phases that 
correspond to the various phases of epithelial cell injury, 
necrosis, and regeneration. They are of variable duration 
and have considerable overlap. 


Initial Phase 


The initial phase is the period of ischemia or exposure to 
the nephrotoxic agent; it continues until oliguria 
develops (see Fig. 12A-2). The importance of identifying 
this phase stems from the fact that it represents a 
potentially reversible stage. Its length varies and depends 
largely on the causative agent (may last 5 to 7 days). In 


general, an abnormal sediment (cylindruria), tubular 
proteinuria (B .-microglobulins), lysozymuria, and a 
renal concentrating defect precede by several days any 
decrease in GFR caused by nephrotoxic agents. Other 
tubular dysfunctions (renal glycosuria, tubular acidosis, 
sodium loss) may be detectable and should be sought. 

The efficacy of prophylactic measures that on 
occasion are effective during this phase (mannitol, loop 
diuretics, dopamine) relates to their ability to increase 
renal blood flow and solute excretion. These measures 
may also have the capacity to convert oliguric to nono- 
liguric renal failure (see Fig. 12A-2 and Table 12A-1). 
As a rule, their efficacy in preventing ARF clinically 
is questionable.** On the other hand, prostaglandins 
have a protective role in the renal autoregulation that 
is associated with vasoconstricting insults. Inhibitors 
of prostaglandin synthesis (NSAIDs) or inhibitors of 
efferent constriction (ACE inhibitors), used during this 
phase, can accentuate the ischemia and precipitate 
oliguria.*530,40 


Oliguric Phase 


No single pathogenetic sequence appears to account for 
all the varieties of ATN and the development of oliguria. 
The balance of evidence favors the view that excessive 
backleak across the damaged tubular epithelium and 
tubular obstruction by the sloughed cells are important. 
Changes in glomerular permeability and filtration 
rate also appear to be contributing mechanisms. + The 
degree of involvement of any of these potential patho- 
genetic mechanisms varies and depends on the nature, 
severity, and duration of the initial nephrotoxic insult. 

Oliguria is present in 60% to 70% of cases encoun- 
tered clinically, another 30% to 40% are diagnosed 
earlier and are associated with a nonoliguric ARF (see 
Fig. 12A-2 and Table 12A-1). The average duration of the 
oliguria is 1 to 2 weeks, and daily urine volume averages 
150 mL. Anuria (urine output <50 to 75 mL/day) is un- 
common. If oliguria continues for longer than 4 weeks, 
more likely diagnostic entities to rule out are cortical 
necrosis, acute glomerulonephritis, and vasculitis. The 
duration of oliguria is of some prognostic significance, 
with a longer duration portending a greater likelihood 
of complications and undesirable outcomes. 


Diuretic Phase 


The diuretic phase begins when the 24-hour urine 
volume exceeds 500 mL/day. Classically, at the onset of 
this phase, urine volume doubles on successive days until 
a volume of 2000 to 3000 mL is reached. This phase lasts 
from 7 to 14 days. With the onset of diuresis, the renal 
blood flow and GFR gradually increase. The urine is at 
first isosmotic and literally appears to be pure plasma 
filtrate. As the regenerating tubular cells recover some 
ability to reabsorb sodium and concentrate urea, the 
urine gradually contains less sodium and more urea than 
plasma. Thus, blood chemistry values do not begin to 
correct with the onset of the diuretic phase, and days 
may pass before these values begin to normalize. As 


diuresis continues, however, the azotemia gradually 
diminishes. Factors contributing to the diuresis observed 
in this phase include (1) osmotic diuresis resulting from 
mobilization of the urea accumulated during the oliguric 
phase, (2) functional inadequacy of the regenerating tub- 
ular cells to reabsorb the glomerular filtrate and concen- 
trate the urine, and (3) pushing intravenous fluids, 
because overzealous replacement of urine output maintains 
a patient in a continuous state of volume expansion. 
Thus, one ends up “chasing” the urine output by infusing 
gradually larger volumes of fluid.??*! 

Although apparently similar to nonoliguric ARF, the 
diuretic phase of ATN is a totally different entity in that 
unlike the increasing BUN and Cr of the former, the 
BUN and Cr levels gradually decline during the diuretic 
phase. Although the decrement is modest during the 
first few days, it gradually increases in pace as cellular 
function matures and the GFR is restored. It is important 
to remember that many drugs are still poorly excreted 
during the diuretic phase, and dosage adjustments may 
be necessary if further drug toxicity is to be avoided. 


Convalescent Phase 


BUN and Cr levels are usually normal within 5 to 60 days 
after the onset of the diuretic phase. GFR, however, 
increases more slowly and may be 70% to 80% of normal 
within months. The ability to elaborate a maximally 
concentrated urine will return but may take several 
months. The principal renal symptoms during this phase 
are nocturia and polyuria, which gradually subside as the 
ability to concentrate urine improves. As a rule, there is 
no convincing evidence of progressive renal disease in 
recovered patients. 

Although urinary tract infection is common during the 
oliguric phase because of prior urethral catheterization, 
evidence of persistent chronic infection is rare. 


TOXIC ACUTE TUBULAR NECROSIS 


The principal agents associated with toxic ATN are listed 
in Box 12A-4. The exact incidence of nephrotoxicity for 


BOX 12A-4 


Antibiotics: Aminoglycosides, cephalosporin, amphotericin, 
vancomycin, pentamidine, sulfas, acyclovir, foscarnet, penicillin, 
tetracycline 

Antineoplastic agents 
Alkylating agents: Cisplatin, carboplatin, ifosfamide 


Antimetabolites: Methotrexate, ara-C, 5-fluorouracil, 
5-azacitidine, 6-thioguanine 

Metals: Mercury, bismuth, cadmium, chromium, lead, gold, 
platinum, uranium, lithium 

Organic solvents: Ethylene glycol, diethylene glycol, carbon 
tetrachloride 

Miscellaneous: Radiocontrast agents, heroin, phencyclidine, cocaine, 
mannitol 
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any of these agents is not known, but the sequence in 
which they are listed parallels that with which they are 
encountered ries 


Antibiotics 


Aminoglycosides are among the most widely prescribed 
antibiotics. Nephrotoxicity develops in 10% to 15% of 
persons who use these drugs and depends on the total 
dose, the duration of treatment, and the frequency of 
administration. These highly water-soluble agents are 
freely filtered and absorbed in the proximal tubule. It is 
their accumulation within the epithelial cells that 
accounts for their nephrotoxicity. The variations in 
degree of nephrotoxicity observed remain unexplained 
but have been attributed to a number of risk factors, 
such as age, gender, reduced renal function, volume 
depletion, potassium and magnesium depletion, and 
hepatic failure. As a rule, toxicity results in nonoliguric 
ARF, with recovery from mild renal failure if the drug is 
discontinued, but it can lead to oliguric ARF if the insult 
remains undetected and drug administration is 
continued. The role of monitoring drug levels to predict 
nephrotoxicity is equivocal because the antibiotic levels 
actually increase when nephrotoxicity is already 
established.*#44" 

The increased availability of cephalosporins has been 
associated with an increasing incidence of reported cases 
of ARF, some of which are due to their nephrotoxic 
effect, particularly evident with use of cephaloridine, 
whereas others are a result of a hypersensitivity reaction 
and are due to acute interstitial nephritis.” 

The vast number of antibiotics used in the treatment 
of human immunodeficiency virus (HIV)-infected patients 
renders this group of patients particularly susceptible 
to toxic ATN.*78 Incriminated agents include pen- 
tamidine, foscarnet, amphotericin, acyclovir, and sulfas. 
Approximately one third of patients receiving pen- 
tamidine and two thirds of those receiving foscarnet 
have clinical evidence of ARF due to tubular injury. By 
contrast, the sulfas and acyclovir exert their detrimental 
effect by intratubular precipitation, and amphotericin 
exerts its detrimental effect by complexing with the 
plasma membrane and increasing the cellular aqueous 
pores (see Fig. 12A-3). The latter accounts for the early 
polyuria and distal renal tubular acidosis, which with 
continued therapy result in a dose-dependent toxic 
ATIN. 24:33:42 


Antineoplastic Agents 


The nephrotoxicity associated with antimetabolites is 
generally cumulative and chronic, although acute injury 
can result in the presence of severe volume compromise, 
excessive dosing, and multiple-drug use.*? Cancer is the 
underlying disease in as many as one fifth of cases of ARF 
in some series, not because of the nephrotoxic effect of 
antimetabolites alone but rather because of the anti- 
microbials and analgesics used in their management. 
Yet another cause of ARF is that of acute massive tumor 
tissue necrosis, particularly in lymphoproliferative 


a 
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disorders, with resultant acute urate nephropathy, a 
potentially preventable lesion with adequate hydration, 
alkalization of the urine, and inhibition of uric acid 
synthesis with prophylactic allopurinol.**°! Thrombotic 
microangiopathy is a rare cause of ARF that has 
been associated with mithramycin, cyclosporine, and 
5-fluorouracil therapy.°*”* 


Heavy Metals 


Exposure to heavy metals is usually chronic in nature and 
results in various renal abnormalities that are primarily 
tubular in nature, ranging from proximal tubular 
dysfunction to oliguric ARF and chronic tubuloin- 
terstitial nephritis. Of the metals listed in Box 12A-4, 
mercuric chloride is the one that is most typically 
associated with toxic ATN, but this cause of toxicity 
has literally vanished. Uranium also gives rise to a toxic 
ATN that closely resembles that of mercuric chloride 
nephrotoxicity. A similar picture has been reported 
after excessive doses of bismuth and chromium.!*** Lead 
exposure, such as lead stabilizers used plastics manu- 
facturing, may lead to reversible azotemia or chronic 
toxicity,°* and chronic environmental lead exposure, 
even at low levels, is associated with progressively 
impaired renal function.” 


Organic Solvents 


Cases of accidental ingestion or attempted suicide with 
the antifreeze solution ethylene glycol are not rare. 
Oxalate, one of the metabolites of ethylene glycol, 
accounts for much of its nephrotoxicity owing to the 
intratubular precipitation of cytotoxic calcium oxalate 
monohydrate crystals that readily form in the presence 
of calcium (see Fig. 12A-3).°° Diethylene glycol, an 
organic chemical solvent, causes tubular necrosis and 
recently was the cause of an epidemic of toxic ATN 
in children in Haiti. Carbon tetrachloride, another 
industrial solvent, causes direct, dose-dependent renal 
and hepatic toxicity, which is much less commonly 
encountered nowadays.!**4 


Biologic Agents 


Animal venoms, including those from snakes and 
arthropods (particularly arachnids and hymenopterans), 
may cause both obstructive and toxic acute renal failure, 
in part due to hemolysis and rhabdomyolysis, resulting 
in the release of myoglobin and hemoglobin from 
myocytes and erythrocytes, respectively.°’°* Additionally, 
some infectious diseases, such as those caused by Brucella 
species and malaria infection by Plasmodium species, may 
also cause hemolysis and rhabdomyolysis leading to 
ARF.°?°° Myoglobin and hemoglobin dissociate into 
globin and hematin as well as free iron, iron complexes, 
and reactive oxygen species. Globin can precipitate in 
the renal tubules, causing obstructive nephropathy, while 
hematin causes direct damage to renal tubular cells, also 
known as pigment nephropathy. Oxygen radicals, iron, 
and hemoglobin itself may also play a role in the 


cytotoxicity due to venoms or other toxins or toxicants.°! 

Many botanical species and some fungus species are 
associated with acute renal failure. Botanical nephro- 
toxins are found in medicinal herbs, both identified and 
misidentified, and in common edible plants such as 
djenkol beans (Pithecolobium lobatum, Southeast Asia) and 
medicinal herbs such as root of impila (Callilepis laureola, 
South Africa) and una de gato, or cat’s claw (Uncaria 
species, South and Central America, Asia).°*®* One of 
the most infamous cases of mistaken herbal medicine 
identification, poorly termed Chinese herbal nephropa- 
thy, occurred in Belgium in the 1990s. A weight 
reduction herbal preparation that was said to contain 
Stephania tetrandra and Magnolia officinalis actually 
contained at least one Aristolochia species herb that has 
been shown to be nephrotoxic and carcinogenic, and its 
ingestion resulted in an outbreak of rapidly progressive 
renal fibrosis among over 100 patients. 

Mushrooms of several genera are associated with renal 
failure that may be caused by volume depletion or renal 
cytotoxicity. Species of Amanita, Galerina, and Lepiota 
containing the cyclopeptide amatoxin can lead to acute 
renal failure. Ingestion of Cortinarius species containing 
the toxin orellanine can cause latent toxicity with an 
onset of symptoms that may be from 2 to 21 days. In cases 
of amatoxin or orellanine poisoning, renal pathology 
includes tubular necrosis prominent in the proximal 
tubules with interstitial edema and no glomerular changes. 
In severe Cortinarius cases, renal tubular necrosis 
develops that may result in death several weeks after the 
poisoning in up to 15% of cases. Acute renal failure 
occurs in 30% to 55% of patients who may go on to 
develop chronic renal insufficiency and who may end up 
requiring long-term hemodialysis or renal transplant. 
Recovery is likely for most patients within a month to 
several months in less severe cases. 

Amatoxin-containing species ingestion involves ful- 
minant hepatic necrosis and carries a higher mortality 
rate. Whereas hemodialysis may be useful in severe 
mushroom-induced renal failure cases, plasmapheresis, 
hemofiltration, venovenous charcoal hemoperfusion, 
and hemodialysis have not been efficacious in treating 
cyclopeptide-induced hepatic failure.” Other Amanita 
species that do not contain amatoxin, Amanita smithiana 
(found in the Pacific Northwest), Amanita proxima 
(Europe), and Amanita pseudoporphyria Hongo (Japan), 
are also associated with delayed-onset acute renal failure 
that may be due to allenic norleucine by an unknown 
mechanism." Venovenous charcoal hemoperfusion or 
hemodialysis may be useful in these cases. 


OTHER FORMS OF PARENCHYMAL 
ACUTE RENAL FAILURE 


Of the renal parenchymal forms of ARF, other than ATN, 
both acute interstitial nephritis (AIN) and acute 
glomerulonephritis can be a side effect of a number of 
drugs (see Fig. 12A-3). By far the more common of these 
two is that of AIN, which although first identified as 
being due to infection in the preantibiotic era is now 


most commonly encountered with the very drugs used to 
treat infections.*°? 

The principal drugs that have been associated with 
AIN are listed in Box 12A-5. Unlike toxic ATN, AIN is not 
dose dependent, develops in only some individuals, and 
is usually associated with the classic findings of a 
hypersensitivity reaction (fever, eosinophilia, elevated 
immunoglobulin E levels) that are often transient and 
on occasion with eosinophiluria. The impairment in renal 
function begins with discrete abnormalities of tubular 
function and progresses to ARF. The renal failure is 
nonoliguric in the early stages of the disease and is 
usually accompanied by findings of tubular dysfunction 
(renal glycosuria, hypouricemia, and B.-microglobinuria 
due to their decreased tubular reabsorption). If renal 
failure is undetected and administration of the incrimi- 
nated agent continues, oliguric ARF ensues and is severe 
enough to require renal replacement therapy. Renal 
failure is more common in the elderly and more severe 
in those who become oliguric. In most, the renal failure 
is reversible and its course can be shortened by brief use 
(2 to 4 weeks) of steroid therapy. In some (10% to 15%) 
of those with severe renal failure, irreversible renal 
failure may persist. 

Among the agents that produce AIN, that due to 
NSAIDs is unique in that it generally presents with renal 
failure that is accompanied by the nephrotic syndrome.” 
Oxidative stress and mitochondrial dysfunction occur in 
the kidney in response to these drugs, and these effects 
may be mediated by free radicals and activation of 
phospholipases.’ The onset after initiation of therapy 
with NSAIDs is usually longer than that observed with 
other agents and takes longer (months) to subside after 
discontinuation. In addition, no beneficial effect of 
steroids has been noted in cases of AIN due to NSAIDs.??*° 

Iodinated radiocontrast agents are a cause of acute 
renal toxicity. The injury that results ranges from modest 
tubular dysfunction, which may remain undetected, to 
severe ARF with ATN, which may require renal replace- 
ment therapy. In patients who sustain renal injury, the 
ARF is generally nonoliguric and develops within 2 to 
4 days of the procedure, although a sudden onset of 
oliguric ARF can ensue on occasion. Proposed mecha- 
nisms of radiocontrast-induced ARF include renal 
ischemia due to intrarenal vasoconstriction, particularly 
in the presence of volume depletion, tubular obstruc- 
tion, and oxygen-free-radical-mediated direct tubular 
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Antimicrobials 
Penicillins, cephalosporins, sulfonamides, rifampin 


Nonsteroidal Anti-inflammatory Drugs 
Propionic acid derivatives, others 


Miscellaneous 
Phenindione, phenytoin, thiazide diuretics, allopurinol, cimetidine 





CHAPTER 12 Renal Toxicology 257 


toxicity induced by iodinated contrast. Of the several 
predisposing factors incriminated, that of decreased 
ECFV, reduced renal function (Cr > 2 mg/dL), diabetes 
mellitus, and total dose of radiocontrast agent injected 
are especially important. Adequate volume expansion 
with a brisk diuresis initiated before and maintained well 
after the procedure, coupled with use of N-acetylcysteine, 
and limitation of the dose of radiocontrast agents admin- 
istered, is effective in circumventing the undesirable side 
effect of these agents.’*”4 N-acetylcysteine may provide 
tissue protection through its antioxidative effects and by 
increasing intracellular glutathione concentrations.” 

Rhabdomyolysis consequent to the overuse of many 
drugs, including sedative hypnotics and opiates and 
opioids, can result in ARF. Myoglobinuria and hyper- 
uricosuria, due to muscle injury, in a setting of severely 
compromised ECFV account for the ARF that develops. 
Prompt recognition, with restoration of intravascular 
volume and alkalization of urine, can prevent progres- 
sion to oliguric ARF. A similar picture can occur after 
overdosage with sympathetic stimulating drugs, such as 
cocaine, amphetamines, and phencyclidine or thera- 
peutic use of gemfibrozil, particularly when used in 
combination with statin drugs.” 

Lithium can induce renal tubular acidosis resulting in 
polyuria, volume depletion, and water and electrolyte 
abnormalities. Severe lithium poisoning can lead to acute 
tubular necrosis and altered renal function, albuminuria, 
copper metabolism, and urinary enzyme abnormalities.*” 

Other less common forms of ARF are due to 
glomerular lesions that result from a vasculitis that 
has been reported in association with the use of allopu- 
rinol, hydralazine, procainamide, penicillin, and sulfas. 
The thrombotic microangiopathy associated with certain 
antineoplastic agents has been mentioned. Finally, 
membranous glomerulopathy has been noted with the 
use of gold, penicillamine, and captopril.2*°?” 


TREATMENT 


Renal replacement therapy has greatly simplified the 
management of ARF. Nevertheless, certain principles 
governing fluid and electrolyte management are impor- 
tant to monitor and correct in order to avoid the invasive 
nature of dialysis, when possible.?°*! 


Prerenal Failure 


Prompt recognition of the manifestations of prerenal 
ARF is extremely important.**** Prerenal ARF represents 
an early and reversible change in renal hemodynamics 
that if left uncorrected can lead to ATN. It is charac- 
terized by symptoms of peripheral circulatory failure 
(low blood pressure, rapid pulse, orthostatic hypo- 
tension, dry mucous membranes); urine that is low 
in volume, sodium content (<10 to 20 mEq/L), and 
fractional sodium excretion (<1%) but highly concen- 
trated (urine osmolarity >500 mOsm/kg of water); 
and rising levels of BUN and Cr (see Figs. 12A-2 and 
12A-4). 
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Apart from discontinuing drugs that aggravate the 
effects of decreased ECFV discussed previously (diuretics, 
antihypertensives, ACE inhibitors, NSAIDs), the princi- 
pal effort should be directed at judiciously restoring 
ECFV. 

If the diagnosis is in doubt in the presence of cardiac 
disease, direct measurement of pulmonary arterial 
wedge pressure may be indicated prior to initiating 
volume replacement. If no response to volume replace- 
ment therapy is evident, several therapies may be 
initiated, either alone or in combination, although each 
has potential risks and controversial benefits. Low-dose 
dopamine (0.5-2.0 ug/kg/min) has been advocated to 
enhance renal perfusion and diuresis. However, several 
clinical studies have shown questionable benefit and 
numerous potential deleterious multisystemic effects 
from dopamine therapy at even low doses despite the 
theoretical potential benefits in critically ill patients.*** 
Therefore, it is recommended that it should be used in 
this manner only after critical care specialist consulta- 
tion. Although administration of mannitol (12.5-25 g) 
or furosemide after volume replacement may induce 
diuresis, whether or not this effect is renoprotective is 
controversial, as is their use in conjunction with 
dopamine. The salutory effect of these pharmacologic 
maneuvers is, at best, transient and equivocal, particu- 
larly once oliguric ARF is established.°*’ In fact, mannitol 
itself can induce ARF.® If there is no observed response 
to their initial administration, their continued use would 
be contraindicated. Again, it is advised that these therapies 
be used with caution and in consultation with critical 
care specialists. 


Renal Failure 


During the initial phase of ARF, efforts to restore 
intravascular volume outlined for prerenal ARF should 
be continued. Appropriate antibiotics for coexistent 
infection or sepsis should be initiated at the full loading 
dose, but any subsequent dosing should be modified for 
a GFR of less than 20 mL/min until this usually 
reversible phase is actually reversed or its progression to 
oliguric ARF is ruled out. The use of potentially aggra- 
vating and nephrotoxic agents (NSAIDs, ACE inhibitors, 
antihypertensives, diuretics) should be avoided and the 
use of radiocontrast agents minimized and restricted to 
those that are absolutely essential for a definitive diagnosis. 

During the oliguric phase of ARF, in well-managed 
cases without serious complications, the BUN level rises 
10 to 20 mg/dL per day and Cr level 0.5 to 1 mg/dL per 
day. In hypercatabolic patients (trauma, rhabdomyolysis), 
Cr concentration may increase by more than 2 mg/dL 
per day. In patients without complications, plasma 
potassium values can increase by 0.5 mEq/L per day; in 
catabolic states, it may increase by as much as | to 
2 mEq/L in hours. Weight losses of 0.2 to 0.5 kg/day 
are expected because of catabolism; in complicated 
hypercatabolic states, weight loss may be 1 kg/day. 
Hypocalcemia (6 to 8 mg/dL) is common, reflecting 
hypoalbuminemia, hyperphosphatemia, and skeletal 
resistance to parathyroid hormone. 


Water replacement should be restricted to a volume 
equivalent to urine volume plus extrarenal losses (gastric 
suction, diarrhea, wound drainage). Insensible losses 
(800 mL/day) should be restored by 400 to 500 mL 
of fluid only, because endogenous water production is 
300 to 400 mL/day. Water requirements increase in the 
presence of high ambient temperature, fever, and low 
relative humidity. Adequate fluid replacement can best 
be monitored by the following: 


1. Daily weight measurement. ARF is a catabolic state, 
and a daily weight loss of 0.5 kg or 1 pound should 
be expected. Any weight gain can represent only 
excess fluid administration. 

2. Measuring serum sodium concentration. An increase 
in serum sodium level (>145 mEq/L) would indicate 
insufficient water replacement, whereas a decline in 
serum sodium level (<135 mEq/L) would reflect 
excess water replacement. 


The administration of sodium chloride should be 
restricted once the initial volume replacement during 
the prerenal ARF or the initial phase of ARF has been 
accomplished. The guiding principles of sodium chloride 
replacement are as follows: 


1. Body weight losses in excess of 300 g/day in the 
presence of a normal serum sodium level should 
be replaced, 1 mL of isotonic saline for each gram 
of weight loss. 

2. Gastrointestinal losses, wound drainage, and estimated 
sequestered fluid require replacement with isotonic 
sodium chloride. 

3. If acidosis develops, salt losses should be replaced 
with sodium bicarbonate. Available forms of sodium 
bicarbonate are concentrated (7.5% NaHCOs,) 
and hypertonic (890 mOsm). They must not be 
administered as a bolus or added to isotonic saline 
solution. They should be restored to isotonicity in 
glucose or half normal saline solution. 


Potassium intake must be restricted. Small deficits 
need not be replaced. Hypokalemia, unless severe 
(<3 mEq/L), should not be corrected. Hyperkalemia, if 
present, can be best treated with correction of acidosis 
and with sodium polystyrene sulfonate ion exchange 
resin (Kayexalate, Sanofi-Aventis, Bridgewater, NJ; Kionex, 
Paddock Labs, Minneapolis, MN; Marlexate, Marlex 
Pharmaceuticals, Inc., Newcastle, DE). The exchange 
resins are most effective when used as retention enemas. 
Hyperkalemia is always an indication to consider dialysis. 

Caloric requirements (30 kcal/kg body weight per 
day) must be met to avoid increased catabolism. In the 
presence of sepsis, surgery, or burns, the usual caloric 
requirements are increased by as much as 50%. Caloric 
intake can be given as glucose (20% to 70%) and fat 
emulsions (10% to 20%). Any protein given should 
consist of high-biologic-value essential amino acids and 
should not exceed 0.5 g/kg of body weight per day. 

The potential for upper gastrointestinal bleeding is 
high in ARF. H»-receptor blocking agents should be used. 


Antacids, if used, represent added loads of aluminum and 
calcium. The use of magnesium-containing antacids is 
contraindicated. 

Dialysis should be started early and performed daily. 
Continuous renal replacement seems to have a distinct 
advantage in the dialysis management of these patients.*° 
The dialysis bath should be adjusted to the level of serum 
potassium and should be bicarbonate based. Convincing 
evidence for the advantage of biocompatible membranes 
in ARF has been presented.*’ Dialyzers used should have 
a biocompatible membrane. 

The onset of the diuretic phase requires continued 
vigilance. Dialysis must be continued through this phase 
until predialysis BUN levels begin to diminish well below 
100 mg/dL and patients have no problems with elevated 
potassium levels. The serum sodium level must be moni- 
tored by measurements of body weight and sodium concen- 
tration as outlined for the oliguric phase. Although 
urinary losses must be replaced, pushing fluids must be 
avoided. This can best be accomplished by replacing urine 
output no more frequently than every 8 to 12 hours, 
depending on the previous urine volume, in order to 
avoid the continued overexpansion of ECF'V that is often 
present. It is unusual for patients to have urine volumes 
greater than 3 to 4 L/day during this phase unless too 
much fluid is being administered. It is important to 
remember that renal function remains compromised, 
and many drugs are still poorly excreted during the diur- 
etic phase. Dosage adjustment should remain in effect 
if drug toxicity is to be avoided. 
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Chronic Renal Toxicity 


MICHAEL W. SHANNON, MD, MPH 


Chronic renal toxicity may be defined as a persistent and 
progressive functional and structural defect in the 
kidneys. This chapter addresses those drugs and toxins 
that cause renal injury over a period of months to years. 
Nephrotoxins that cause acute renal dysfunction are 
discussed in Chapter 12A; common causes of drug- 
induced acute renal failure are listed in Box 12A-1. 
Common causes of chronic renal toxicity are listed in 
Box 12B-1 and have been reviewed in recent articles.!” 
Chronic renal failure is commonly classified as 
prerenal, intrinsic, or postrenal, depending on the 
underlying pathophysiologic etiology.* Prerenal dys- 


BOX 12B-1 


Nontoxicologic 


Chronic interstitial nephritis 
Metabolic (hypercalcemia, hypokalemia) 
Hematologic/oncologic (multiple myeloma) 
Diabetic nephropathy 
Glomerulonephritis 
Hereditary renal disease (polycystic kidney disease) 
Hypertensive nephrosclerosis 
Ischemic nephropathy 
Obstructive, reflux nephropathy 


Toxicologic 

Analgesics 

Angiotensin-converting enzyme (ACE) inhibitors 
Angiotensin II receptor blockers 


Antimicrobials 
Acyclovir 
Cedofivir 


Immunosuppressives 
Cyclosporine 
Tacrolimus (FK-506) 


Lithium 


Chemotherapeutic agents 
Cisplatinim 
Carboplatin 
Chloroethylnitrosoureas 
Metotrexate 
Interferon-c 


Drugs of abuse 
Heroin 
Cocaine 


Environmental and occupational toxins 
Lead 
Cadmium 
Mercury 
Tobacco smoke 





function is typically the result of renal hypoperfusion, 
produced by conditions including hypovolemia, low 
cardiac output, and renal vasoconstriction. Prolonged 
hypoperfusion can secondarily lead to intrinsic renal 
injury. Drugs and toxins can produce primary intrinsic 
injury, for example, by precipitating within renal cells 
or the tubular lumen. Postrenal dysfunction is com- 
monly the result of obstruction (e.g., myoglobin 
precipitation) and rarely the primary result of drugs 
or toxins. 


CLINICAL PRESENTATION 


The diagnosis of chronic renal toxicity is based almost 
exclusively on a decrease in renal function. Unlike acute 
renal failure, in which urine output may abruptly 
decrease, chronic renal toxicity is by nature insidious 
and clinically difficult to recognize. 

A decrease in renal function is determined by the 
measurement of serum creatinine concentration. Serum 
creatinine determination is most informative when 
considered in the context of total body muscle mass and 
gender. Serum creatinine is derived from the metab- 
olism of creatinine in muscle and therefore reflects total 
muscle mass. Dietary meat intake also affects serum 
creatinine but to a lesser extent. Parenthetically, serum 
creatinine concentration can be artifactually elevated 
by acetone, cephalosporins, and other drugs when 
measured by the Jaffe reaction.” Moreover, drugs can 
increase serum creatinine concentration without alter- 
ations in overall renal function via other means; cime- 
tidine can significantly reduce renal tubular secretion 
of creatinine, without alterations in glomerular filtration 
or other aspects of renal function.’ 

Creatinine is eliminated from the body predomi- 
nantly by glomerular filtration, with a small contribution 
from renal secretion. Cockcroft and Gault first proposed 
an empirical formula that uses serum creatinine value 
(in mg/dL) to assess glomerular filtration rate (GFR) 
(Equation 12B-1): 


Creatinine clearance = (140 — age) x Weight in kg/72 x Scr 


Their formula is as accurate a determinant of GFR as the 
more arduous procedure of 24-hour urine collection for 
creatinine clearance determination.!**® Note that this 
equation for predicting GFR includes a term for age, 
representing age-associated changes in renal function. 
For women, the result is multiplied by 0.85. GFR 
decreases by approximately 1 mL/min per year after 
the age of 40 years. However, the serum creatinine value 
does not concomitantly increase with age because of 
the almost equivalent decrease in muscle mass. Using 
the Cockcroft-Gault equation yields a more accurate 
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estimate of renal function than does serum creatinine 
determination. Some form of renal disease should 
therefore be suspected when the GFR is less than the 
age-appropriate value. 

The differential diagnosis of chronic renal failure 
is extensive (see Box 12B-1). The four most common 
causes of chronic progressive renal disease are diabetes 
mellitus, hypertension, glomerulonephritis, and polycystic 
kidney disease. Therefore, chronic renal disease due to 
drugs and environmental toxins represents a small 
subset of the large population of such patients. Patients 
with chronic renal toxicity generally have the histologic 
lesion of chronic interstitial nephritis, a description that 
is also useful as a disease category. Compared with 
patients having other categories of chronic renal failure, 
those with chronic interstitial nephritis tend to have 
low-grade proteinuria (<1.5 g per 24 hours), urinary 
sediment with few cells or casts, infrequent or mild 
hypertension, preserved or increased urine volume with 
a tendency toward sodium wasting, elevated uric acid 
level, hyperchloremic metabolic acidosis, and anemia 
disproportionately severe for the degree of renal failure. 
These abnormalities are a consequence of injury to renal 
epithelial cells throughout the nephron. 

Proximal tubule cells reabsorb filtered sodium, 
chloride, bicarbonate, glucose, calcium, phosphate, 
amino acids, and low-molecular-weight proteins, and 
secrete organic anions. Proximal epithelial cell injury 


Increased creatinine 
(or decreased GFR) 


| Yes 


Urinalysis 


(? Red cells, RBC casts, proteinuria > 2 g/24 h) 


| No 


Is obstruction present? 


(rule out with renal ultrasound and bladder catheterization) ——————> 


| No 


Is bilateral renal artery stenosis suspected? 


| No 


Is hypertension present? 


can therefore result in impaired reabsorption (increased 
urinary excretion) of these substances. Fanconi’s syn- 
drome is the clinical term for defective proximal tubule 
dysfunction resulting in urinary loss of these substances. 
Distal tubule epithelial cells secrete hydrogen ions and 
potassium. Injury to these cells may lead to metabolic 
acidosis and hyperkalemia. Collecting tubule epithelial 
cells are responsible for concentrating the urine by water 
reabsorption. Injury of these cells produces nephrogenic 
diabetes insipidus, which in minor form may be 
manifested simply as an increase in urine volume and 
urinary frequency. 

Epithelial cell injury also leads to the appearance in 
urine of proteins that are normal cellular constituents, 
mainly brush border membrane and lysosomal pro- 
teins. Alanine aminopeptidase, alkaline phosphatase, 
y-glutamyl transpeptidase, Macetylglucosaminidase, and 
B-calactosidase may appear; these have been proposed 
as markers for identifying early or mild renal injury 
before the occurrence of a detectable reduction in GFR. 


A CLINICAL APPROACH TO PATIENTS 
WITH CHRONIC RENAL FAILURE 


A useful guideline for the clinical approach to patients 
with increased serum creatinine concentration (or a 
decrease in GFR) is shown in Figure 12B-1. The presence 
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FIGURE 12B-1 Approach to the patient with chronically decreased renal function. GFR, glomerular filtration rate; RBC, red blood cell. 


of numerous red blood cells or red blood cell casts 
should lead one to suspect glomerulonephritis. Similarly, 
urinary protein in excess of 2 g per 24 hr is more 
characteristic of glomerular disease than chronic 
interstitial disease. The possibility that the renal disease 
is caused by multiple myeloma or another monoclonal 
gammopathy can be ruled out by serum and urine 
protein electrophoresis and immunofixation. Ifa patient 
has an unremarkable urinalysis result, the possibility 
of obstruction should be ruled out with bladder 
catheterization and renal ultrasonography. In patients 
with diffuse atherosclerosis or risk factors for athero- 
sclerosis, the possibility of bilateral renal artery stenosis 
should be considered. Metabolic factors should be con- 
sidered when chronic interstitial nephritis is diagnosed. 
At a minimum, the serum potassium and calcium levels 
should be measured. 

Investigation for toxicologic causes of chronic 
interstitial nephritis should be initiated first by careful 
history taking of drug ingestion (prescription, over-the- 
counter drugs, and alternative remedies’; see Box 12B-1), 
and assessment for environmental exposure, including 
occupational and nonoccupational exposures. In many 
cases of chronic renal toxicity, it is not possible to firmly 
establish a toxicologic origin, although the circumstantial 
evidence may be very convincing. 

No unique pathophysiologic process is responsible for 
the development of chronic renal toxicity. Therefore, 
disease-specific descriptions are most informative. 


THERAPEUTIC AGENTS 


Nonsteroidal Anti-Inflammatory Agents 


EPIDEMIOLOGY 

Nonsteroidal anti-inflammatory drugs (NSAIDs) have 
long been suspected to be a cause of chronic renal 
disease.” '* The full impact of NSAIDs on renal function 
is unknown because it is typically difficult to accurately 
measure their use over long periods.’ Most studies 
have suggested that a cumulative intake of more than 
1 to 3 kg of an NSAID is required to produce chronic 
renal disease. Therefore, clinical disease would not be 
recognized until a patient had consumed large daily 
doses of NSAIDs for several years. Conservative estimates 
are that between 1% and 3% of patients with end-stage 
renal disease in the United States have “analgesic” 
nephropathy. Throughout the world, a striking variation 
is noted in the incidence of analgesic nephropathy, with 
areas of greater frequency being found in Belgium, 
Australia, Scotland, and Switzerland.”!* 

NSAIDs are commonly divided into conventional 
agents (e.g., aspirin, acetaminophen, naproxen, and 
ibuprofen) and cyclooxygenase-2 (COX-2) inhibitors. All 
NSAIDs inhibit cyclooxygenase. However, conventional 
NSAIDs possess the theoretical disadvantage of inhib- 
iting both COX-1 and COX-2. COX-1 is generally associ- 
ated with the production of prostaglandins responsible 
for beneficial, homeostatic body functions; for example, 
COX-1 appears to play a key role in maintenance of the 
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integrity of the gastric mucosa. In contrast, COX-2 
produces the prostaglandins that most directly mediate 
inflammation. NSAIDs and COX-2 inhibitors both 
markedly decrease production of renal prostaglandin Es 
(PGE,). PGE, has a number of functions, including 
dilation of the renal bed. Inhibition of PGE, is associated 
with reductions in renal blood flow, along with other 
adverse effects. Consequently, conditions associated with 
decreased circulating volume (e.g., congenital heart failure 
and cirrhosis) can further compromise renal blood flow, 
placing patients at greater risk for developing NSAID- or 
COX-2-associated renal failure. COX-2 inhibitors are 
significantly less likely than NSAIDs to produce renal 
injury. Moreover, some NSAIDs (e.g., sulindac) are less 
nephrotoxic than other NSAIDs, presumably because 
they have less effect on PGE, and PGIb. 

Phenacetin was the earliest recognized nephrotoxic 
NSAID. Because of its association with renal disease, it is 
no longer marketed. Phenacetin was linked not only to 
the development of renal disease but also to hyper- 
tension, cardiovascular disease, and cancer. In a 20-year 
prospective study of women who were identified as 
regular users of phenacetin, the relative risk for death 
due to urologic or renal disease was 16.1.'° 

Acetaminophen, the major metabolite of phenacetin, 
is another NSAID associated with the development of 
chronic interstitial nephritis and renal failure. In a case- 
control study of subjects hospitalized with a new 
diagnosis of chronic renal disease, the odds ratio of end- 
stage renal disease was 3.21 when daily users of 
acetaminophen were compared with infrequent users.'* 
Another case-control study using a similar experimental 
design found the odds ratio of end-stage renal disease to 
be 2.1 for subjects who took 366 or more acetaminophen 
pills for a year, compared with those who consumed fewer 
than 104 pills per year.'° This study further estimated 
that between 8% and 10% of all cases of end-stage renal 
disease were attributable to acetaminophen use. 


PATHOPHYSIOLOGY 

NSAIDs can produce chronic interstitial nephritis and 
papillary necrosis. Although nephritis typically resolves 
after discontinuation of NSAID use, it occasionally 
becomes chronic. The precise mechanism of analgesic 
injury is unclear but probably includes effects produced 
by the analgesic’s toxic metabolite. Acetaminophen 
accumulates in the renal medulla and papilla, where it is 
further metabolized by conjugation or oxidation.” 
Conjugation is the usual mechanism of metabolism, 
although under toxicologic conditions oxidation pre- 
dominates. Acetaminophen oxidation is catalyzed by cyto- 
chrome P-450 and results in generation of the free 
radical intermediate N-acetyl-pbenzoquinone imine. 
Acetaminophen can also be deacetylated to yield 
paminophenol, which is then oxidized by cytochrome 
P-450 to pbenzoquinone imine. Glutathione prefer- 
entially reacts with these metabolites to protect intrinsic 
renal macromolecules. When renal glutathione is depleted, 
renal injury occurs. This proposed mechanism is similar 
to the mechanism proposed for acetaminophen-induced 
liver injury. 
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NSAIDs can also produce important electrolyte 
disturbances. For example, because NSAIDs both inhibit 
renin secretion and compete with aldosterone for binding 
sites, hyperkalemia can occur in those who chronically 
use NSAIDs. This effect can become life threatening in 
the elderly or those with preexisting chronic renal disease. 


CLINICAL PRESENTATION 

Analgesic nephropathy occurs more frequently in 
women than men. The prototypical patient is one who 
has suffered chronically from headache or low back pain. 
Some of these patients also have chronic gastrointestinal 
symptoms caused by chronic use of NSAIDs. The majority 
of patients have consumed a mixture of analgesic agents 
rather than drugs of a single category. 

An early sign of analgesic-produced renal insuf- 
ficiency is impaired renal concentrating ability; patients 
may also have sterile pyuria. During episodes of papillary 
necrosis, patients can have flank pain, pyuria, and 
hematuria. Acute ureteral obstruction may result, and 
necrotic papillary tissue is often passed in the urine. 
Intravenous pyelography reveals the characteristic ring 
sign, which is actually contrast agent surrounding the 
sloughed papilla. Renal ultrasonography reveals small, 
irregularly contoured kidneys with irregular thinning 
of the renal cortex. Past papillary necrosis produces 
triangular papillary calcifications.'° The presence of 
papillary calcification on computed tomography is 
probably the most sensitive indicator of analgesic 
nephropathy (Fig. 12B-2).!” On renal biopsy, the kidneys 
have interstitial infiltrates and fibrosis. 

Long-term use of analgesics also increases the risk for 
developing transitional cell carcinoma of the urinary 
collecting system and bladder.!®!° This risk may continue 





FIGURE 12B-2 Analgesic nephropathy. This computed tomog- 
raphy (CT) scan demonstrates papillary calcification characteristic 
of analgesic nephropathy. Calcifications appear as triangular, 
ringlike, or polygonal calcifications on the papillary line. Other CT 
findings in analgesic nephropathy include a decrease in renal 
volume and irregular contour. (From Elseviers MM, De Schepper A, 
Corthouts R, et al: High diagnostic performance of CT scan for 
analgesic nephropathy in patients with incipient to severe renal 
failure. Kidney Int 1995;48:1316; reprinted with permission of 
Blackwell Scientific.) 


even after cessation of analgesic use. Therefore, hema- 
turia that develops in a patient with a history of chronic 
analgesic abuse should prompt a thorough search for 
bladder and collecting system tumors. 


OUTCOME AND TREATMENT 

The natural history of analgesic nephropathy is often the 
development of end-stage renal disease. Renal function 
may stabilize in patients who discontinue analgesic use 
or switch to a nontoxic drug, even when they already 
have substantial renal impairment. Once chronic renal 
insufficiency has developed as a result of analgesic use, 
any additional NSAID, even one unlikely to cause 
chronic interstitial nephritis (e.g., aspirin) may impair 
renal function. 


Antimicrobials 


Several antimicrobials, particularly antibiotics and 
antivirals, are associated with both acute and chronic 
renal injury (see Box 12B-1). What many of these agents 
have in common is the ability to produce “crystal 
nephropathy.”?!! The most common members of this 
group include acyclovir, sulfadiazine, and indinavir. 
Volume contraction is an important contributor to the 
development of crystal nephropathy, making conditions 
such as diarrhea, nausea/vomiting, ascites, or heart 
failure high-risk preexisting conditions when these drugs 
are administered. Specific agents are discussed earlier 
in this chapter. 


IMMUNOSUPPRESSIVES 


Cyclosporine 
EPIDEMIOLOGY 


With the widespread use of cyclosporine as an immuno- 
suppressant agent in solid organ transplantation, bone 
marrow transplantation, and immune-mediated diseases, 
it has become apparent that chronic renal disease is an 
unavoidable consequence of long-term cyclosporine 
use.??9?! The incidence and severity of cyclosporine- 
mediated renal disease are debated and depend in large 
part on the dose of cyclosporine administered and the 
presence of other risk factors for impaired renal 
function. However, even in patients without preexisting 
renal disease, long-term use of cyclosporine results in 
depressed glomerular filtration and renal blood flow and 
a high incidence of hypertension. In some patients, these 
renal effects are reversible as soon as use of the drug 
is discontinued. In other patients, however, structural 
injury that is not immediately reversible occurs. Among 
this latter group of patients, some may develop 
progressive renal insufficiency; others maintain stable 
renal function for a number of years. 


PATHOPHYSIOLOGY 

Acute administration of cyclosporine causes selective 
renal vasoconstriction in both experimental animals and 
humans.”?? Renal vasoconstriction causes a decrease in 


renal blood flow and a consequent decrease in GFR. 
While these effects are immediately reversible, they 
occur repeatedly in patients after administration of each 
dose of cyclosporine. Multiple mediators for renal vaso- 
constriction have been proposed and include activation 
of the sympathetic nervous system, with participation of 
endothelin as a second messenger, alterations in the 
balance of vasoconstrictor and vasodilator prostaglandins, 
and activation of the renin-angiotensin system. 

The relationship between acute and chronic nephro- 
toxicity after cyclosporine use has not been clarified. It is 
likely that recurrent or persistent vasoconstriction causes 
chronic ischemic injury of the kidneys; chronic 
cyclosporine-related nephropathy is characterized by the 
same physiologic alterations of reduced renal plasma 
flow and GFR as well as by the development of histologic 
indicators of chronic renal injury. Both preglomerular 
and glomerular vessels are involved, as is the renal 
parenchyma. Cyclosporine arteriopathy is characterized 
by arterial hyalinosis and, in severe cases, myocyte 
degeneration and thrombosis of the arteriole (Fig. 
12B-3). Glomerular injury is characterized by focal seg- 
mental sclerosis. Renal parenchymal disease is charac- 
terized by tubular atrophy and interstitial fibrosis, which 
is often described as patchy or striped in appearance 
(Fig. 12B-4).?° 

Arteriopathy and interstitial fibrosis have been repro- 
duced in rodents after administration of cyclosporine for 


x. TOR M S AGAN A 3 
FIGURE 12B-3 Acute cyclosporine arteriopathy is characterized by focal smooth muscle degeneration (large arrows) and mucoid intimal 
thickening (short arrows). Note the loss of smooth muscle cells in the lower right quadrant of the vessel on the left. Inset: Chronic 
cyclosporine arteriopathy. The myocytes are replaced by hyaline deposits that protrude toward the outer aspect of the media. 
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2 to 4 or more weeks. In rodents, salt depletion markedly 
enhances the development of these lesions. The earliest 
vascular change observed was eosinophilic granular 
transformation of smooth muscle cells in the glomerular 
afferent arterioles.** The renal parenchymal lesion of 
interstitial fibrosis is preceded by tubular and interstitial 
cell proliferation and macrophage infiltration.” 
Increased accumulation of type I and type IV collagen 
eventually results in fibrosis. 


CLINICAL PRESENTATION 

Cyclosporine produces a number of adverse effects, 
including neurotoxicity, hypertrichosis, and gingival 
hyperplasia, but its most common and severe com- 
plication is chronic nephrotoxicity.?”° Renal dysfunction 
often appears in the absence of other problems and is 
recognized only by an increase in serum creatinine 
values. Cyclosporine toxicity has no other specific renal 
or clinical markers, although 60% to 100% of patients 
also develop hypertension. Chronic cyclosporine toxicity 
is associated with the use of higher doses of cyclosporine 
(>5 mg/kg per day) and may be more common in patients 
who have had episodes of acute nephrotoxicity.?””° 
Attempts to correlate the development of chronic 
nephrotoxicity with blood levels of cyclosporine or its 
metabolites have largely been unsuccessful. The diagnosis 
of chronic cyclosporine nephrotoxicity is usually made 
when all other potential contributing factors have been 
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FIGURE 12B-4 Interstitial fibrosis resulting from cyclosporine toxicity. Bandlike “striped” areas of fibrosis and tubular atrophy are seen 
between the arrows. This interstitial fibrosis is not fundamentally different from that seen with other causes of chronic nephrotoxicity. 


eliminated and renal function remains impaired. 
Functional and pathologic involvement may be dissociated, 
and some patients with well-preserved renal function 
have shown arteriopathy and interstitial fibrosis on renal 
biopsy.”” 


OUTCOME AND TREATMENT 

The long-term outcome of chronic cyclosporine nephro- 
toxicity is unclear. Initial reports of cardiac transplant 
recipients receiving high doses of cyclosporine suggested 
that long-term administration of cyclosporine resulted in 
the development of end-stage renal disease that necessi- 
tated the use of dialysis in a substantial portion of 
patents.**50 Many other studies, however, have suggested 
that after the initial decrease in GFR, renal function 
stabilizes for many years.?*!°* Some have cautioned that 
despite stabilization in renal function, progressive 
glomerulosclerosis and interstitial fibrosis may occur and 
may ultimately result in further impairment of renal 
function and possible development of end-stage renal 
disease. 

Most would agree that cessation of cyclosporine use 
leads to stabilization or improvement in renal function. 
However, many patients being treated with cyclosporine 
do not have this option (e.g., heart or liver transplant 
recipients). Avoiding high doses of cyclosporine is 
recommended but must be balanced against the 
possibility that too low a dose may result in ineffective 
immunosuppression with partial loss of therapeutic 
efficacy. When cyclosporine use can be discontinued in 
patients with severe nephrotoxicity, eventual improve- 





ment may occur. Even severe cyclosporine arteriopathy 
has been observed to reverse with discontinuation or 
lowering of the dose of cyclosporine.*? Various renal 
vasodilators have been demonstrated to reduce the acute 
vasoconstriction induced by cyclosporine; calcium 
channel blockers improve renal blood flow and GFR in 
patients receiving long-term cyclosporine therapy.**°* 
However, it is not known whether these agents can 
prevent the development of chronic renal disease in 
patients exposed to cyclosporine for prolonged periods. 


Tacrolimus 


Tacrolimus produces chronic renal failure via the same 
mechanism as cyclosporine, that is, by producing renal 
vasoconstriction. 


Lithium 


Lithium is an effective and frequently prescribed drug 
for the treatment of bipolar affective disorders. 
Unfortunately, lithium has a number of important effects 
on renal function. These include nephrogenic diabetes 
insipidus, renal tubular acidosis, and chronic interstitial 
nephritis.” Demonstrable defects in the renal concen- 
trating ability occur in more than half of patients taking 
lithium, with clinically significant polyuria occurring in 
approximately 20%. Lithium induces nephrogenic 
diabetes insipidus through several cellular effects. The 
most important effect of lithium is to impair generation 
of cyclic adenosine-3’,5’,-monophospate in the collecting 


tubule of the distal nephron in response to antidiuretic 
hormone. This defect results in a failure to reabsorb 
filtered water adequately, and the result is water wasting, 
hyperosmolality, and secondary polydipsia. Although this 
defect usually responds to discontinuation of lithium 
therapy, some patients clearly have persistent nephro- 
genic diabetes insipidus for months or even years after 
cessation.” 

Despite the clinical concern and evidence that long- 
term administration of lithium leads to interstitial 
nephritis and decreased GFR, this has been a very 
difficult subject to rigorously investigate. Early data were 
retrospective and biased toward patients who came 
to medical attention because of renal functional abnor- 
malities. Renal biopsies of a number of these patients 
showed tubular atrophy and interstitial fibrosis.*! 
However, the attribution of these lesions to lithium 
was questioned because similar renal histologic changes 
have been observed in patients who have never received 
lithium.** At least one prospective study has demon- 
strated no difference in renal interstitial fibrosis between 
psychiatric patients taking lithium for more than 5 
years and those who had never received the drug. Never- 
theless, prospective studies have suggested an increased 
incidence of impaired GFR in lithium-treated patients, 
and a number of well-documented case reports describe 
patients who had normal baseline renal function yet 
progressed to end-stage renal disease after long-term 
therapy with lithium.*'!*°*4 The incidence of severely 
impaired renal function in patients receiving lithium is 
probably low, and it is reasonable to assume that 
maintenance of serum lithium levels in the therapeutic 
range would minimize the risk for progressive renal 
damage. Patients who demonstrate progressive renal 
insufficiency while receiving lithium should discontinue 
the drug. 


CHEMOTHERAPEUTIC AGENTS 


Chloroethy/nitrosoureas 


The nitrosoureas, including carmustine and streptozocin, 
are used against a number of malignancies. Long-term 
administration of these agents frequently produces renal 
dysfunction.*® The risk for renal injury correlates 
strongly with the cumulative dose. Common signs of 
nitrosourea-associated nephrotoxicity include increased 
serum creatinine concentration and proteinuria. Renal 
dysfunction can progress despite discontinuation of the 
drug. In addition to causing intrinsic renal injury, some 
nitrosoureas (e.g., carmustine) can produce (pre)renal 
injury as a result of systemic hypotension. 


Cisplatin 


Cisplatin (czs-diamminedichloroplatinum) has activity 
against various solid tumors and is frequently used in 
combination chemotherapy. Its toxicities include 
myelosuppression and renal dysfunction. Cisplatin can 
produce both acute renal failure and chronic interstitial 
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nephritis; Fanconi-type tubular dysfunction may also 
occur, producing salt and magnesium wasting.*?"! 

Cisplatin is largely protein bound and is actively taken 
up by renal cells; it remains in the kidneys for weeks after 
intravenous administration. Both antitumor and nephro- 
toxic properties are dependent on the stereoisomer, 
because trans-dichlorodiammineplatinum has no toxicity. 
Cisplatin produces focal acute tubular necrosis with 
tubular dilatation and interstitial edema, but spares the 
glomerulus. Although doses in excess of 100 mg/m* have 
caused acute renal failure, a more typical presentation 
with cumulative administration is the slow progressive 
rise in creatinine levels. Magnesium wasting, a conse- 
quence of impaired tubular reabsorption, may be severe, 
resulting in hypomagnesemia as well as hypokalemia and 
hypocalcemia.* 

Vigorous hydration is important in reducing acute 
and probably chronic nephrotoxicity. Carboplatin has 
similar nephrotoxicity; however, nephrotoxicity appears 
less frequently with this drug. 


Methotrexate 


Methotrexate is a widely used chemotherapeutic agent. 
Among its adverse effects is renal injury.’ Both acute 
renal failure and chronic insufficiency are associated 
with methotrexate. Acute renal failure is often the result 
of tubular necrosis secondary to crystallization of drug 
and metabolite in the renal tubules (although other 
mechanisms are suspected).* Because methotrexate 
solubility in renal tubules is pH dependent, with greater 
solubility in alkaline urine, urine alkalinization is 
commonly provided before high-dose methotrexate 
administration. 


ENVIRONMENTAL AND OCCUPATIONAL 
TOXINS 


Lead 


Adults may be continually exposed to lead through a 
number of routes. For example, exposure may occur 
occupationally, for example, in smelting and refining, 
casting of battery plates, welding, or petroleum dis- 
tillation. Painters and plumbers are at particular risk for 
lead exposure. Although now relatively rare, consump- 
tion of moonshine made in improper containers or the 
use of pottery glazed with lead-containing glazes is 
another source of lead poisoning. 

Acute lead poisoning results in proximal tubular 
dysfunction or Fanconi’s syndrome. Long-term exposure 
leads to hyperuricemia (saturnine gout), hypertension, 
and chronic renal failure. The pathologic lesion of lead 
nephropathy is chronic interstitial nephritis.”®47 End- 
Stage renal disease may not develop until 20 or 30 years 
after exposure, and thus it has been difficult to implicate 
lead in specific cases of renal failure of unclear etiology.* 
About 5% of patients undergoing hemodialysis have 
elevated bone lead concentrations.*? In a cross-sectional 
study in Belgium, an inverse correlation was found 
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between blood lead concentrations and creatinine 
clearance.” 

Severe chronic lead intoxication can often be treated 
by long-term chelation therapy with EDTA. Improve- 
ment in GFR has been reported in patients who have 
minimal reductions in GFR. However, patients with 
advanced chronic renal failure do not usually demon- 
strate improvement after chelation. 

Lead-poisoned children develop subclinical but 
important renal disease; they are at six to seven times 
greater risk for developing hypertension as adults than 
less exposed children.*! 


Cadmium 


Cadmium is a potent nephrotoxin. Industrial workers 
may develop chronic renal disease by inhalation 
exposure to cadmium. The general population may be 
exposed to cadmium from prevalent sources such as 
environmental tobacco smoke. Much like lead, cadmium 
intoxication results in Fanconi’s syndrome and chronic 
interstitial nephritis.9°? Workers with high-level industrial 
exposure develop reductions in GFR and increased 
urinary excretion of various enzymes such as Bəmicro- 
globulin and Macetyl-B-glucosaminidase.?°? Normally, 
B.-microglobulin undergoes glomerular filtration and is 
then reabsorbed by proximal tubule epithelial cells. 
Increased excretion of this protein generally suggests 
impaired proximal tubule function. Macetyl-B-glu- 
cosaminidase is a lysosomal enzyme; increased urinary 
excretion of this protein suggests chronic cellular injury. 
Another hallmark of cadmium-induced renal toxicity is 
the appearance of metallothionein in urine.’ Metal- 
lothionein is closely linked with cadmium nephro- 
toxicity; synthesized by the liver in response to cadmium 
exposure, metallothionein, often referred to as an 
endogenous chelator, binds to cadmium delivering 
the heavy metal to the proximal renal tubules. The 
cadmium-metallothionein complex is nephrotoxic, 
presumably via deposition in the lysosomes of the 
proximal renal tubules.” 

Treatment of cadmium nephropathy consists of 
elimination of exposure. As is true of all forms of chronic 
renal disease, however, if renal function is already 
moderately impaired, progressive dysfunction may 
continue even when the initiating factor is withdrawn. 


Mercury 


Mercury is toxic to the proximal tubule. Severe exposure 
can produce acute, severe tubular necrosis. However, 
low-dose exposures can also result in injury to the 
proximal tubules. 
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1 3 Gastrointestinal Toxicology 


SUZANNE R. WHITE, MD Æ MATTHEW W. HEDGE, MD 


INTRODUCTION AND IMPORTANCE 


The gastrointestinal (GI) tract provides a key interface 
between the body and the environment. Symptoms of GI 
disturbance such as nausea, vomiting, or a change in 
bowel habits are common complaints, especially in the 
acute care setting where the diagnosis of “gastroenteritis” 
is frequently entertained. Of concern, these seemingly 
benign complaints could either represent acute 
exposure to life-threatening intoxicants or herald the 
onset of a serious adverse drug effect. In fact, most drugs 
have the potential to cause GI tract disturbances at toxic 
doses or in susceptible individuals. For that reason, it is 
important to differentiate common medical or surgical 
conditions from serious intoxicant-induced gastro- 
intestinal disease. In certain ways, the GI tract is uniquely 
resistant, but in other ways it is extremely vulnerable to 
certain poisons. A discussion of certain structural and 
functional aspects of the GI tract will provide a basis for 
understanding the effects of a wide range of intoxicants 
on this system and its subsequent response to exposure. 


GI TRACT STRUCTURE, FUNCTION, AND 
REGULATION 


The GI tract comprises the mouth, salivary glands, esoph- 
agus, stomach, small and large intestines, pancreas, liver, 
and gallbladder. Functionally, it is characterized by the 
highly specialized performance and regulation of several 
critical processes, such as water absorption, nutrient 
digestion and extraction, and immune surveillance. The 
GI tract also plays a role in metabolizing and eliminating 
some xenobiotics through cytochrome P-450, glucuronyl 
transferases, and sulfotransferases located within small 
and large intestinal cells.! These metabolic processes are 
discussed in greater detail in Chapter 5. As the largest 
neuroendocrine organ, the GI tract is directly connected 
to the vascular and lymphatic systems and indirectly 
linked with many other systems. 


Functional Regulation 
PEPTIDES 


Gastrointestinal functions are regulated through a 
complex interplay of neural, hormonal, and paracrine 
mediators. Five key peptide hormones are responsible 
for much of this regulatory effect.* They are secretin, 
gastrin, cholecystokinin (CCK), gastric inhibitory peptide 
(GIP), and motilin. Secretin stimulates biliary and 
pancreatic aqueous and bicarbonate secretion. Gastrin 
stimulates secretion of gastric acid, whereas GIP inhibits 
gastric acid secretion and stimulates insulin release. 
Motilin stimulates motility of the upper GI tract. CCK 


stimulates pancreatic aqueous, bicarbonate, and enzyme 
secretion and gallbladder contraction, in addition to 
inhibiting gastric emptying and signaling the termi- 
nation of eating.’ These five key hormones are located in 
endocrine cells scattered throughout the GI tract 
mucosa and are released into the general circulation in 
response to chemical triggers in food, neural activity, or 
physical distention. Somatostatin and histamine have 
important roles as paracrine agents, that is, once 
released from endocrine cells they locally diffuse to their 
target tissue. The former inhibits gastrin release and the 
latter potentiates parietal cell secretion of gastric acid. 


NERVES 

Autonomic innervations both intrinsic and extrinsic to 
the GI tract regulate its functional responses. Input from 
these systems is further modulated by the central 
nervous system (CNS). Extrinsic nerves are distributed 
through both parasympathetic and sympathetic auto- 
nomic pathways. The sympathetic nervous system 
provides for the stimulation (contraction) of sphincteric 
muscle and relaxation of nonsphincteric muscle. 
Parasympathetic innervation via the vagus, splanchnic, 
and pelvic nerves stimulates (contracts) nonsphincteric 
muscle.* Intrinsic neural pathways comprise the “enteric 
nervous system” and are grouped into plexuses along the 
entire length of the GI tract. The myenteric Auerbach’s 
plexus is located between the longitudinal and circular 
smooth muscle layers and controls peristalsis. The 
submucosal plexuses predominantly control secretion 
and absorption. Within these intrinsic pathways, 
acetylcholine is the major excitatory neurotransmitter, 
acting at the M, and M; muscarinic receptor subtypes.° 
Other less ubiquitous intrinsic neurotransmitters also 
mediate important digestive functions. Nitric oxide and 
vasoactive intestinal peptide (VIP) have major inhibitory 
roles in this regard.’ Other agents function as neurocrines 
(i.e., they are located in intrinsic neurons, released near 
target tissue, and diffuse a short distance across synaptic 
gaps to stimulate or inhibit the release of other 
hormones or paracrines). Such stimulatory neurocrines 
are serotonin (5-HT) through 5HT, receptors, substance 
P in the myenteric plexus, and gastrin releasing peptide 
(GRP), which mediates the vagal release of gastrin. 
Finally, leu- and met-enkephalins bind to u opioid 
receptors on circular smooth muscle and mucosal cells 
to slow transit and inhibit glandular secretion.’* 


Structure 
SALIVARY GLANDS 


Functionally, saliva initiates digestion, exhibits anti- 
bacterial action, and provides lubrication for food passage. 
Saliva is produced in large volumes, is hypotonic, and 


271 





EFFECTS OF POISONING BY ORGAN SYSTEM 


. 272 


contains high concentrations of potassium. Digestive 
enzymes present in saliva include o-amylase and lingual 
lipase. Interestingly, salivation is triggered by both the 
sympathetic and parasympathetic branches of the 
autonomic nervous system and can be a manifestation of 
either cholinergic or sympathomimetic intoxication. 
Salivation is inhibited by fatigue, fear, sleep, and 
dehydration and stimulated by conditioning, smell, taste, 
and nausea.” 


ESOPHAGUS 

The function of the esophagus is strictly one of 
motility—to propel food from the oropharynx to the 
stomach. The nonkeratinized stratified squamous 
epithelial cell lining of the esophagus provides a 
protective coating of cells for the underlying tissue. 
Mucus secreted from superficial glands at the levels of 
the cricoid cartilage and the esophagogastric junction 
provides a protective and lubricant surface to facilitate 
the passage of food. No digestion or absorption takes 
place here, since the process of swallowing takes only 
seconds. The average volume swallowed by a child is 
9.3 mL and by an adult 14 to 21 mL.” Swallowing can be 
initiated voluntarily but proceeds as an involuntary reflex 
under the control of the brainstem. 


STOMACH 

The epithelial architecture and cellular makeup of each 
region of the stomach is distinct. The first portion distal 
to the gastroesophageal junction, the cardia, is 
composed of columnar epithelium and mucous cells. 
The body and fundus have a similar epithelial framework 
with the addition of parietal cells, chief cells, and 
endocrine cells. The parietal cells secrete hydrochloric 
acid and intrinsic factor, necessary for vitamin By» 
absorption. The chief cells contain pepsinogen granules, 
precursors of the proteolytic digestive enzyme pepsin. 
The endocrine argentaffin cells secrete serotonin and 
histamine. The pyloric antrum occupies a triangular 
area in the distal fifth of the stomach where gastrin- 
secreting (G) cells are found. Gastric contractile activity 
and emptying are highly regulated processes under the 
influence of the vagus nerve, motilin, and CCK. Gastric 
emptying also involves feedback inhibition from small 
intestinal receptor-mediated responses to osmotic 
pressure, hydrogen ions, and fatty acids. The stomach is 
capable of directly absorbing un-ionized lipophilic 
molecules of moderate size.! 

The H* concentration in gastric juice is 3 million times 
greater than that in blood or tissue. The toxicologic 
significance of this fact is that agents which disrupt the 
integrity of the gastric mucosa (ethanol, caustics) allow 
for back-diffusion of hydrogen ions, potentiating the 
initial injury. Hydrochloric acid is secreted into the 
gastric lumen by parietal cells through an adenosine 
triphosphate (ATP)-dependent process. This process is 
blocked by omeprazole, a proton pump inhibitor that 
concentrates selectively in parietal cells and noncom- 
petitively inhibits the H*/K’-ATPase. (A related drug, 
lansoprazole, binds the H*/K’-ATPase at the parietal cell 
surface.'?) Acid secretion is regulated by three primary 
endogenous chemicals: acetylcholine, gastrin, and 


histamine.'° Acetylcholine released from either vagal 
efferent or intrinsic nerves at the site of the parietal cell 
causes direct stimulation of acid secretion, an effect that 
is potentiated by histamine. Gastrin also causes direct 
stimulation of acid secretion, and its effects are also 
potentiated by histamine. Gastrin is most highly con- 
centrated in the antrum, although appreciable amounts 
are also found in the epithelium of the duodenal bulb. 
Histamine is abundantly present throughout the gastric 
mucosa, originating from mast cells and basophils. It 
is hypothesized that histamine constantly sensitizes 
the parietal cells to other stimuli. The development 
of histamine-2 (Hp) receptor antagonists (cimetidine, 
ranitidine, famotidine, and nizatidine) has clarified this 
potentiating role of histamine in gastric acid secretion.'° 
For example, in the setting of H, receptor antagonist 
use, acid secretion in response to other stimuli, such as 
gastrin or caffeine, insulin-induced hypoglycemia is 
inhibited. Of note, proton pump inhibitors are more 
potent blockers of acid secretion than are Ho receptor 
antagonists. 


PANCREAS 

The exocrine pancreas is a grapelike clustering of acinar 
glands drained by ductules that ultimately converge to 
form the pancreatic duct. Through this duct, pancreatic 
secretions enter the proximal duodenum. Interspersed 
among the pancreatic acini are islets of Langerhans, or 
the endocrine pancreas, which produces insulin, glucagon, 
and somatostatin. Acinar cells manufacture, store (as 
zymogen granules), and secrete enzymes essential for 
digestion. These include proteases such as trypsinogen, 
chymotrypsinogen, proelastase, and carboxypeptidases 
as well as amylase and lipases. Enzymes are admixed with 
a large volume of aqueous solution containing sodium 
and bicarbonate. Pancreatic exocrine secretion is 
influenced by CCK, secretin, and extrinsic parasympathetic 
and sympathetic neurons, which are stimulatory and 
inhibitory, respectively. Specifically, enzymatic secretion 
from acinar cells is controlled by vagal input and CCK. 
The primary stimulant of aqueous pancreatic juice 
secretion is secretin, the effects of which are potentiated 
by both CCK and acetylcholine. Luminal pH of less than 
4.5, dietary fat, and amino acid content are the main 
triggers of pancreatic exocrine response, stimulating 
vagal activity, CCK, and secretin release. These triggers 
potentiate each other through second messengers. Of 
toxicologic significance, pancreatic injury of sufficient 
magnitude to decrease enzyme secretion by more than 
80% of baseline will result in steatorrhea. 


GALLBLADDER 

Bile is secreted by the liver as a complex mixture of bile 
acids, phospholipids, cholesterol, bile pigments, elec- 
trolytes, and water. These compounds form mixed 
micelles that facilitate the digestion of dietary lipids. 
During fasting, bile is stored and concentrated in the 
gallbladder. In the fed state, the gallbladder contracts, 
mostly in response to CCK, expelling bile into the duo- 
denum. Bile acids are then enterohepatically recirculated, 
with 90% reabsorbed in the small intestine. The remainder 
reaches the colon, where additional absorption occurs, 


but ultimately 0.3 to 0.6 g is lost in the feces daily. The 
bile acids, chenodeoxycholic acid and deoxycholic acid, 
have intrinsic cathartic properties. Diarrhea is therefore 
a serious consequence of bile salt malabsorption from 
ileal disease and is a potential side effect during 
chenodeoxycholic acid therapy for the dissolution of 
cholesterol gallstones. 


SMALL INTESTINE 

The small intestine comprises the duodenum, jejunum, 
and ileum. It is highly proliferative, with an abundance 
of undifferentiated cells, rendering this portion of the GI 
tract particularly susceptible to toxic exposure, particularly 
the effects of mitotic inhibitors or irradiation. Its extensive 
surface area results from an estimated 25 million finger- 
like projections called villi. The surface lining of these 
villi, the brush border, carries out the major function of the 
small intestine—digestion and absorption of nutrients. 
Movement of luminal contents is dependent on segmental 
(mixing) and peristaltic (aboral transit) contraction, 
both under the coordination of myenteric nerves, 
motilin, CCK, and gastrin. 

Virtually all food enters the GI tract in polymeric form 
and requires enzymatic hydrolysis to monomers that can 
be absorbed by specific transport systems. Some key 
digestive enzymes originating from the salivary glands, 
gastric chief cells, and pancreas are discussed above. In 
the small intestine, luminal degradation of food 
continues primarily through brush border enzyme 
activity. In humans, these enzymes are all hydrolases, 
including disaccharidases, peptidases, phosphatases, and 
others. Substrate is hydrolyzed outside the cell, so at least 
some part of the protein faces the external surface of the 
membrane. The surface exposure of these enzymes 
renders them susceptible to damage not only by ingested 
drugs and poisons but also by infectious organisms, 
foreign antigens, and pancreatic proteases. In fact, the 
proteolytic digestion of these surface enzymes accounts 
for their rapid turnover and short half-life, in some cases 
only 4 to 6 hours. Therefore, the maintenance of activity 
of some brush border enzymes requires several cycles of 
protein synthesis during the approximately 5-day life 
span of small intestinal cells. 

Absorption of dietary nutrients follows their digestion 
from polymers to monomers. Complex starches are 
digested to hexoses, proteins to dipeptides and amino 
acids, and vitamin complexes to free vitamins. These 
monomers are then absorbed by specific carrier-mediated 
mechanisms. Sodium-dependent active transport systems 
have been described for glucose and galactose, amino 
acids and peptides, pteroylglutamate, vitamin C, biotin, 
bile salts, riboflavin, thiamine, and other water-soluble 
organic substrates. Most mineral absorption occurs in 
the small intestine, the best studied being calcium and 
iron. Calcium is absorbed by both active (duodenum) 
and passive (jejunum and ileum) processes. Iron is 
absorbed in the proximal duodenum via a divalent metal 
transporter. Heme iron is readily absorbed by 
endocytosis. Other metals may also be absorbed by active 
transport methods in the intestine. While the exact 
mechanisms for lead absorption are unknown, it is 
suspected to follow calcium and iron pathways. Lead 


CHAPTER 13 Gastrointestinal Toxicology 273 





absorption is assumed to involve both active and passive 
transport. Children are known to absorb more lead 
partly on the basis of their higher calcium absorption 
efficiency compared with adults, induced by increased 
calcium demand. Furthermore, iron deficiency will 
increase lead absorption. It is hypothesized that the 
sodium gradient across the intestinal absorptive cell 
membrane is the driving force for active transport. 
Lithium is a readily absorbed substitute for sodium in the 
intestinal cells. The carrier systems for these nutrients 
most likely are integral proteins situated in the lipid 
membrane of the brush border. As with the surface 
orientation of brush border digestive enzymes, their 
external orientation poses susceptibility to toxic injury 
from ingested poisons. 

Lipids do not appear to require a membrane protein 
for absorption. After dietary neutral fat (triglycerides) is 
digested to long-chain fatty acids and monoglycerides by 
pancreatic lipase, the monomers as well as cholesterol 
are solubilized in bile salts to form micelles. (Orlistat is a 
synthetic derivative of lipstatin that forms an inactive 
acyl-enzyme complex with lipase and prevents fat 
absorption.) Long-chain fatty acids, monoglycerides, and 
cholesterol are absorbed by diffusion when the 
molecules by chance collide with the absorptive cell 
membrane. Fat absorption then is diminished by factors 
that interrupt the formation of micelles or alter the 
absorptive membrane. 

As described above, the intestinal mucosa is a rapidly 
proliferating epithelium susceptible to injury by 
chemicals. Breaks in the mucosal barrier following 
exposure to intoxicants perturb critical absorptive and 
secretory transport properties and predispose to 
infection and systemic illness. Minor mucosal breaches 
are repaired by “epithelial restitution,” a process inde- 
pendent of cell proliferation. Restitution is regulated by 
a variety of cytokines and growth factors and is 
modulated by integrin-dependent interactions with the 
extracellular matrix. Restitution also involves intracellular 
signaling pathways that remodel the actin cytoskeleton. 
Deeper injuries require additional reparative mechanisms 
involving nonepithelial cells, angiogenesis, and scarring." 


COLON 

The colon comprises several anatomically distinct 
regions: the cecum, ascending colon, transverse colon, 
descending colon, sigmoid colon, and rectum. The 
epithelial lining differs from that of the small bowel in 
that villi are absent; therefore, the absorptive surface is 
flat. Like the small intestine, however, the epithelium is 
highly proliferative, posing susceptibility to toxic insult. 
Primary colonic functions include (1) absorption of 
water and electrolytes, (2) secretion of potassium, and 
(3) storage and discharge of luminal contents. The 
absorption of metals and toxins from the colon is 
thought to be minimal. 

Each day, the colonic epithelium is confronted by 
about 1500 mL of water, 200 mEq of sodium, 5 mEq of 
potassium, 120 mEq of chloride, and 60 mEq of 
bicarbonate. A normal stool contains about 100 mL 
water, 5 mEq sodium, 9 to 13 mEq potassium, 2 mEq 
chloride, and 3 mEq bicarbonate, thus indicating the net 
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absorption of water, sodium, chloride, and bicarbonate 
and the net secretion of potassium. Various factors alter 
colonic fluid and electrolyte movement such as luminal 
pH, osmolality, and the presence of ions (bile acids, 
sulfates, hydroxy fatty acids). Additionally, colonic water 
and electrolyte movement are under the influence of 
hormones such as aldosterone, 90-fluorohydrocortisone, 
and antidiuretic hormone. The storage and discharge 
functions of the colon depend on its motor activity, 
which is regulated by intrinsic and extrinsic nerves, 
gastrin, and CCK. Aboral movement of contents is a slow 
process usually taking days. 


TOXIC EFFECTS ON THE GI TRACT 


Diseases of the Mouth 


Excessive salivation can be caused by both cholinergic and 
sympathomimetic agents. It has been reported as an 
adverse effect of olanzapine, clozapine, and ketamine 
therapy. Importantly, drooling can signify exposure to 
phencyclidine, nicotine, thallium, corrosives, or irritants. 
In children, drooling is a common manifestation of dys- 
tonic reaction, since normal swallowing may be impaired. 
Decreased salvation is seen with exposure to anticholin- 
ergics, botulism, and hypovolemia. Drug-induced 
stomatitis can occur in isolation or as part of multisystem 
illness (e.g., Stevens-Johnson syndrome [SJS]). Many drugs 
cause SJS, most significantly sulfonamides, anticonvulsants, 
nonsteroidal anti-inflammatory drugs (NSAIDs), and 
allopurinol. Of note, reports of stomatitis in association 
with multiple classes of HIV medications are increasing. 
Cases of isolated recurrent stomatitis related to fluoxetine 
use are reported.!* Latent stomatitis can be caused by 
epithelial cell cycle inhibitors (chemotherapeutics) or 
irradiation. (With methotrexate, this recurring toxicity is 
reduced by supplementation with folic acid, 1 mg/day). 
Glossitis and stomatitis are significant problems in 11% 
of persons taking the herbal supplement feverfew. 
Gingivitis can be caused by phenytoin and calcium 
channel blockers and rarely can stem from the chronic 
inhalation of elemental mercury vapor or from exposure 
to other metals such as thallium, nickel, or zinc. Oral 
mucosal ulcerations have been noted following acute 
exposure to various corrosive or irritant chemicals and 
also with the chronic misuse of an undiluted mouthwash 
containing 70% ethanol.'* The chronic use of hydrogen 
peroxide as a mouthwash can cause hypertrophy of the 
tongue papillae. Dysgeusia can be related to zinc 
depletion from excessive metal chelation therapy or 
from chronic cocaine abuse. Metal toxicity, including 
metal fume fever, can result in a metallic taste. Oral 
discoloration can signify exposure to substances listed in 
Table 13-1. Finally, toxic parotitis has been associated with 
L-asparaginase, doxycycline, and general anesthesia. 


Diseases of the Esophagus 


The most common symptoms that relate to esophageal 
disease are nonspecific and include retrosternal chest 


Causes of Oral Discoloration 


COLOR CAUSE 

Tongue 

Brown Bromine, bismuth, arsenic, phenolphthalein, 
doxorubicin, quinacrine, tobacco 

Green Vanadium 

Black, hairy Cefoxitin, corticosteroids, lansoprazole, 
penicillin, sodium perborate, sodium peroxide, 
tetracyclines 

White Chlorhexidine, phenol, caustic acids, hydrogen 
peroxide (chronic) 

Blue Methylene blue 

Gumline 

Blue-gray Bigmuth, lead, mercury, copper salts, thallium, 


ZINC 





pain and dysphagia. Drug-induced esophageal disorders 
most commonly derive from either change in motility or 
disrupted mucosal integrity. Motility disorders include 
esophageal spasm, which can be caused by B blockers, 
both therapeutically and in overdose. Reflex esophageal 
spasm is precipitated by local factors such as corrosive 
injury or Ewald tube insertion during gastric lavage. 
Mechanical obstruction of the esophagus has occurred 
following the ingestion of sucralfate or drug packets, or 
as a late complication of corrosive-induced stricture. 
Ethanol, caffeine, opioids, and anticholinergic agents 
decrease lower esophageal sphincter tone and can cause 
gastroesophageal reflux. 

Esophageal disorders that result from changes in 
mucosal integrity represent a broad spectrum of disease. 
Drug-induced esophagitis can vary from diffuse mild 
inflammation to necrotizing ulceration with hemorrhage. 
Perforation and stricture have occurred as secondary 
complications. Drugs implicated in esophagitis include 
antibiotics (tetracycline, doxycycline, clindamycin, 
lincomycin), 5-fluorouracil, NSAIDs, oral potassium 
supplements, emepronium bromide, iron, quinidine, 
carbachol, ascorbic acid, cromolyn inhalant, cimetidine, 
and biphosphonates. The mechanism of injury appears 
to be direct corrosion based on acid or alkaline pH 
effect. As examples, tetracycline and doxycycline are 
known to be highly acidic in solution. Although drug- 
induced esophageal injury is more likely to occur in 
individuals with underlying mechanical or peristaltic 
abnormalities, it can occur in the normal esophagus, 
especially if the agent is taken with insufficient liquid and 
upright position is not maintained. Caustic alkali and 
acid chemically induced injuries to the esophagus are 
discussed in greater detail in Chapter 98. 


Diseases of the Stomach 


Slowed gastric emptying results from the ingestion of 
solids, especially high fat substances, and from metabolic 
disturbances such as hypokalemia. Drugs can increase or 
decrease gastric emptying time. Those which delay 
gastric emptying include anticholinergics and opiates. 
When the stomach fails to empty normally, symptoms 


such as satiety, loss of appetite, and nausea are common, 
and gastric contents are often vomited. Absorption of 
concurrently administered therapeutic drugs can thus be 
impaired. Of toxicologic significance is the common 
example of acetaminophen overdose in combination 
with opioids or anticholinergics, where peak levels can 
be delayed well beyond the expected 4-hour time frame. 

Drugs that increase gastric emptying can cause symp- 
toms of diarrhea, sweating, palpitations, and abdominal 
cramps. These prokinetic agents include metoclopramide, 
domperidone, and cisapride. Domperidone and meto- 
clopramide block the inhibitory effect of dopamine on 
gut motility. (Metoclopramide also crosses the blood- 
brain barrier and exerts central antidopaminergic 
effects, which can trigger extrapyramidal symptoms in 
10% to 30% of patients.) Additional prokinetic actions of 
metoclopramide include agonism of gut 5-HT4 receptors 
and stimulation of acetylcholine release. Cisapride 
increases acetylcholine release from the myenteric 
plexus without antidopaminergic effect. Of toxicologic 
significance, co-ingestion of prokinetic drugs may cause 
more rapid absorption of CNS depressants such as 
antihistamines, benzodiazepines, or ethanol with greater 
than expected sedation.'° 

A few miscellaneous toxic scenarios with significant 
gastric implications deserve mention. Gastric bezoars 
can form after large ingestions of iron, lithium, calcium 
channel blockers, sustained-release theophylline, and 
potassium chloride. Gastric outlet obstruction with 
stricture formation in the pyloric region is a known late 
complication of iron toxicity. The distal stomach 
(antrum and pylorus) is the most frequent site of injury 
following the ingestion of a liquid strong acid owing to a 
common pathway (magenstrasse) that directs fluid along 
the lesser curvature to the pylorus. 


Intestinal Disorders 


Blood flow to the intestines can be compromised in 
several ways. Oral contraceptives can cause mesenteric 
venous or arterial thrombosis.'*!° Through unclear 
mechanisms, mesenteric ischemia with bowel necrosis in 
the absence of prolonged hypotension has been noted 
following acute calcium channel blocker overdose." 
Various other slow-release formulations, iron products, 
and osmotic pump delivery systems have caused local 
lesions, strictures, or perforation. Intestinal vasospasm 
can be caused by vasopressin, T-2 toxin, and cocaine. 
Cocaine-induced intestinal ischemia with perforation is 
described following injection or inhalation or with 
mechanical bowel obstruction from impacted or ruptured 
cocaine packets.'7!9 Other unusual but presumptively 
ischemic complications from “crack” include hemorrhagic 
diarrhea in a child acutely exposed, pneumoperitoneum, 
and perforation of gastric ulcers.2°?! Metformin- 
associated lactic acidosis can masquerade as mesenteric 
ischemia.** Nausea, bloating, vomiting, and diarrhea, 
common effects noted with both acute overdose and 
chronic toxicity, must then be cautiously regarded as 
potential markers of life-threatening metformin-related 
lactic acidosis. Additional gastrointestinal compli- 
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cations due to chronic metformin use include GI 
bleeding and pancreatitis.*° 


Diseases of the Pancreas 


Pancreatitis is an acute or chronic inflammatory process 
characterized by abdominal pain, vomiting, and elevated 
pancreatic enzymes. The spectrum of severity ranges 
from mild to rapidly fatal illness. Drug-induced 
pancreatitis is rare. Most agents, except ethanol, are 
associated with the acute form of illness with a return to 
normal pancreatic anatomy and function following 
withdrawal of the offending agent. Variable mechanisms 
for drug-induced pancreatitis are proposed, including 
pancreatic duct constriction, interference with acinar 
cell protein synthesis/transport/secretion, immunosup- 
pression, direct cytotoxicity from toxic metabolites, 
elevated triglycerides, arteriolar thrombosis, microcir- 
culatory disruption, and haptene formation. The 
evidence for a true link between various drugs and 
human pancreatitis has been evaluated. The strength of 
association was based on criteria including the absence 
of other inciting factors, an appropriate temporal 
sequence, and a positive rechallenge.”°?’ This infor- 
mation is summarized in Box 13-1. 

Isolated hyperamylasemia without clinical evidence of 
pancreatitis has been described with methanol, lithium, 
organophosphates, T-2 toxin, and opioid intoxication. 
(Of note, some of these agents can cause true 
pancreatitis as well.) Beta cell destruction and diabetes 
mellitus can occur following exposure to alloxan, 
streptozocin, vacor, and pentamidine. 


Diseases of the Gallbladder 


A variety of drugs induce a spectrum of gallbladder 
diseases. An increase in the relative lithogenicity of bile, 
from bile and cholesterol hypersecretion, is an adverse 
effect of oral contraceptive use. Whether this in fact 


BOX 13-1 


Definite: Aminosalicylate, anticholinesterases, didanosine, 
ethanol, furosemide, methyldopa, metronidazole, estrogens, 
scorpion venom, tetracycline, valproic acid 

Probable: Hydrochlorothiazide, pentamidine, nitrofurantoin, 
sulfonamides, olanzapine 

Possible: ACE inhibitors, acetaminophen, azathioprine, 
L-asparaginase, chlorthalidone, cyclosporine, cytosine-ara, 
corticosteroids, erythromycin, ethacrynic acid, indomethacin, 
isoniazid, 6-mercaptopurine, metformin, methanol, rifampicin, 
sulindac, theophylline, vinblastine, zinc chloride 

Insufficient evidence: Amphetamines, B blockers, carbamazepine, 
cimetidine, cholestyramine, clofibrate, clonidine, cyproheptadine, 
propoxyphene, diazoxide, growth hormone, histamine, isotretinoin, 
meprobamate, phenformin, procainamide, warfarin 


*Modified from Braganza JM, Foster JR: Toxicology of the pancreas. In 
Ballantyne B, Marro T, Syverson T (eds): General and Applied Toxicology, 
Ath ed. London, Macmillan Reference, 2004, p 893. 
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increases the incidence of gallbladder disease is 
controversial.” Clofibrate increases the risk of gallstone 
formation.*” Drugs that induce hemolysis such as 
dapsone can lead to pigment cholelithiasis. Through its 
precipitation as a calcium salt, ceftriaxone reversibly 
induces biliary sludge or “pseudolithiasis” in 25% to 45% 
of patients.” Epidemiologic studies conflict regarding 
the association between acute cholecystitis and thiazide 
diuretic use. The hepatic artery infusion of chemo- 
therapy agents causes cholecystitis so frequently that 
prophylactic cholecystectomy is often performed. Finally, 
hypersensitivity cholecystitis is reported with erythro- 
mycin and ampicillin. The role of various opioids in the 
induction of sphincter of Oddi spasm is controversial. 


Malabsorption and Altered GI Tract 
Flora 


Interference with nutrient digestion and absorption 
results from the toxic effect of a wide variety of 
exogenous agents. Certain agents can also affect the 
absorption of therapeutic drugs. The mechanisms 
leading to maldigestion and malabsorption include (1) 
alteration of environmental pH (potassium chloride, 
antacids), (2) chelation (tetracycline, ketoconazole with 
calcium, cholestyramine with iron), (3) inhibition of 
digestive enzymes and inhibition of transport processes 
requiring membrane proteins (drugs that alter mitotic 
activity such as colchicine and methotrexate), and (4) 
direct toxic injury to the epithelium (neomycin, 
mefenamic acid, other caustics). When severe, these toxic 
effects cause malabsorption of fat, protein, carbohydrate, 
salt, water, minerals, and water-soluble and fat-soluble 
vitamins. 

Numerous drugs adversely affect the digestion and 
absorption of nutrients. The absorption of vitamin By, 
and folic acid is inhibited by anticonvulsants, neomycin, 
colchicine, metformin, potassium chloride, and cholestyra- 
mine. Chronic ethanol abuse alters the absorption of 
several nutrients, including vitamin By», folic acid, 


thiamine, amino acids, calcium, and magnesium. Drugs 
that inhibit digestive absorption are listed in Table 13-2. 

Alterations in GI tract flora can be associated with 
consequences; a few of toxicologic significance are 
mentioned here. Through mechanisms discussed above, 
Hə receptor antagonists and proton pump inhibitors 
effectively raise gastric pH and can increase the risk of 
foodborne illness and pulmonary infections. In 
newborns, immature GI tract flora and relative 
achlorhydria create a milieu that favors botulinum spore 
germination and growth and predisposes to infantile 
botulism. Approximately 30% of an oral digoxin dose is 
metabolized by normal gut flora (Hubactertum lentum). A 
decrease in this bacterial population can result in a 
relative digoxin dose increase. Digoxin toxicity from this 
drug-drug interaction is best described with the 
concurrent use of erythromycin, clarithromycin, and 
tetracycline. Broad-spectrum antibiotics can decrease GI 
tract bacterial synthesis of vitamin K. As a result, 
coagulopathy and bleeding can occur in patients taking 
warfarin along with these agents. Similarly, antibiotic 
reduction of normal gut flora can decrease the 
enterohepatic recirculation of estrogen metabolites, 
leading to a reduction in the efficacy of certain oral 
contraceptives, unwanted pregnancy, or menstrual 
irregularity. Conversion of ingested nitrates to more 
potent methemoglobin-inducing nitrites can occur in 
the gut by coliform bacteria. Because infants possess 
reduced activity of nicotinamide adenine dinucleotide 
(NADH) methemoglobin reductase, they are most likely 
to be affected. 


Toxic Disorders That Mimic “Gastritis,” 
“Gastroenteritis,” or “Enteritis” 


Symptoms exhibited during various stages of intoxi- 
cation caused by myriad drugs or chemicals can mimic 
those symptoms typical of gastritis, gastroenteritis, or 
enteritis. Specifically, nausea, vomiting, abdominal 
cramping, and bloody or nonbloody diarrhea will be 


Drugs That Inhibit Digestive-Absorptive Mechanisms 





DRUG NUTRIENT MALABSORBED 


Aluminum hydroxide 
Anion exchange resins 
(cholestyramine, colestipol) 


Phosphate, vitamin A 


bile salts, oxalate 


Biguanides Glucose, amino acids, folate, B,5 
Cimetidine B,, bound to food 

Colchicine Fat, glucose, B,> 

Dilantin Folate 

Ethanol Fat, glucose, amino acids, 


vitamins, minerals 
Folate antagonists (methotrexate, Folate 
aminopterin, trimethoprim) 


Neomycin 


Oral contraceptives Folate 

p-Aminosalicyclic acid Fat, cholesterol, folate, B,> 
Somatostatin Fat 

Sultasalazine Folate 

Omeprazole B,, bound to protein 


Water- and fat-soluble vitamins, 


Fat, cholesterol, fat-soluble vitamins 
glucose, amino acids, B,, minerals 


PUTATIVE MECHANISMS 


Intraluminal formation of insoluble complexes 
Intraluminal binding of nutrient 


Inhibit oxidative phosphorylation 

Inhibits gastric acid and intrinsic factor 

Inhibits mitotic spindle 

Inhibits folate conjugase; alkalinizes intestinal contents 

Alters physical properties of the membrane; inhibits 
Na*/K*t-ATPase; stimulates cyclic AMP 

Inhibit folate transport; inhibit cell proliferation 


Precipitates fatty acids and bile acids; causes histologic 
damage 

Inhibit folate conjugase 

Unknown 

Inhibits pancreatic lipase secretion 

Inhibits folate transport 

Decreases intrinsic factor secretion 





discussed. The most common symptom complex, nausea 
and vomiting, can be attributed to most intoxicants under 
appropriate conditions, and is also a common 
psychological or vasovagal response. In some situations 
(cytotoxic drug use), these symptoms are expected. In 
other situations, nausea and vomiting can signal the 
onset of unexpected, severe drug toxicity (theophylline 
and digoxin). Emesis can result from stimulation of 
serotonin (5-HT3) receptors, through stimulation of the 
vomiting center via the chemoreceptor trigger zone 
(CTZ) or via afferent fibers from the GI tract, the 
vestibular apparatus, the nucleus of the tractus solitarius, 
or higher cortical centers. A frequent association is made 
with drugs that are cholinergic, dopaminergic, or 
histaminic and with direct GI tract irritation (potassium 
salts, iron) or pharyngeal irritation (irritant gasses). Drugs 
such as digoxin, opiates (apomorphine), estrogens, and 
levodopa have direct action on the CTZ in the floor of 
the fourth ventricle, outside the blood-brain barrier.!* 
While cocaine likewise directly stimulates medullary 
centers, nausea and vomiting in the setting of abuse 
can signify the presence of more ominous conditions 
such as intestinal or myocardial ischemia.*! In the acute 
overdose setting, the onset and character or color of 
emesis can occasionally assist in formulating a differ- 
ential diagnosis (Table 13-3). Hematemesis may result 
from the ingestion of caustics, iron, concentrated 
hydrogen peroxide, or mercury salts. Blue-green emesis 
can be noted following the ingestion of boric acid, 
methylene blue, or copper sulfate, and luminescence 
with yellow phosphorus. 

Diarrhea is commonly noted both with acute 
intoxication and as an adverse therapeutic drug effect. 
Multiple causal mechanisms include mucosal injury 
with loss of absorptive or digestive capacity, pancreatic 


Approximate Onset of Gastroenteritis 


Symptoms by Agent 





AGENT TIME TO ONSET 

Arsenic Early 

Caustics Early 

Digoxin (acute) Early 

Iron Early 

Lithium (acute) Early 

Mercury, inorganic Early 

Methylxanthines (acute, Early 
non-sustained-release) 

Nicotine Early 

Organophosphates Early 

Podophyllum Early 

SSRIs Early 

Abrin/ricin Delayed 1-3 hours to days 

Colchicine Delayed 2-12 hours 

Fluoride Delayed several hours 

Jatropha spp Delayed 1-2 days 

Methotrexate Delayed 2-4 hours 

Methylxanthines (sustained- Delayed for several hours 
release) 


Opioid withdrawal 
Solanum spp 
Thyroid hormone 


Delayed 4-24 hours 
Delayed up to 2 days 
Delayed 1-11 days 
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injury, cholinergic excess, or osmotic effect. Some 
cathartics, for example, increase intestinal motility and 
decrease transit time based on their osmotic effect. 
Similarly, antacids such as magnesium hydroxide or 
aluminum hydroxide can exert osmotic effects within the 
GI tract that lead to chronic diarrhea and secondary 
derangements in calcium and phosphorus. Diarrhea 
caused by antibiotics or high-dose corticosteroids is 
generally attributed to altered gut flora. An extreme 
example of this aberration, pseudomembranous colitis, 
results from antibiotic-related overgrowth of Clostridium 
difficile with toxin elaboration. Erythromycin causes 
diarrhea through a direct effect on gut motility (through 
motilin) and has been used in conjunction with 
metoclopramide to hasten the elimination of ingested 
drug packets.** Drugs or conditions associated with 
increased serotonin activity (serotonin reuptake 
inhibitor use, serotonin syndrome), excess acetylcholine 
(organophosphate poisoning), excess catecholamines 
(methylxanthine toxicity), or excess histamine (scom- 
broid poisoning) cause diarrhea. Diarrhea in these 
situations is typically only one of a constellation of 
dramatic clinical features. Metals such as arsenic and 
iron cause diarrhea, but this rarely occurs in isolation 
and typically is accompanied by vomiting and, in severe 
cases, hypotension. Discolored diarrheal stools can 
occasionally provide clues to the etiologic agent (Table 
13-4). Although it is not feasible to present a 
comprehensive review of the many drugs and chemicals 
that adversely affect the GI tract, key agents are discussed 
below—again, with a focus on those that may mimic 
“gastroenteritis.” Wherever possible, distinguishing 
features that may point to the diagnosis of poisoning are 
highlighted. 


BIOLOGICALS 

Colchicine 

Colchicine poisoning can result from pharmaceutical 
or plant sources (autumn crocus, glory lily). Illness is 


Agents that Cause Fecal Discoloration 


COLOR AGENT 


Black Acetazolamide, aluminum hydroxide, 
aminophylline, amphotericin B, barium, 
benzene, bismuth, bromides, charcoal, 
chloramphenicol, chlorpropamide, 
clindamycin, corticosteroids, 
cyclophosphamide, digitalis, ferrous salts, 
fluorouracil, formaldehyde, halides (Br, F, I), 
halothane, heavy metals (Ag, As, Cu, Hg, 
Mn, Pb, Tl), hydralazine, methotrexate, 
methylene blue, nitrates, NSAIDs, 
tetracycline, theophylline, warfarin 

Blue Boric acid, chloramphenicol, manganese 
dioxide, methylene blue 

Mercurous chloride, yellow phosphorus 
(stool is luminescent and smoking) 

Orange/red Phenazopyridine, rifampin 

Pink Manganese dioxide, phenolphtalein 


Yellow-green 
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characterized by severe hemorrhagic gastroenteritis 
beginning 2 to 12 hours postingestion. Along with this GI 
symptom, dehydration, electrolyte disturbances, shock, 
dysrhythmias, and marked leukocytosis are found in the 
early phases of toxicity.°?°* Later, bone marrow sup- 
pression, renal failure, pulmonary edema, alopecia, and 
neuropathic features develop. Other findings include 
oral dysesthesias, ileus, colitis, and hepatocellular injury. 
Colchicine acts through inhibition of the polymerization 
of tubulin into microtubules, causing mitotic metaphase 
arrest. As such, gastrointestinal biopsy may be diagnostic, 
demonstrating numerous metaphases, epithelial pseudo- 
Stratification, loss of epithelial polarity, and frequent 
apoptosis.°°>" 


Podophyllum 

Poisoning from podophyllum resin (made from the 
roots of mayapple or “wild mandrake”) occurs following 
ingestion or dermal application and manifests with 
nausea, vomiting, abdominal pain, ileus, and severe 
diarrhea.***’ Symptom onset typically occurs shortly 
following oral ingestion, although delays of up to 
10 hours have been reported.” Other clues to the 
diagnosis include the presence of a sensorimotor 
neuropathy, bone marrow suppression, CNS depression, 
and autonomic instability. Illness is similar to that caused 
by colchicine, as is the pathophysiology—inhibition of 
microtubular assembly. Additionally, podophyllum is a 
direct intestinal mucosal irritant, which accounts for the 
violent peristalsis and catharsis seen in oral poisoning. 


Nicotine 

Nicotine ingestion most commonly involves tobacco 
products and can be life threatening. One of the earliest 
symptoms is a burning sensation in mouth, throat, 
esophagus, and stomach. This is commonly followed by 
increased salivation, nausea, vomiting, abdominal pain, 
and diarrhea. Early emesis, within minutes, occurs in 
16% to 63% of pediatric nicotine exposures but does not 
correlate with the ultimate severity of illness and 
therefore has limited usefulness in triage.*! Diarrhea is 
delayed for 4 to 24 hours in 14% of patients?’ A 
diagnostic clue is the constellation of symptoms that 
includes bronchorrhea, tachycardia, hypertension, 
pallor, seizures, fasciculations, paralysis, and ultimately 
hypoventilation, apnea, and cardiovascular collapse. 
Green tobacco sickness is an occupationally acquired 
form of nicotine poisoning that typically occurs in 
teenagers or older males who have been harvesting wet, 
uncured tobacco leaves. Symptoms begin 3 to 24 hours 
after a 6-hour exposure period and are mainly gastro- 
intestinal (nausea, vomiting, abdominal cramping) .**** 
Prevention can be accomplished by use of protective 
clothing. 


Abrin/Ricin 

Severe toxic gastroenteritis with hemorrhage is a 
hallmark of toxicity from toxalbumin-containing seeds 
such as castor oil plant seeds (Ricinus communis), Jatropha 
spp seeds, or rosary peas (Abrus precatorius). Abdominal 
pain, vomiting, and frequent heme-positive stools with 


tenesmus can occur as early as | to 3 hours postingestion 
or can be delayed for several days.*°*® To some extent, 
the onset and severity of symptoms are thought to 
depend on the extent of seed mastication. Gastro- 
intestinal symptoms progress over 4 to 36 hours to 
dehydration and cardiac, renal, and hepatic toxicity in 
severe poisoning. Pathophysiology involves toxalbumin 
inhibition of the 60S ribosomal subunit, which arrests 
protein synthesis and causes cell death. The 
reticuloendothelial and highly proliferative intestinal 
cells are particularly vulnerable to the effects of ricin. 
While one masticated castor bean or rosary pea 
(containing up to 10 mg ricin) is potentially fatal to a 
toddler, the frequently cited human fatal oral dose of 
1 mg/kg is unconfirmed.* In one study of Jatropha 
ingestions, most patients exhibited only vomiting and 
abdominal pain; 98% were discharged 24 to 48 hours 
postexposure.”? 


Trichothecene Mycotoxins 

This family of dermally active toxins is produced by 
various molds of the genera Fusarium, Stachybotrys, and 
others. Anorexia, vomiting, and diarrhea, possibly 
hemorrhagic, can occur following either ingestion or 
dermal exposure to some of the more than 150 toxin 
derivatives. T-2 toxin gained notoriety as a lethal agent 
after accidental flour contamination caused a Russian 
civilian endemic illness termed alimentary toxic aleukia. In 
those who consumed contaminated bread, initial GI 
symptoms, fever, and chills progressed to a protracted 
illness characterized by bone marrow suppression and 
secondary sepsis. In another incident, those who 
consumed moldy rice contaminated with T-2 toxin 
experienced chills, dizziness, nausea, vomiting, abdominal 
distention, abdominal pain, and diarrhea.”! Pancreatitis 
due to T-2 toxin has been reported. A clue to the diag- 
nosis of T-2 exposure is intense burning, inflammation, 
and necrosis of dermally exposed skin, mucous mem- 
branes, and the respiratory tract. Pathophysiology of the 
illness involves the inhibition of protein synthesis and a 
dose-dependent decrease in gastric and intestinal blood 
flow. One specific trichothecene mycotoxin— 
deoxynivalenol, or vomitoxin—consistently causes 
anorexia and vomiting through unclear mechanisms.°° 


Other Plants and Mycotoxins 

A variety of GI syndromes occur following plant 
ingestion, many through unidentified mechanisms. 
Immediate mouth irritation can result from chewing 
plants with insoluble oxalates (e.g., dieffenbachia and 
philodendron). Emesis with minimal or absent diarrhea 
can result from the ingestion of certain bulbs (daffodil, 
jonquil, and narcissus) or wisteria seeds or flowers, owing 
to their direct action on the gastric mucosa and the CTZ. 
Irritation of the intestinal mucosa by pokeweed, holly, 
elderberry, or baneberry can cause rapid onset of emesis, 
abdominal pain, and diarrhea. Delayed gastroenteritis 
(up to 2 days) can be seen following the ingestion of 
solanine-containing plants (potato sprouts, climbing 
nightshade, Jerusalem cherry), horsenettle, crocus, 
castor bean, and rosary pea. 


The primary toxic effect of some mushrooms is acute, 
early-onset gastroenteritis. Members of this “gastro- 
intestinal irritant” class of mushrooms include Boletus 
sensibilis, Entoloma lividum, Leucoagaricus putidus, Omphalotus 
olearius, Pholiota squarrosa, and Tricholoma pardinum. 
Secondary dehydration or electrolyte abnormalities are 
described, but hepatic injury, renal failure, and neurologic 
symptoms are absent. (Paresthesias and tetany, when 
present, are ascribed to fear or hyperventilation and not 
to primary neurotoxicity.) The onset of symptoms 
following mushroom ingestion is a valuable diagnostic 
clue, with the most toxic species causing delayed GI 
symptom onset. Notable exceptions to this rule, however, 
are Gomphus bonari, G. floccosus, and G. kauffmanii, all 
associated with delayed-onset diarrhea (8 to 14 hours). 


PESTICIDES/HERBICIDES 

Nausea, vomiting, abdominal cramps, diarrhea, and fecal 
incontinence commonly occur following exposure to 
acetylcholinesterase inhibitors such as organophos- 
phates, carbamates, or nerve agents.5*53 The pattern of 
illness varies with route and duration of exposure.°® In 
addition, organophosphates cause both pancreatitis and 
isolated hyperamylasemia, the latter noted in 76% of 
patients with acute poisoning in one series.” In another 
series, elevated serum amylase levels correlated with 
respiratory failure necessitating ventilatory support.” 
Puzzling gastrointestinal effects described in organophos- 
phate poisoning include intussusception and acute 
hemorrhagic panesophagitis.*?’ A clue to the diagnosis 
of acetylcholinesterase inhibitor poisoning is the presence 
of miosis, rhinorrhea, lacrimation, bronchorrhea, bron- 
choconstriction, CNS depression, seizures, fasciculations, 
and paralysis. Within the therapeutic arena, the use of 
reversible cholinesterase inhibitors to treat dementia is 
consistently associated with nausea, vomiting, and 
diarrhea in 30% to 50% of patients.°! 

Paraquat is a caustic herbicide and frequent suicidal 
agent in some countries. Ingestion is often associated 
with immediate mouth and throat irritation, followed by 
abdominal pain, nausea, vomiting, and diarrhea.®*°° 
Swelling, edema, and ulceration of the mouth, pharynx, 
esophagus, stomach, and intestines have occurred.®!62,64 
Patients who develop GI tract injury generally have a 
poor prognosis.°*©°° Other clues to this diagnosis are 
severe pulmonary edema with fibrosis; renal, liver, and 
myocardial injury; and pancreatitis. The pathophysiology 
of this poisoning stems from paraquat’s potent oxidizing 
affect and ability to promote free radical formation and 
redox cycling. 


NONSTEROIDAL ANTI-INFLAMMATORY 
AGENTS/SALICYLATES 

An estimated 17,000 deaths per year in the United States 
are related to nonsteroidal anti-inflammatory med- 
ications.” Gastric erosion occurs in 30% and 50% of 
patients taking one or greater than one NSAID respec- 
tively for 12 months, with frank ulceration in 10%.'° 
These agents, including aspirin, cause extensive damage 
to the GI tract through both topical irritant effect 
and inhibition of cyclooxygenase (COX-1) in the gastric 
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mucosa. Injury can occur even at low doses, such as 
those used for cardioprotection, or with the parenteral 
route of administration. Gold therapy, used in the 
treatment of arthritis, can also cause gastric erosions and 
panenteritis. 


ETHANOL AND OTHER ALCOHOLS 

Given the per capita annual consumption of 10 L in the 
United States, it is not surprising that alcohol-induced GI 
pathology is commonly encountered. Acute ingestions of 
greater than 8% ethanol or chronic consumption of 
lower concentrations can result in erosive gastritis, 
ulceration, and ultimately GI bleeding. (These same 
complications occur following the acute ingestion of 
rubbing alcohol, which is typically a concentrated [70%] 
solution of isopropanol.)® Interestingly, low ethanol 
concentrations (<5%) stimulate gastrin release and 
increase gastric acid secretion, as do nondistilled beer 
and wine.® While these effects are not noted with higher 
concentrations of ethanol or distilled products, other 
physiologic effects such as slowed gastric emptying and 
decreased lower esophageal sphincter tone and 
esophageal motility occur. These latter effects predispose 
chronic alcohol users to reflux esophagitis. Other 
adverse GI effects of chronic alcohol abuse include 
increased intestinal mucosal permeability to bacterial 
pathogens and decreased intestinal motility.” Despite 
slowed motility, diarrhea often is seen in persons with 
alcoholism. Diarrhea stems from alterations in intestinal 
digestive enzymes, abnormal biliary and pancreatic 
function, and malabsorption. 

The effect of ethanol on the liver and pancreas is even 
more significant than its effect on the tubular GI tract. 
Acute and chronic pancreatitis are well-known com- 
plications of chronic ethanol abuse.*? Chronic ethanol 
consumption has also been associated with acute 
hepatitis; cirrhosis, with portal hypertension and life- 
threatening esophageal variceal bleeding; inhibition of 
glycogen storage; and increased risk of hepatotoxicity 
following exposure to other chemicals. 


METALS AND METALLOIDS 

Lead 

Lead is a significant environmental hazard to children 
and occupational hazard to adults. GI effects due to lead 
intoxication are well described and include abdominal 
colic, vomiting, constipation, diarrhea, anorexia, a 
metallic taste in the mouth, and weight loss.’2 Unusual 
instances of gastrointestinal bleeding following the 
ingestion of lead bullets, pyloric obstruction following 
the ingestion of lead glaze frit, and paralytic ileus are 
reported.’”*”> A clue to the diagnosis is the presence of 
encephalopathy, anemia, motor neuropathy (adults or 
children with sickle cell anemia), renal failure, gout, 
and hypertension. Some of the GI symptoms of lead 
poisoning may be explained by the ability of lead to 
induce GI tract smooth muscle spasm. 


Iron 
Although pediatric mortality due to iron poisoning 
has declined, accidental ingestion is still a significant 
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cause of morbidity. Early-onset emesis is common when 
greater than 20 mg/kg elemental iron is ingested. In 
fact, protracted vomiting is a useful clinical marker of 
significant iron toxicity. Gastrointestinal hemorrhage 
can be seen within the first few hours of severe 
poisoning. A delayed gastrointestinal effect is pyloric 
scarring, possibly leading to gastric outlet obstruction 
2 to 8 weeks after overdose. Similarly, isolated distal small 
bowel segmental infarction or stricture following enteric- 
coated iron tablet ingestion is described.” These effects 
likely result from the direct corrosive effect of iron on 
the gastrointestinal mucosa. In fact, hemorrhage, ulcer- 
ation, and necrosis of the esophagus, stomach, and 
bowel are common autopsy findings in fatal iron 
overdosing. Clues to the diagnosis of iron poisoning 
include hypotension (resulting from GI losses, hemor- 
rhage, vasodilatation), hyperlactemia, metabolic acidosis, 
lethargy, coagulopathy, hepatic or renal dysfunction, and 
radio-opacities on abdominal x-ray. 


Lithium 

Acute lithium intoxication frequently manifests with 
nausea and vomiting.” Diarrhea can be noted, particularly 
after overdose with sustained-release preparations.” GI 
effects are reported with chronic therapeutic lithium use 
in 10% to 20% of patients. As with other metal salts, the 
mechanism of GI toxicity is one of direct corrosive injury 
to the intestinal mucosa. Concurrent symptoms that 
provide diagnostic clues include evidence of dehydration, 
mental status changes, tremor, neuromuscular hyper- 
excitability, rigidity, and fever. Hyperamylasemia without 
clinical evidence of pancreatitis has been reported 
rarely.°° 


Mercury (Inorganic) 

Sources of corrosive inorganic mercury salts include 
stool fixatives, Chinese herbals, and (historically) disin- 
fectants and teething powders. As with other corrosive 
metal salts, direct contact between the salt and the 
gastrointestinal mucosa results in erosion, ulceration, and 
necrosis. Signs and symptoms include nausea, dysphagia, 
vomiting, diarrhea, abdominal pain, hematemesis, and 
hematochezia.*!** Diagnostic clues include concurrent 
hypovolemic shock, acute renal failure, and radio- 
opacities on abdominal x-ray. 


Arsenic 

The gastrointestinal effects of arsenic vary with dose and 
chronicity of exposure. Within minutes to hours fol- 
lowing significant acute arsenic ingestion, abdominal 
pain, vomiting, profuse watery diarrhea (sometimes 
described as “rice-water-like”), and GI bleeding are 
present.®*** In the absence of a history of ingestion, the 
diagnosis is difficult. Potential clues include multisystem 
involvement with cardiovascular collapse, prolonged QT 
interval, encephalopathy, seizures, pulmonary edema, 
hepatitis, renal failure, anemia, painful sensorimotor 
neuropathy, alopecia, hyperpigmentation, a desquamating 
rash, and Mees’ lines. Often, burning and dryness of the 
mouth is reported. Breath, stool, or emesis may have a 
garlicky odor.® 


Thallium 

Unlike the other metal salts discussed above, GI 
symptoms due to thallium are generally less dramatic. In 
fact, constipation unresponsive to laxatives can be a more 
common manifestation of poisoning than symptoms of 
toxic gastroenteritis.°°5” Nonetheless, nausea, vomiting, 
paroxysmal abdominal pain, and diarrhea are reported.*® 
Gastrointestinal hemorrhage is rare.°°*? The presence of 
alopecia and a painful ascending neuropathy point to 
this diagnosis. 


Fluoride 

Fluoride is present in dental, industrial, and 
agricultural products. Once ingested, sodium fluoride 
reacts with gastric acid to produce highly corrosive 
hydrofluoric acid, which directly injures the GI tract. In 
most instances, symptomatology is limited to the GI tract. 
Epigastric pain, nausea, dysphagia, salivation, hema- 
temesis, and diarrhea occur with acute ingestion of 
greater than 3 mg/kg or with chronic therapeutic use of 
greater than 30 mg/day sodium fluoride.*?*! With acute 
exposure, symptom onset can be delayed for several 
hours. The spectrum of GI injury appears to be 
concentration dependent, with low concentrations of 
fluoride (1 mg/mL) causing superficial damage to the 
gastric mucosa, and 13% to 20% bifluoride solutions 
causing significant burns to the distal esophagus, 
antrum, and gastric body.** With severe poisoning, other 
clues to the diagnosis include hypocalcemia, hypo- 
magnesemia, hyperkalemia, hypotension, and dys- 
rhythmias. 


METHYLXANTHINES 

Fortunately, the incidence of theophylline toxicity is 
declining, and over-the-counter formulations have been 
removed from the market. The serious nature of 
theophylline toxicity, however, coupled with the wide- 
spread availability of other methylxanthines (such as 
caffeine found as guarana in dietary supplements) 
warrant their discussion. GI symptoms due to methylx- 
anthine toxicity include nausea, protracted vomiting, 
abdominal cramps, diarrhea, and rarely GI bleeding.”° 
This symptomatology occurs in more than 80% of 
patients with acute intoxication compared with only 30% 
of those with chronic toxicity.°*°° Emesis can be difficult 
to control and can interfere with attempts to give 
multiple-dose activated charcoal, a cornerstone of therapy. 
With acute overdose, sustained-release formulations can 
form bezoars in the GI tract.” Therapeutic use of 
theophylline is associated with increased gastric acid 
secretion and decreased lower esophageal tone due to 
smooth muscle relaxation. Gastritis or esophagitis can 
develop as a result. In a retrospective study of low-birth- 
weight infants, the use of theophylline was associated 
with feeding intolerance, emesis, GI bleeding, necrotizing 
enterocolitis, and abdominal radiographic changes 
(persistently enlarged bowel loops or thickened bowel 
wall without pneumatosis). These infants also had higher 
rates of systemic illness, including increased apnea or 
bradycardia and increased ventilatory support.” Clues to 
the diagnosis of methylxanthine poisoning include 


tachycardia, dysrhythmias, agitation, seizures, respiratory 
alkalosis, lactic acidosis, sweating, tremor, hypokalemia, 
hypophosphatemia, hyperglycemia, and widened pulse 
pressure (decreased systemic vascular resistance). 


DIGOXIN 

As for theophylline, the incidence of digoxin toxicity 
is becoming less frequent. Nausea, vomiting, and 
abdominal pain are some of the earliest manifestations 
of acute overdose. Complaints related to the GI tract are 
less common with chronic toxicity but are similar to 
those listed above, including anorexia and weight loss.” 
Diagnostic clues of digoxin toxicity include ventricular 
ectopy, bradydysrhythmias, syncope, hyperkalemia, 
lethargy, confusion, and visual disturbances. 


SELECTIVE SEROTONIN REUPTAKE INHIBITORS 
Because of their improved safety profile relative to cyclic 
antidepressants, use of selective serotonin reuptake 
inhibitors (SSRIs) is increasingly widespread. Nausea is a 
common side effect reported both in the setting of 
overdose and with therapeutic use.'°° Diarrhea occurred 
in 38% of patients receiving therapeutic doses of 
fluoxetine for panic attacks.'°! Fluoxetine has been shown 
to cause anorexia with resultant weight loss in over- 
weight, nondepressed individuals. These effects are not 
surprising, given the critical role played by serotonin in 
the GI tract (see above). Although symptoms of acute 
SSRI poisoning are relatively nonspecific (dizziness, 
orthostasis, lethargy, and tachycardia), seizures, QRS 
prolongation, and QT prolongation are more likely to 
occur with citalopram overdose. 


CORROSIVES 

Acid and alkaline corrosive injury to the GI tract is 
covered in detail in Chapter 98. Commonly available 
household products that cause direct corrosive injury to 
the GI tract include sodium hydroxide (lye), toilet cleaners, 
hydrofluoric acid, ammonia, automatic dishwashing 
detergents, bleach, and phenols. A few agents with 
unique features relative to their GI tract toxicity are 
discussed here. 


Hydrogen Peroxide 

Ingestion of low concentrations of hydrogen peroxide 
(3% solutions) typically is not associated with symptoms 
but on occasion results in mild irritation to mucosal 
tissue and vomiting.!°? Much higher concentrations are 
sold as “food grade” health and nutrition products, often 
without child-resistant closures. Ingestion of these con- 
centrated solutions causes oropharyngeal, esophageal, 
gastric, and intestinal inflammation that may progress to 
frank ulceration with hemorrhage. Intestinal gangrene 
has occurred in extreme cases. Unique among corrosives, 
hydrogen peroxide ingestion can be associated with the 
liberation of large volumes of oxygen within the GI tract, 
causing gastric distention, fatal colonic rupture, or 
systemic gas embolization.'°*'! Clues to this diagnosis 
include hematemesis with abdominal distention or the 
sudden onset of focal neurologic findings. 
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Boric Acid 

Boric acid can be found in homes as an antiseptic, ant 
killer, roach powder, or homeopathic medication. Most 
ingestions are typified by early onset of nausea, vomiting, 
and diarrhea. Hemorrhagic gastroenteritis can occur 
with the acute ingestion of highly concentrated 
formulations.!%! A clue to the diagnosis of acute boric 
acid ingestion is blue-green discoloration of the emesis 
fluid and feces. Chronic boric acid ingestion can be 
suspected in patients with renal failure, an erythematous 
desquamating rash, and seizures. 


Batteries 

Children with esophageal battery lodgment may 
exhibit irritability, dysphagia, and refusal of oral intake. 
These symptoms have been mistaken for nonspecific 
gastritis or viral syndromes, resulting in diagnostic delays. 
Batteries can become trapped at anatomic narrowings 
at the level of the cricoid pharynx, aortic knob, 
gastroesophageal junction, pylorus, ileocecal junction, 
and Meckel’s diverticulum. Esophageal impaction of a 
disc battery can result in burns, perforation, and 
mediastinitis. Such injury begins as early as 4 hours after 
ingestion.!°1° In the absence of esophageal impaction 
on chest x-ray, most batteries will pass through the 
GI tract without complication.''® Conversely, abdominal 
pain or other GI complaints indicate the need for urgent 
evaluation. 


OPIOID WITHDRAWAL STATES 

Opioid withdrawal is a common occurrence in the adult 
emergency department and newborn nursery. Symptoms 
of nausea, vomiting, increased bowel sounds, abdominal 
cramps, and dehydration are characteristic.'!' The onset, 
duration and severity of symptoms depend on the 
pharmacologic properties of the withdrawn opioid 
and on the pattern of its use. Heroin withdrawal, for 
example, begins within 4 to 24 hours after the last use 
and generally peaks at 36 to 48 hours.!!>113 In neonates, 
failure to thrive, poor suck reflex, and feeding difficulties 
are noted in about half of those withdrawing from 
heroin.''* Similarly, poor feeding is seen in infants 
and young children withdrawing from chronically 
administered opioid analgesia. The use of opioid 
antagonists in those with opioid dependence commonly 
precipitates vomiting and diarrhea. In the setting of 
acute oral opioid overdose, some propose that this 
could theoretically restore peristalsis and further the 
absorption of ingested drugs, but clinical evidence of this 
phenomenon is lacking. Clues to the diagnosis of opioid 
withdrawal include dilated pupils, yawning, lacrimation, 
rhinorrhea, muscle cramping, myalgias, hyperactive 
bowel sounds, and piloerection. 


THYROID HORMONES 

The development of thyrotoxicosis is fairly common after 
chronic hormone overdose but is unusual after acute 
ingestion. The development of vomiting and diarrhea 
relate to the adrenergic effects of triiodothyronine (T) 
or levothyroxine (T,).'!? Small or modest ingestions of 
Ts usually produce few serious symptoms, whereas 
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massive overdose can cause symptoms within 12 to 24 
hours. Symptoms following T, overdose can be delayed 
up to ll days as conversion to T takes place. Clinical 
clues to the diagnosis of thyroid hormone toxicity 
include palpitations, tachycardia, tremor, anxiety, and 
behavioral changes. 


PROSTAGLANDINS 

Misoprostol is a prostaglandin analog used to prevent 
NSAID-induced GI mucosal toxicity. It is occasionally 
used as an abortifacient and is contraindicated during 
pregnancy. In overdose, severe nausea, abdominal 
cramps, vomiting, induction of labor, and fetal death can 
result. Other clues to the diagnosis of misoprostol 
poisoning include hyperthermia, chills, dyspnea, and 
vaginal bleeding. 


METHOTREXATE 

Methotrexate is a folate antagonist that is effective in the 
treatment of various malignancies, ectopic pregnancy, 
rheumatoid arthritis, psoriasis, inflammatory bowel 
disease, and other disorders. Intestinal toxicity from 
methotrexate is a major limitation on its use. 
Gastrointestinal symptoms of toxicity include nausea, 
vomiting, abdominal pain, diarrhea, and in severe cases 
hematemesis and melena with onset 2 to 4 hours 
postexposure. Mucositis typically begins 7 to 14 days later 
and persists for 4 to 7 days. It can involve the tongue, 
buccal mucosa, esophagus, stomach, small intestine, or 
colon. 

Methotrexate is transported into cells by a carrier- 
mediated system and reaches much higher levels in the 
intestine than in tumor cells, where it has a substantially 
longer duration of inhibition of DNA synthesis.'!® 
Intestinal toxicity is dependent both on duration of 
exposure and supratherapeutic drug levels and occurs 
after oral or parenteral routes. ‘Toxic methotrexate doses 
lead to a sustained reduction in mitoses with loss of 
intestinal surface absorptive cells. This desquamation 
of the epithelial cell lining is associated with extensive 
leukocytic infiltration of the lamina propria. Large areas 
of ulceration develop, and bleeding eventually occurs. 
These pathologic features are not specific to 
methotrexate and can be seen with various poisonous or 
otherwise noxious agents, a fact that contributes to the 
intestine’s vulnerability based on its limited response to 
injury. Clues to the diagnosis include bone marrow 
suppression, hepatotoxicity, renal toxicity, seizures, 
encephalopathy, and focal neurologic deficits. 


LAXATIVES (ACUTE TOXICITY) 

Acute laxative poisoning is usually accidental, but 
laxatives are occasionally used in suicide attempts. Most 
laxatives have a wide margin of safety, and large doses 
must be consumed to be fatal. A classification of laxatives 
and representative examples for each group are 
presented in Box 13-2. 

Acute poisoning can lead to abdominal or rectal pain, 
vomiting, and watery or bloody diarrhea. In extreme 
cases, fluid and electrolyte abnormalities and respiratory 
and circulatory failure can occur. The diagnosis is usually 


apparent from the history. For laxatives containing 
magnesium, signs of clinical toxicity are expected at 
serum magnesium levels of 4 mEq/L and worsen as the 
concentration rises. 


Toxic Disorders Presenting with 
Constipation 


Constipation is commonly associated with drugs that 
impair GI motility such as opioids and antimuscarinics. 
An example is severe constipation leading to intestinal 
perforation in a patient taking amitriptyline therapy.!” 
Aluminum hydroxide, calcium carbonate antacids, and 
iron salts are frequent causes of constipation with 
therapeutic use. Other constipating agents are discussed 
in greater detail below. 


BOX 13-2 


Stimulant (or Irritant) 


Ricinoleic acid (castor oil) 
Dehydrocholic acids (Decholin) 
Bisacodyl (Dulcolax) 
Phenolphthalein (Ex-Lax, Correctol)* 
Oxyphenisatin (Lavema)' 

Aloe 

Cascara sagrada 

Senna (Senokot) 

Danthron (Modane) 


Stool Softener (Emollient) 


Dioctyl sodium sulfosuccinate (DSS) 
Dioctyl calcium sulfosuccinate (Surfak) 
Mineral oil (Kondremul) 


Saline 


Magnesium hydroxide (Milk of Magnesia) 
Magnesium sulfate 

Sodium sulfate 

Sodium phosphate (Fleet Phospho-Soda) 
Sodium chloride 


Osmotic 


Polyethylene glycol (GoLYTELY, Colyte) 
Lactulose (Chronulac, Duphalac) 


Bulk 

Psyllium seed derivatives (Konsyl, Metamucil, LA formula, Effer- 
Syllium, Serutan, Hydrocil) 

Methylcellulose (Citrucel) 

Bran products 


Lubricant 


*Banned for over-the-counter sale by the FDA in 1998 because of its 
association with tumors in animals. 

‘Withdrawn from distribution by the FDA because of its association with 
chronic active hepatitis. 





CHARCOAL 

Albeit chemically inert, the mechanical effects of 
charcoal can cause serious complications when used to 
decontaminate the GI tract following drug overdose. The 
administration of both single- and multiple-dose 
activated charcoal with or without cathartic has resulted 
in GI obstruction or charcoal bezoar formation in 
patients with carbamazepine, amitriptyline, haloperidol/ 
maprotiline, or theophylline poisoning.!'*"*' Intestinal 
perforation due to a charcoal stercolith was reported in 
a patient treated with multiple-dose charcoal after an 
amitriptyline overdose.'*? Intestinal pseudo-obstruction 
(Olgivie’s syndrome) has been reported in association 
with multidose charcoal treatment of theophylline 
toxicity.'*° Inadvertent introduction of charcoal into 
the peritoneum following gastric lavage resulted in 
significant morbidity. !*4 


OPIOIDS 

Most members of the opioid group tend to delay gastric 
emptying, are antisecretory, and slow intestinal motility. 
Cramping and constipation are therefore common in 
chronic opioid users. Diphenoxylate is an opioid 
antidiarrheal agent that exerts its antimotility effect 
through gastrointestinal ų receptors and is found 
in combination with atropine. As such, potentially 
delayed, prolonged anticholinergic and/or opioid 
toxicity with respiratory depression have occurred in 
children following ingestion. Loperamide similarly has 
antisecretory and antimotility effects through u 
receptors in the gastrointestinal tract. Although not a 
true opiate, gastrointestinal effects from this piperidine 
drug mimic those observed with opioids in overdose. 
Specifically, constipation, abdominal pain, and ileus are 
described.'* Neurologic symptoms including miosis, 
hypotonia, hypopnea, CNS depression, and fatality 
are primarily described in infants. Rarely, complications 
include necrotizing enterocolitis in neonates and 
elevation of pancreatic enzymes with pancreatitis 
possibly related to spasm of the sphincter of Oddi, an 
opioid type effect. Body packing means the ingestion or 
rectal insertion of multiple packets of illicit drugs for the 
purpose of smuggling. Complications of heroin body 
packing include mechanical bowel obstruction and 
perforation. !76!27 


ANTICHOLINERGICS 

Decreased gastric motility and diminished bowel sounds 
are common with anticholinergic toxicity. Paralytic ileus 
can occur following oral, intravenous, or nebulized 
routes of drug administration.'*® Many psychiatric drugs, 
particularly the phenothiazines, are antimuscarinic and 
have been associated with intestinal pseudo-obstruction. 
The antimuscarinic toxidrome is easily recognized and 
includes mydriasis, xerostomia, hyperthermia, absence 
of axillary sweating, delirium, tachycardia, seizures, and 
urinary retention. 


CALCIUM CHANNEL BLOCKERS 
Nausea, vomiting, and ileus are common findings with 
calcium channel blocker overdose.!*”!°° The formation 
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of large tablet bezoars after the ingestion of sustained- 
release dose formulations is described. These masses may 
not be apparent on abdominal films. With therapeutic 
use, patients taking calcium channel blockers have a 
twofold increased risk of gastrointestinal bleeding as 
compared with users of B blockers.'*! 


THALLIUM 
Constipation in the setting of thallium toxicity is 
discussed above. 


BOTULINUM TOXIN 

Multiple forms of botulism exist. Abdominal pain, 
distention, decreased bowel sounds, and constipation 
are common features among the various types of illness 
in both adults and infants.'**'** Nausea and vomiting are 
more variable, occurring in only 50% of patients. GI 
symptom onset can occur before or after the onset of 
paralysis, and abdominal cramping commonly persists 
throughout the illness. Some have proposed that GI 
symptoms are rare in type A botulism, occur variably with 
type B, and are frequent and severe with type E,!%°!°° 
although reports to the contrary also exist.!°” 


CHRONIC LAXATIVE ABUSE 

Chronic laxative abuse presents with chronic consti- 
pation and occurs in three forms. One is exemplified by 
constipated patients who therapeutically misuse 
laxatives, another by bulimic patients who use laxatives 
for weight loss, and the third by surreptitious laxative 
abusers. 

Cathartic colon is a consequence of prolonged irritant 
laxative use, typically for 15 or more years. Diarrhea, 
fever, and blood in the stool are not encountered with 
cathartic colon. The rectal mucosa is not friable, and 
findings on proctosigmoidoscopy are normal except for 
the possible presence of melanosis coli, which is 
discussed below. Clinically, cathartic colon is discovered 
by barium enema and therefore is primarily a radiologic 
diagnosis. The earliest radiographic findings are atrophy 
and shortening of the cecum and ileocecal valve. More 
extensive changes are a tubular colon with diminished or 
absent haustrations, which can extend to the distal 
descending colon. Ulcerations and rigidity are absent. 
The differential diagnosis of the radiologic findings 
includes inflammatory bowel disease and amebiasis. 
Systemic effects of chronic laxative abuse result from the 
increased fecal loss of sodium and potassium and 
provide clues to the diagnosis.'°* Specifically, patients 
can present with potassium depletion, muscle weakness, 
metabolic alkalosis, hyperaldosteronism, and chronic 
thirst. Most of the laxatives in the stimulant category are 
too irritating for continuous use and should be avoided. 

The second group of laxative abusers is composed of 
patients with eating disorders such as bulimia nervosa, 
estimated to be present in up to 19% of college-aged 
women. Bulimia is distinct from anorexia and is 
characterized by secretive binge eating followed by 
various methods of purging, including cathartics, 
diuretics, and self-induced vomiting. These patients can 
develop severe metabolic disturbances and ventricular 
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tachydysrhythmias. Sudden death can occur and may be 
heralded by prolongation of the QT interval. 

The third group with chronic laxative abuse includes 
those who use laxatives surreptitiously and present with 
diarrhea of unknown cause or with metabolic ab- 
normalities related to long-term laxative misuse. A key 
feature of the disorder is denial by the patient that he or 
she takes laxatives. A similar clinical picture may be 
noted in the setting of Munchausen syndrome by proxy, 
in which children are given laxatives by adults. Patients 
often attract at least an initial medical workup designed 
to rule out infectious, inflammatory, metabolic, and neo- 
plastic diseases before abusive behavior is considered. 
These studies usually yield normal results. Metabolic 
abnormalities mentioned above may be present. 

A workup for chronic laxative abuse can include 
blood and urine sampling for laxatives. Clinical 
laboratories offer a laxative abuse screen of urine for 
bisacodyl and danthron. Prior to its removal from the 
market, phenolphthalein abuse was occasionally 
detected by a pink color change upon alkalinization of 
stool with sodium hydroxide. Proctosigmoidoscopy itself 
can be diagnostic by showing the darkened to black 
mucosa of melanosis coli. Mucosal pigmentation results 
from melanin accumulation in macrophages in the 
lamina propria and can begin within 4 months of 
chronic laxative abuse. Pigmentation is seen most often 
with use of anthracene derivatives, including cascara, 
aloes, and senna. When the diagnosis is still suspect in 
the face of a normal workup, hospital admission is 
occasionally required, at which point symptoms should 
improve under direct observation. Meanwhile, stool can 
be collected while the patient fasts and receives 
intravenous glucose and fluids. A large stool volume of 
500 to 1000 mL or more suggests secretory diarrhea, and 
the stool is evaluated for sodium, potassium, and 
osmolality. In secretory diarrhea, the osmolality is 
accounted for by twice the sodium plus potassium 
concentration and can be simulated by secretagogue 
laxatives such as senna, bisacodyl, and phenolphthalein. 
Osmotic diarrhea is characterized by a wide ion gap that 
can be caused by magnesium, sulfate, or other laxative 
ions, and these can be measured in the stool. Since 
laxatives are not addictive, persons who use them 
surreptitiously have a serious psychological condition, 
usually anxiety, depression, or chronic factitious disease 
with physical symptoms, also known as Munchausen 
syndrome. 


Proctitis 


Proctitis can be associated with the local application of 
nonsteroidal anti-inflammatory agents, ergot suppositories, 
and lithium, which in addition is associated with painful 
diarrhea.'** Severe cases of drug-induced proctitis have 
been associated with rectovaginal fistulae. Rectal 
inflammation and hemorrhage can also result from the 
administration of a 95% ethanol enema.'*° Hydrogen 
peroxide enemas, as 3% or even more dilute solutions, 
have caused inflammation and, in some cases, ulceration.!*! 
Irrigation of endoscopes prior to sigmoidoscopy or 


colonoscopy with hydrogen peroxide or glutaraldehyde 
was associated with white rectal plaques, occasional rectal 
bleeding, tenesmus, and increased stool frequency.'* 
Finally, through unclear mechanisms, perineal burning 
and irritation is well documented after the intravenous 
administration of dexamethasone.!* 


MECHANICAL INJURY TO THE GI TRACT 


Complications occur during gastric decontamination 
procedures. Orogastric lavage has been associated with 
esophageal tears, esophageal perforation, and gastric 
perforation or hemorrhage. Similarly, emesis induced by 
syrup of ipecac has resulted in esophageal tears and 
gastric rupture or herniation. Whole-bowel irrigation has 
been associated with colonic perforation, but this was in 
the setting of severe underlying diverticulitis. 


GASTROINTESTINAL CANCER 


Several chemicals have been linked to human gastro- 
intestinal tract malignancy. Gastric cancer can be caused 
by chronic exposure to asbestos, chromates, coal tar 
pitch volatiles, nickel compounds, and nitrosamines. 
Esophageal cancer is associated with asbestos exposure 
and is also described several years following acid and 
alkaline corrosive esophageal injury with stricture. 
Pancreatic cancer has been associated with petroleum 
refining, coke oven by-products, and rubber and fur- 
niture manufacturing. The development of peritoneal 
mesothelioma has been linked to asbestos exposure. 

Ethanol consumption is linked to an increased risk 
of cancer of the oropharynx, esophagus, stomach, and 
colon, suggesting possible roles for ethanol (or its 
metabolites) as either tumor promoters or carcinogens. 
Other factors associated with chronic alcoholism 
confound these analyses, however. These include 
diminished host defenses, hormonal alterations, 
depletion of vitamin stores, and the occasional presence 
of nitrosamines, urethanes, microtoxins, inorganic 
arsenic, pesticides, preservatives, or antifrothing agents 
in some alcoholic beverages.®”° 


TREATMENT 


Specific treatments, antidotes, and indications for 
treatment of the many toxicities discussed above are 
covered in other chapters of this text. Only a few basic 
management points are discussed here. First, patients 
with chemical injury of the oropharynx, stomatitis, or 
angioedema must be monitored for impending airway 
compromise, systemic allergic reaction, or evidence of 
Stevens-Johnson syndrome. Those with drug-induced 
esophagitis generally respond to cessation of the 
offending drug and management of the complications. 
Further episodes may be prevented by ensuring that the 
drug is taken with sufficient liquid and upright position 
is maintained. Recognition of this disorder is critical 


because the disease is usually reversible if discovered 
early. Malabsorption is usually sufficiently treated by 
removal of the drug from a patient’s regimen and 
restoration of nutrient deficiencies. Cessation of exces- 
sive laxative use and correction of fluid and electrolyte 
disturbances is usually satisfactory treatment for cathartic 
colon. Bulimia nervosa and Munchausen syndrome 
require long-term therapy with medical, psychological, 
and nutritional professionals. Several investigational 
therapeutic strategies may someday enhance GI tract 
wound healing following toxic insult. These include 
trefoil factors, transforming growth factor B, and the 
manipulation of the luminal environment with 
supplemental polyamines or lipid mediators to accelerate 
mucosal repair. !? Novel therapeutic neuronal options 
(e.g., substance P receptor antagonists, somatostatin 
analogs, and enkephalinase inhibitors) for the treatment 
of secretory diarrhea are under investigation.” 
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1 4 Hematologic Consequences of Poisoning 


STEVEN C. CURRY, MD 


This chapter provides an overview of hematologic issues 
confronted by toxicologists caring for patients who 
are suffering from acute or chronic poisoning. The 
thousands of pharmaceutical agents that produce 
adverse hematologic effects when given at therapeutic 
doses (e.g., agranulocytosis, aplastic anemia, and 
thrombocytopenia) or at intentionally toxic doses (e.g., 
chemotherapy) are not the subject of this chapter. 
Details concerning specific agents are found in other 
chapters of this text. The reader is also referred to 
Chapter 66 for a discussion of thrombolytic agents and 
anticoagulants. 


ERYTHROCYTES 


Oxidant Stress 


Oxidant stress, or the removal of electrons from 
molecules, results in three major disorders of toxicologic 
interest. The removal of electrons from the protein 
portion of hemoglobin produces Heinz body hemolytic 
anemia. The removal of electrons from iron found in 
hemoglobin produces methemoglobinemia. The oxidation 
of hemoglobin’s porphyrin ring by sulfur produces 
sulfhemoglobinemia. These three disorders are intertwined 
with respect to the pathophysiology, occurrence, ! 
diagnosis, and treatment of poisonings with oxidizing 
agents (Fig. 14-1). 

In many instances, the parent drug or toxin producing 
hemolysis, methemoglobinemia, or sulfhemoglobinemia 
possesses no significant oxidizing potential in vivo. 
Oxidant stress in this setting is caused by electrophilic 
metabolites, which are frequently generated from 
metabolism by cytochrome P-450 enzymes. For example, 
dapsone and sulfonamides are metabolized to hydroxy- 
lamines that are responsible for the consequences of 
oxidant stress. 

The mature erythrocyte lacks mitochondria and 
depends on glycolysis and the hexose monophosphate 


Oxidant + Hemoglobin 














Sulfate Oxidize iron Denature 
porphyrin ring to Fe3+ protein 





; Heinz body 
Sulfhemoglobin Methemoglobin 


FIGURE 14-1 Results of oxidation of hemoglobin. 


shunt for energy production (Fig. 14-2). Glycolysis fulfills 
the cell’s adenosine triphosphate and NADH (nicoti- 
namide adenine dinucleotide, reduced form) require- 
ments, the latter being essential to the maintenance of 
low fractions of methemoglobin. In contrast, the hexose 
monophosphate shunt mainly serves to facilitate the 
formation of NADPH (reduced NAD phosphate), which 
protects against oxidant-induced hemolysis.” 


Hemolysis 


The mature erythrocyte continually undergoes oxidant 
stress from various sources, including food, infection, 
oxygen, drugs, and chemicals. Oxidation of the protein 
portion of hemoglobin (i.e., the removal of an electron 
from globin) results in denaturation of hemoglobin and 
attachment of damaged protein to the internal cell 
membrane. This denatured hemoglobin is visible as 
Heinz bodies on histologic examination of blood smears 
with special staining. Red cells containing denatured 
hemoglobin are removed from the circulation primarily 
by the spleen. The cells are trapped in the spleen’s 
microcirculation, where they are destroyed; this produces 


Glycolysis Hexose monophosphate shunt 
Glucose 
GSH GSSG 
NADP NADPH 


Glucose-6-phosphate ———————————~ 6-phosphogluconate 
G6PD 
2NAD 
aD, 
2ADP 
2ATP D> 


ee Peniose phosphate 


2 Pyruvate 


FIGURE 14-2 Metabolism in the erythrocyte. ADP, adenosine 
diphosphate; ATP, adenosine triphosphate; GSH, reduced gluta- 
thione; G6PD, glucose-6-phosphate dehydrogenase; GSSG, oxidized 
glutathione; NAD, nicotine adenine dinucleotide; NADH, reduced 
NAD; NADP, nicotine adenine dinucleotide phosphate; NADPH, 
reduced NADP. 
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FIGURE 14-3 Inactivation of oxidants to prevent hemolysis. 
GPX, glutathione peroxidase. 


mainly an extravascular hemolysis (nonspherocytic).° 
Oxidant stress may produce hemolysis by several 
additional mechanisms as well, including the depletion 
of intracellular glutathione stores with direct damage to 
the erythrocytic membrane, and the inactivation of 
several enzymes needed for erythrocyte integrity. In the 
face of tremendous oxidant stress (e.g., arsine), 
hemolysis may occur intravascularly as well. 

The main mechanism by which the erythrocyte 
protects itself against oxidant-induced hemolysis is to 
reduce oxidants before they have a chance to denature 


0), Gi 0 a 


hemoglobin.* Reduced glutathione, both nonenzymati- 
cally and enzymatically with glutathione peroxidase, is 
responsible for most reducing capacity in this regard. 
Catalase reduces hydrogen peroxide, and ascorbate is a 
mild reducing agent (Fig. 14-3). 

Adequate stores of reduced glutathione are main- 
tained within the erythrocyte through conversion of 
NADPH to NADP (see Fig. 14-2). In turn, NADPH 
formation requires a properly functioning hexose 
monophosphate shunt. Patients with the various forms of 
congenital deficiency of glucose-6-phosphate dehydro- 
genase (G6PD), the first enzyme in the hexose mono- 
phosphate shunt, can be predisposed to hemolysis by 
sources of oxidant stress that would not affect the ordinary 
phenotype. The most common sources of oxidant stress in 
these patients are infection, drugs, and food. However, 
Heinz body hemolysis can be produced in anyone (i.e., normal 
phenotypes) if oxidant stress is sufficiently severe (1.e., after 
ingestion of dapsone or aniline). 

Not surprisingly, substances capable of causing 
oxidant-induced hemolysis (Box 14-1) share the ability to 
produce methemoglobinemia and sulfhemoglobinemia. 
However, some agents are better known for the 
hemolytic activity they induce than for accompanying 
dyshemoglobinemias. As examples, arsine and stibine 
cause massive hemolysis and death following inhalation. 
Ingestion of naphthalene results in the formation of O- 
naphthol, a metabolite that is responsible for hemolysis. 
Patients ingesting, aspirating, or inhaling large amounts 
of gasoline also can experience significant hemolysis, 


Acetanilid 
Alloxans 
Aminophenols 
p-Aminopropiophenone 
p-Aminosalicylic acid 
Ammonium nitrate 
Amyl nitrite 
Aniline dyes 
Aniline and derivatives 
Anilinoethanol 
Antipyrine 
Aromatic amines 
Arsine 
Benzocaine 
Betanaphthol 
disulfonate 
Bismuth subnitrate 
p-Bromoaniline 
Cetrimide 
Chloranilines 
Chlorates 
Chlorobenzene 


Chloronitrobenzene 
Chloroquine 
Chromates 
Clofazimine 
Cobalt preparations 
Copper sulfate 
Corning extract 
Crayons, wax (red/ 
orange)' 
Dapsone 
Diaminodiphenylsulfone 
Diesel fuel additives 
Dimethylamine 
Dimethylaminophenol 
Dimethylaniline 
Dimethylsulfoxide 
Dimethyltoluidine 
Dinitrobenzene 
Dinitrophenols 
Dinitrotoluene 
Flutamide 
Food additives 


Hydrazines 
Hydroquinone 
Hydroxyacetanilid 
Hydroxylamine 
Inks, marking 
lfostamide 
Isobutyl nitrite 
Lidocaine 

Local anesthetics 
Menadione 
Menthol 
Methylacetanilid 
Methylene blue 
Metoclopramide 
Monolinuron 
Moth balls 
Mushrooms 
Naphthalene 
Naphthol 
Naphthylamines 
Nitrates 

Nitrites 


p-Nitroaniline 


Nitrobenzene and its 


derivatives 
Nitroethane 
Nitrofurans 
Nitrogen oxide 
Nitroglycerin 
Nitrophenol 
Nitrosobenzene 
Pamaquine 
Pentaerythritol 

tetranitrate 
Phenacetin 
Phenazopyridine 
Phenetidine 
Phenols 
Phenylenediamine 
Phenylhydrazine 


Phenylhydroxylamine 


Piperazine 
Plasmoquine 
Prilocaine 


Primaquine 
Pyridine 
Pyridium 
Pyrogallol 
Quinones 
Resorcinol 
Shoe dye or polish 
Spinach 
Sulfomethane 
Sulfonamides 
Sulfones 
Tetralin 
Tetranitromethane 
tetronal 
Toluenediamine 
Toluidine 
Toluylhydroxylamine 
Trichlorocarbanilide 
(TCC) 
Trinitrotoluene 
Trional 
Valproate 


*Poisoning by these agents variously produces Heinz body hemolytic anemia, methemoglobinemia, sulfhemoglobinemia, or any combination of these. Agents best 
known for causing sulfhemoglobinemia are listed in Box 14-4. 
‘Children’s crayons made in the United States are safe. 
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although the exact cause of this outcome is not clear. 
Perhaps naphthalene, a component of gasoline, is 
also responsible for hemolysis in gasoline poisoning. 
Chlorates and chromates produce both severe hemolysis 
and methemoglobinemia. 

The diagnosis of hemolysis is based on the demon- 
stration of a decrease in blood hemoglobin concentration, 
an increase in plasma free hemoglobin concentration, 
and a decrease in serum haptoglobin concentration. 
Other diagnostic clues include hemoglobinuria (after 
plasma concentrations of hemoglobin have become 
sufficiently elevated) and the presence of Heinz bodies 
(confirmed by special staining technique). Heinz bodies 
are not detectable on a routine Wright stain of blood, 
but “bite cells” or other abnormally shaped cells may be 
noted.* Spherocytes are typically absent or only mildly 
increased in number. Reticulocytosis is delayed for 
several days after onset of hemolysis. Although hemolysis 
may occur early after poisoning (e.g., with chlorate 
toxicity), it may not become clinically apparent until 
several days after ingestion. Other complications of 
hemolysis include hyperkalemia, pigment nephropathy, 
and jaundice. In severe cases, impaired oxygen-carrying 
capacity results in metabolic acidosis, brain failure, and 
cardiovascular collapse. Methemoglobinemia and, occa- 
sionally, sulfhemoglobinemia may accompany Heinz 
body hemolytic anemia, and evidence of such a 
combination should be sought. 

In general, treatment is supportive and includes 
giving blood transfusions, ensuring a brisk urine output, 
and monitoring for hyperkalemia. Specific therapies may 
be indicated in poisonings with specific toxins (e.g., 
exchange transfusions for arsine; D-penicillamine 
therapy for copper). Intravenous administration of 
N-acetylcysteine prevents severe decreases in whole 
blood glutathione concentration in cats suffering from 
acetaminophen-induced methemoglobinemia (this is 
not a problem in humans).° This finding suggests that 
N-acetylcysteine might be effective in preventing or 
lessening oxidant-induced hemolysis in humans with 
acute poisonings, but this conjecture has not been 
proved. 


METHEMOGLOBINEMIA 


Pathophysiology 


Reduced hemoglobin (deoxyhemoglobin) contains four 
heme groups, each with a ferrous (Fe**) ion capable of 
binding and transporting oxygen. Oxidation (removal of 
an electron) of iron to the ferric (Fe**) state produces 
methemoglobin. The fact that oxidant stress produces both 
denaturation of hemoglobin (Heinz body hemolytic 
anemia) and methemoglobin explains the common 
coexistence of hemolysis and methemoglobinemia (see 
Fig. 14-1). 

Methemoglobin continually forms in erythrocytes, to 
a large extent from the oxidizing power of oxygen. 
Methemoglobin fractions are most commonly reported 
in percentages. These values represent the total 





percentage of hemoglobin pigments present as 
methemoglobin. Normally, methemoglobin fractions in 
circulating whole blood are less than 1% to 2%. When 
fractions exceed this value, methemoglobinemia is 
said to be present. Although the term hemoglobinemia 
means the presence of excess hemoglobin in plasma, the 
term methemoglobinemia means the presence of elevated 
circulating fractions of methemoglobin within 
erythrocytes. 

Methemoglobin cannot transport oxygen and thus 
produces a functional anemia. Furthermore, ferric heme 
groups impair unloading of oxygen by ferrous heme on 
the same hemoglobin tetramer, shifting the oxyhemo- 
globin dissociation curve to the left and thereby further 
impeding oxygen delivery.* Thus, the signs and symptoms 
of methemoglobinemia result from the impairment of 
oxygen delivery to tissues. 

Unlike hemoglobin, methemoglobin is dark brown. 
Five grams of normal reduced hemoglobin per deciliter 
of capillary blood produces visible cyanosis. However, 
only 1.5 g of methemoglobin per deciliter of blood 
produces noticeable discoloration. In a patient without 
anemia, methemoglobin fractions of approximately 10% 
to 15% produce cyanosis, even before the impairment of 
oxygen delivery becomes significant. As methemoglobin 
fractions increase to more than 20% in the nonanemic 
patient, cardiovascular and central nervous system signs 
develop and include headache, dyspnea, tachypnea, 
tachycardia, and mild hypertension. Further increases in 
methemoglobin fractions into the 40% to 50% range 
(without anemia) produce confusion, lethargy, and 
metabolic acidosis. Additional elevation results in coma, 
seizures, bradyrhythmias, ventricular dysrhythmias, and 
hypotension; when methemoglobin fractions approach 
70%, death ensues. The anemic patient suffers more 
severe symptoms at given methemoglobin fractions than 
does the nonanemic patient. In addition, anemic patients 
exhibit less profound cyanosis at given methemoglobin 
fractions. 

The inactivation of oxidants is relatively unimportant 
in maintaining methemoglobin fractions within the 
normal range. For example, patients with congenital 
glutathione deficiency, G6PD deficiency, catalase defi- 
ciency, and scurvy do not have elevated methemoglobin 
fractions. Rather, methemoglobin fractions are 
maintained within the normal range by immediate 
reduction back to ferrous hemoglobin after spontaneous 
formation. 

Cytochrome-b;, reductase is responsible for essentially all 
methemoglobin reduction in vivo (Fig. 14-4).° In the 
step mediated by this enzyme, electrons are transferred 
from NADH (from glycolysis) to cytochrome b; and then 
to methemoglobin to form deoxyhemoglobin. Thus, the 
normal functioning of this enzymatic reduction requires 
an intact glycolytic pathway, cytochrome 0b;, and 
adequate activity of the reductase enzyme. Usually, the 
rate of the enzymatic reduction of methemoglobin 
exceeds the rate of spontaneous background methemo- 
globin formation by several hundred-fold. Patients who 
are heterozygous for this enzyme deficiency normally do 
not have elevated methemoglobin fractions but are 
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FIGURE 14-4 Reduction of methemoglobin. Essentially all methemoglobin reduction in vivo is catalyzed by cytochrome-b, reductase. 
Methylene blue markedly enhances methemoglobin reduction by acting as a cofactor for NADPH methemoglobin reductase. HbFe?*, 
normal ferrous hemoglobin; NADPH, reduced nicotine adenine dinucleotide phosphate; METHbFe?+, methemoglobin. 


predisposed to suffering methemoglobinemia in response 
to oxidant stress that would not affect a patient with a 
normal phenotype. Patients homozygous for this 
deficiency have congenital methemoglobinemia. 

A second enzyme, NADPH methemoglobin reductase, 
normally remains inactive. However, the addition of a 
cofactor such as methylene blue markedly accelerates 
NADPH methemoglobin reductase activity and serves 
as the basis for treating methemoglobinemia with 
methylene blue.* In this pathway (see Fig. 14-4), 
electrons are transferred from NADPH (from the hexose 
monophosphate shunt) to methylene blue and then to 
methemoglobin to produce deoxyhemoglobin. Thus, 
reduction of methemoglobin by this pathway requires 
an intact hexose monophosphate shunt, a cofactor such 
as methylene blue, and normal activity of the NADPH 
methemoglobin reductase enzyme. In vitro, some 
methemoglobin reduction can be demonstrated by 
glutathione and ascorbate; however, this activity is 
thought to be insignificant in vivo. Ascorbate generally is 
not considered an effective agent for the treatment of 
acute methemoglobinemia because of its slow action. 

Infants are predisposed to methemoglobinemia 
because of their limited cytochrome-b; reductase activity 
and the low cytochrome-b; concentrations in their erythro- 
cytes. Oxidant stress resulting from infections such as 
gastroenteritis or urinary tract infections are by far the 
most common cause of acquired methemoglobinemia in 
patients of this age group.’® 


Etiology 
CONGENITAL CAUSES? 


Homozygous deficiency of cytochrome-b; reductase 
produces congenital methemoglobinemia, which 
responds to oral methylene blue therapy. Several mutant 
hemoglobin species collectively termed hemoglobin M 
have been described in which the iron remains in the 
ferric form. Most patients with hemoglobin M suffer 
from congenital methemoglobinemia that is unre- 
sponsive to methylene blue therapy. Finally, there exist 
mutant unstable hemoglobins that undergo denaturation 
to produce congenital Heinz body hemolytic anemias; 
some of these also oxidize to methemoglobin. 


ACQUIRED CAUSES 

Most cases of methemoglobinemia are acquired and, 
except in neonates with infections, result from exposure 
to drugs or toxic agents (see Box 14-1). Oral overdoses 
of nitroglycerin and organic nitrates (which are esters 
of nitrite), as well as therapeutic doses of intravenous 
nitroglycerin are well known to produce methemo- 
globinemia.” The topical use of benzocaine spray, 
teething ointments, and hemorrhoidal creams, along 
with therapeutic doses of most other local anesthetics 
administered by injection or topical application (e.g., 
lidocaine spray for bronchoscopy) have produced this 
disorder. Methemoglobinemia is the rule following 
overdoses of phenazopyridine (Pyridium) or dapsone, 
and it occasionally results from the administration of 
therapeutic doses of the latter. The conversion of nitrates 
to nitrites by bacteria in the upper gastrointestinal tract 
has produced fatal methemoglobinemia in infants who 
ingested well water with high nitrate concentrations.'? 
The recreational use of inhalable nitrites such as isobutyl 
nitrite has resulted in death. Aniline dyes are potent 
inducers of methemoglobinemia, and topical contact 
with these agents, which include components of printing 
ink on diapers, leather dyes in new shoes, and com- 
mercial marking crayons, has resulted in significant 
methemoglobinemia and death.* A multitude of pre- 
scription drugs have been less frequently associated with 
methemoglobinemia, including valproic acid, ifosfamide, 
and flutamide. 

As expected, many agents producing methemo- 
globinemia also produce oxidant-induced hemolysis. For 
example, profound hemolysis may accompany poisonings 
with chlorates, arsine, stibine, chromates, and dapsone. 


Diagnosis 


The diagnosis of methemoglobinemia is confirmed 
by multiple-wave-length co-oximetry. Other diagnostic 
clues, however, may be either helpful or misleading. 
Generalized cyanosis in the presence of a normal arterial 
oxygen tension almost always represents methemo- 
globinemia. Failure of cyanosis to resolve with oxygen 
therapy also is an important diagnostic clue. Many blood 
gas instruments do not actually measure percent 
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saturation, although they do report a value for 
saturation. This value is usually calculated from the 
oxygen tension and pH, and it represents what the 
saturation should be, assuming a lack of abnormal 
hemoglobin pigments. ‘Therefore, in methemoglobinemia, 
the true percent saturation as determined by co-oximetry 
is much lower than the calculated percent saturation as 
reported by many blood gas instruments. The difference 
between these two values, or the saturation gap, should 
be less than 3% to 5% in arterial blood. Large saturation 
gaps in arterial blood are almost always due to 
methemoglobinemia or carboxyhemoglobinemia and 
less commonly to sulfhemoglobinemia. 

In the past, most co-oximeters did not differentiate 
between methemoglobin and sulfhemoglobin and thus 
reported elevated methemoglobin fractions in the 
presence of sulfhemoglobinemia. While some of these 
instruments remain in use, many more recent co- 
oximeters will not report a falsely elevated methemo- 
globin fraction in the face of isolated sulfhemoglobinemia 
(see later section Sulfhemoglobinemia). 

Pulse oximetry neither accurately nor reliably 
measures percent saturation in the presence of 
methemoglobinemia.'! Depending on the true oxygen 
saturation, pulse oximetry may yield falsely low or falsely 
high values. In an otherwise healthy patient with a 
normal baseline oxygen saturation, pulse oximetry will 
read falsely elevated saturations, although they can 
decline below baseline values. For example, with 
methemoglobin fractions of 60% and a true oxygen 
saturation of 40%, a pulse oximeter may report a 
saturation of 85%. Once the diagnosis of methemo- 
globinemia has been made, the pulse oximeter should 
be disconnected from the patient so that medical 
personnel are not misled by unreliable readings. 

Patients with significant methemoglobinemia may be 
observed to have chocolate-colored blood during blood 
sampling. A drop of this blood allowed to dry on filter 
paper appears noticeably brown when compared with 
venous blood from an asymptomatic patient when 
methemoglobinemia fractions exceed 10% to 15% in the 
nonanemic patient.'* The presence of methemo- 
globinemia does not alter measurements of total 
hemoglobin concentration provided by the hematology 
laboratory. Because co-oximetry determines methemo- 
globin concentrations by measuring the absorption of 
light, substances that interfere with light absorption can 
produce false results on co-oximetry. Hyperlipidemia, 
such as that seen after the infusion of lipid emulsions or 
in patients with diabetes mellitus, interferes with the 
measurement of hemoglobin pigments by some co- 
oximeters and results in the reporting of a falsely 
elevated fraction of methemoglobin.'* Total blood and 
plasma free hemoglobin concentrations may also be 
falsely elevated in this situation. Immediately after a dose 
of methylene blue has been administered, co-oximetry 
may be unreliable for several minutes.* In the foregoing 
instances, it should be remembered that significant 
methemoglobinemia is not present in a patient with a 
normal hemoglobin concentration if he or she does not 
appear cyanotic. 





Methemoglobin fractions increase after death. There- 
fore, postmortem methemoglobin concentrations are not 
valid indicators of antemortem methemoglobinemia.'” 


DIFFERENTIAL DIAGNOSIS 

Cyanosis caused by methemoglobinemia is most 
commonly confused with that from hypoxia. However, 
in cases of isolated methemoglobinemia with or with- 
out hemolysis, the arterial oxygen tension remains 
unchanged from baseline values and, in the absence of 
other causes, is normal. Furthermore, the cyanosis from 
methemoglobinemia does not respond to oxygen 
therapy. An unusual and poorly characterized dis- 
coloration of skin and other organs has been reported in 
patients suffering from hydrogen sulfide poisoning. Rare 
cases of tellurium exposure are characterized by blue 
discoloration. Many patients with severe cyanide 
poisoning experience cyanosis, and many other signs 
and symptoms of cyanide poisoning are similar to those 
of methemoglobinemia. Both carbon monoxide 
poisoning and sulfhemoglobinemia (described later in 
this chapter) produce saturation gaps in the presence of 
normal arterial oxygen tensions. Skin contact with new 
clothing or towels that contain blue dyes may cause 
discoloration of the skin, but this discoloration is removed 
by washing or wiping the skin. Excessive administration 
of methylene blue may also produce cyanosis that can be 
confused with continuing methemoglobinemia or 
cyanosis from other causes. 


TREATMENT 

Patients suffering from methemoglobinemia should 
receive oxygen to maximize the oxygen-carrying capacity 
of their remaining normal hemoglobin. Blood should 
be drawn and analyzed for evidence of hemolysis 
(hemoglobin measurement, blood smear, Heinz body 
staining, plasma free hemoglobin determination, and 
serum haptoglobin measurement). Patients should 
undergo arterial blood gas analysis and co-oximettry, 
and routine laboratory studies should be performed. An 
electrocardiogram should be obtained for ruling out 
myocardial ischemia. 


ASYMPTOMATIC PATIENTS 

Many patients suffering from methemoglobinemia 
exhibit cyanosis but lack signs and symptoms and do not 
require specific treatment. Once exposure to the 
offending agent ends, methemoglobin levels usually 
return to normal within 36 hours. Most of these patients 
require admission to a hospital for clinical follow-up 
for worsening of signs and symptoms, monitoring for 
onset of hemolysis, and serial determination of 
methemoglobin levels. Assuming normal hemoglobin 
concentrations, asymptomatic patients usually have 
methemoglobin fractions between 10% and 15%. 


SYMPTOMATIC PATIENTS 

Symptomatic patients suffering from methemoglo- 
binemia (e.g., tachycardia, dyspnea, headache) are 
candidates for antidotal therapy with methylene blue, in 
the absence of a history of G6PD deficiency. Parenteral 
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methylene blue is available as a 1% solution (10 mg/ 
mL); it should be administered intravenously over 3 to 5 
minutes at an initial dose of 2 mg/kg (0.2 mL/kg of a 1% 
solution). Resolution of cyanosis usually occurs within 15 
to 20 minutes; more time may be required in some 
instances. If the patient is seriously symptomatic and no 
response occurs within 15 minutes, or if the patient 
remains moderately symptomatic without any improve- 
ment after 30 minutes, then repeat doses of 1 mg/kg 
(0.1 mL/kg of a 1% solution) may be given. If 
methemoglobin levels are readily available, repeat 
determinations of methemoglobin fractions should be 
performed before repeat dosing of methylene blue 
because large doses of methylene blue themselves 
produce discoloration of the skin. The total dose of 
methylene blue administered during the first few hours 
should not exceed 5 to 7 mg/kg. 

Some methemoglobin-producing toxins have long 
half-lives. The classic example is dapsone, which may 
produce methemoglobinemia and hemolysis that last for 
days. In this situation, it may be necessary to administer 
methylene blue as a continuous infusion. Methylene 
blue may be dissolved in the crystalloid solution of choice 
and administered, on the basis of case reports in the 
literature, starting at 0.1 mg/kg per hour (0.01 mL/kg 
per hour of a 1% solution).'®° However, in the author’s 
experience, higher rates may be required on occasion. 
Serial methemoglobin fractions are followed to monitor 
therapy. 

Methylene blue largely undergoes renal excretion 
unchanged (about 75%). Therefore, patients with renal 
insufficiency do not require changes in initial doses for 
the treatment of methemoglobinemia but should receive 
lower continuous infusion doses of the drug determined 
on the basis of their creatinine clearance. 

Adverse effects associated with large or rapidly 
administered doses of methylene blue in normal 
volunteers include dysuria, substernal chest pain, 
nausea, tachycardia, hypertension, and anxiety. Urine 
initially turns blue and then green as the drug undergoes 
excretion. Although the literature cautions that methylene 
blue may produce transient methemoglobinemia 
when given in large doses (e.g., 5 mg/kg over 35 to 70 
minutes),!” this has not been thought to be a significant 
problem in humans receiving recommended doses and 
has been ascribed largely to an in vitro effect occurring 
in the presence of hypoxic conditions.'®'% Worsening 
hemolysis in methemoglobinemia patients has been 
ascribed to methylene blue therapy, even in those with 
normal G6PD activity. However, this finding has 
primarily been noted in case reports of patients in whom 
hemolysis was not unexpected from the agent producing 
methemoglobinemia, making causal relationships 
unclear. Importantly, neonates do seem sensitive to 
hemolytic actions of methylene blue.*°** Regardless of 
these concerns, the administration of methylene blue to 
a symptomatic patient with methemoglobinemia (with- 
out G6PD deficiency) has never been proved to worsen 
methemoglobinemia, and so methylene blue continues 
to be the drug of choice for treating symptomatic patients. 


Furthermore, patients with methemoglobinemia should 
always be closely followed for evidence of hemolysis 
because hemolysis is common whether or not methylene 
blue is given. 

Methylene blue should never be administered to someone with 
known G6PD deficiency. Such patients have low red cell 
NADPH concentrations, which limit augmentation of 
NADPH methemoglobin reductase by methylene blue. 
Importantly, methylene blue triggers hemolysis in such 
patients, which further impairs oxygen delivery to 
tissues.**° Methylene blue should never be withheld 
from a symptomatic patient simply because a history 
concerning the presence or absence of G6PD deficiency 
cannot be obtained. 

Cimetidine has been used to help control methemo- 
globinemia secondary to dapsone. By inhibiting 
cytochrome P-450 conversion to the oxidizing metabolite 
responsible for methemoglobinemia (dapsone hydro- 
xylamine), oral administration of 1200 mg/day cimetidine 
to patients taking therapeutic doses of dapsone 
decreased circulating methemoglobin fractions by an 
average of 25%."4 

In a manner similar to methylene blue, riboflavin also 
acts as an electron transfer agent and reduces methemo- 
globin in the presence of NADPH methemoglobin 
reductase. While endogenous riboflavin concentrations 
are not high enough to provide for significant methemo- 
globin reduction, oral doses of 60 to 100 mg per day have 
been used with success in patients with congenital 
methemoglobinemia.*”° The safety and efficacy of IV or 
oral riboflavin for the treatment of acquired, acute 
methemoglobinemia has not been described. 

Incubation of erythrocytes in very high concen- 
trations of N-acetylcysteine appears to enhance 
methemoglobin reduction in vitro.” However, these 
concentrations of N-acetylcysteine cannot be safely 
achieved in human beings, and a randomized controlled 
trial found that conventional doses of IV N-acetylcysteine 
were ineffective in reducing nitrite-induced methemo- 
globin fractions in human volunteers.*® 

During the care of patients with methemoglobinemia, 
care should always be taken to monitor total oxygen- 
carrying capacity by following both hemoglobin con- 
centrations and methemoglobin fractions. For example, 
a decrease in the methemoglobin fraction from 30% to 
15% will not result in improved oxygen delivery if 
accompanying hemolysis has resulted in a decrease of 
hemoglobin concentration from 15 to 5 g/dL. In fact, 
in this example, oxygen-carrying capacity has worsened. 
Furthermore, the onset of anemia alone may result in 
the disappearance of cyanosis if total hemoglobin 
concentrations decrease to the point where significant 
amounts of methemoglobinemia do not produce 
discoloration. For example, a 10% methemoglobin 
fraction in combination with a hemoglobin concen- 
tration of 15 g/dL produces visible cyanosis in most 
persons. However, a 20% methemoglobin fraction in a 
patient with a hemoglobin level of 5 g/dL produces no 
visible discoloration, yet may be lethal. Therefore, 
caution must be taken in interpreting the disappearance 
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of cyanosis to mean that methemoglobinemia has not 
worsened or that the patient’s status has improved. 

After initial signs and symptoms of methemoglobinemia 
have been addressed, then routine gastrointestinal and 
skin decontamination should be performed as indicated. 
If ascorbic acid is used to treat methemoglobinemia, a 
recommended dose is 0.5 to 1 g intravenously or orally 
every 6 hours. Again, ascorbic acid works slowly and 
generally is considered ineffective for the treatment of 
acute acquired methemoglobinemia. 


FAILURE TO RESPOND TO METHYLENE BLUE 
THERAPY 

When patients with methemoglobinemia do not improve 
with methylene blue therapy, several possibilities should 
be considered (Box 14-2). They may have been exposed 
to large amounts of drugs or chemicals that, even with 
methylene blue therapy, produce methemoglobin at 
rates greater than the rate of reducing capacity. However, 
this possibility remains the exception. Although there 
are certainly times when methemoglobin fractions do 
not return to normal because of continued methemo- 
globin formation, methylene blue therapy almost always 
results in at least a transient decrease in methemoglobin 
fractions. 

The patient who does not respond to methylene 
blue may also have an unrecognized G6PD deficiency. 
The rare patient with congenital lack of NADPH 
methemoglobin reductase also fails to respond to 
methylene blue treatment. Sulfhemoglobinemia can be 
mistaken for methemoglobinemia (see later in this 
chapter). Finally, repeated doses of methylene blue may 
result in blue discoloration of skin that is mistaken for 
methemoglobinemia.*” 

Treatment options for the patient who cannot receive 
or who fails to respond to methylene blue therapy are 
somewhat limited. Blood transfusions and exchange 


BOX 14-2 


Profound and overwhelming toxicity from oxidants (e.g., chlorates, 


aniline) 
Glucose-6-phosphate dehydrogenase deficiency 
NADPH methemoglobin reductase deficiency 
Sulthemoglobinemia 
Discoloration due to large doses of methylene blue 








transfusions may be life saving’? and are recommended 
whenever refractory methemoglobin fractions approach 
70% in the nonanemic patient. Hyperbaric oxygenation 
can be a temporizing measure that provides adequate 
oxygen delivery during preparation for blood trans- 
fusion. However, a patient can stay in a hyperbaric 
chamber only for a relatively limited period of time 
without suffering from consequences of oxygen toxicity. 
Although not known to be effective, administration 
of large doses of ascorbic acid may also be indicated in 
this situation. 


SULFHEMOGLOBINEMIA 


Background and Characteristics 


Sulfhemoglobin is a green molecule resulting from 
the incorporation of a sulfur atom into the porphyrin 
ring of hemoglobin by oxidant stress. Like methemo- 
globin, sulfhemoglobin cannot transport oxygen (Table 
14-1). Sulfmyoglobin, a surrogate for one sulfhemoglobin 
tetramer, has a 2500-fold lower affinity for oxygen than 
myoglobin does.*! Although small amounts of methe- 
moglobin normally exist in vivo, no circulating sulf- 
hemoglobin usually occurs. Unlike methemoglobin, 
sulfhemoglobin persists for the life of the erythrocyte 
and does not undergo conversion back to hemoglobin. 
Very little sulfhemoglobin causes typical slate-gray cya- 
nosis. Only 0.5 g/dL of sulfhemoglobin produces notice- 
able skin discoloration (as compared with 1.5 g/dL of 
methemoglobin and 5 g/dL of deoxyhemoglobin). 

In sulfhemoglobinemia (i.e., in vivo), hemoglobin 
tetramers usually contain only one or two sulfurated 
heme isomers. The affected molecules shift unaffected 
heme moieties toward the unliganded conformation. 
This reduces the oxygen affinity of the unmodified 
subunits and shifts the oxyhemoglobin dissociation 
curve to the right, enhancing oxygen delivery to tissues 
and partially ameliorating the effects of reduced oxygen- 
binding capacity.** In contrast, methemoglobin and 
carboxyhemoglobin shift the dissociation curve to the left, 
worsening the impairment of oxygen delivery to tissues. 

Sulfhemoglobin, methemoglobin, and hemoglobin M 
possess similar light absorption spectra, and many early 
authors failed to distinguish among these three 
abnormal pigments. Some multiple-wave-length co- 
oximeters still in use today report sulfhemoglobin as 
methemoglobin. Furthermore, early studies of “sulfhe- 
moglobinemia” from hydrogen sulfide mixed with blood 


Comparison of Hemoglobin Pigments 


Pigment Deoxyhemoglobin 
Color Blue 
Concentration when cyanosis appears 5 g/dL 

Oxygen transport? Yes 
Oxyhemoglobin dissociation curve shift Rightward 
Response to methylene blue treatment None 


Methemoglobin Sulfhemoglobin Carboxyhemoglobin 


Brown Green Bright red 
1.5 g/dL 0.5 g/dL — 

No No No 
Leftward Rightward Leftward 
Decreases None None 
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in vitro may have represented nothing more than a 
mixture of oxidized and denatured hemoglobin 
pigments that were unrelated to what is termed sulfhe- 
moglobin today.” Readers interpreting the confusing 
medical literature on sulfhemoglobinemia must be 
aware that older literature describing sulfhemoglobin, 
probably better termed pseudo-sulfhemoglobin,** might 
represent true reports of sulfhemoglobinemia, methe- 
moglobinemia, hemoglobin M disease; various species 
of denatured hemoglobin from hydrogen sulfide mixed 
with blood in vitro; or perhaps of other chemical 
compounds. 


Etiology 


Sulfhemoglobinemia is always acquired (Box 14-3), and 
chemicals capable of producing sulfhemoglobinemia*® 
usually are better known for their ability to produce 
methemoglobinemia and hemolysis. Thus, methemo- 
globinemia, sulfhemoglobinemia, and hemolysis may 
coexist. Why some patients develop sulfhemoglobinemia 
and others methemoglobinemia after exposure to the 
same agent remains a mystery. 

Sulfhemoglobin forms when sulfur binds to the 
B-pyrrole ring of the heme moiety (Fig. 14-5A). Based on 
studies of sulfmyoglobin, it has been suggested that an 
unstable episulfide bond forms (Fig. 14-56) that 


BOX 14-3 


Bismuth subnitrite 
Dapsone 
Dimethylamine 
Dinitrobenzene 

Ethyl nitrite 
Flutamide 
Hydroxylacetylanilide 


Acetanilid 

Aminophenol 
p-Aminopropiophenone 
Ammonium nitrite 
Amyl nitrite 

Aniline 

Anilinoethanol 


Nitrites 


Hydroxylamine 
Metoclopramide 
Methylacetylanilide 
Naphthylamine 


p-Nitroaniline 
Nitrobenzene 


spontaneously converts to the stable conformation (Fig. 
14-5C), which persists for the life of the red blood cell.°° 
In the past, authors suggested that the source of sulfur 
responsible for the oxidation of hemoglobin to 
sulfhemoglobin was the offending chemical producing 
the oxidant stress. However, many drugs associated 
with sulfhemoglobinemia do not contain sulfur. Another 
older belief was that an abnormally functioning 
gastrointestinal tract alone could produce hemolytic 
anemia, sulfhemoglobinemia, and methemoglobinemia 
(“enterogenous cyanosis”) from the purported absorp- 
tion of endogenously produced nitrites and sulfides. 
However, it appears that such patients were unknowingly 
ingesting analgesics known to cause such disorders.°” 

In an attempt to identify the source of the sulfur atom 
when exogenous sulfur was not supplied, Westphal and 
Azen” studied rats with jejunal pouches in which 
bacterial overgrowth occurred. Rats with jeyunal pouches 
exposed to phenacetin were more likely to develop 
sulfhemoglobinemia than were the controls. In addition, 
erythrocytes from both control animals and those with 
pouches were more likely to become sulfurated when 
incubated in the urine of pouched rats than when 
incubated in the urine of controls. Finally, pouched rats 
were less likely to develop sulfurated hemoglobin when 
they were treated with neomycin. This suggests that 
bacterial metabolism in the gastrointestinal tract may 


Sulfathiazole 
Toluenediamine 
Tolylhydroxylamine 
Trinitrotoluene 


Nitroglycerin 
Phenacetin 
Phenazopyridine 
Phenylenediamine 
Phenylhydroxylamine 
Sulfanilamide 
Sulfapyridine 


*In some instances, it is not known whether older reports of “sulfhemoglobinemia” represented methemoglobinemia, sulfhemoglobinemia, or both. 





FIGURE 14-5 Proposed formation of sulfhemoglobin as illustrated in a single heme moiety (as in sulfmyoglobin). A, Native heme 
moiety. B, Initial episulfide bond across the B-B bond of B-pyrrole. C, Terminal sulfhemin in sulfmyoglobin. In sulfmyoglobin, no more than 
one to two heme moieties of a hemoglobin tetramer are oxidized to the sulfhemin state. (From Chatfield MJ, La Mar GN: 1H nuclear 
magnetic resonance study of the prosthetic group in sulfhemoglobin. Arch Biochem Biophys 1992;295:290.) 
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serve as a source for sulfur found in sulfhemoglobin 
during times of oxidant stress induced by various 
chemicals. Endogenous sulfhydryl groups may act as 
sulfur donors during the production of sulfhemoglobin. 


Laboratory Diagnosis 


In an early attempt to discern what was being measured 
when “sulfhemoglobin” was reported to be present, Michel 
and Harris’? reported that the addition of cyanide or 
dithionite (hydrosulfite) to blood bound methemo- 
globin eliminated its spectral absorption immediately, 
while that of sulfhemoglobin remained. However, this 
simple test did not exclude hemoglobin M (or perhaps 
other oxidation products of hemoglobin), which also 
remains after addition of these compounds. Carrico and 
colleagues*® later demonstrated that carbon monoxide 
bound sulfhemoglobin to produce carbonmonoxy- 
sulfhemoglobin, a compound with enhanced spectral 
absorption and a down-field shift, whereas neither 
methemoglobin nor hemoglobin M bound carbon 
monoxide. Therefore, light absorption in the presence 
of cyanide (or dithionite) and carbon monoxide served 
for several years as laboratory tools to measure “sulfhe- 
moglobin” fractions and concentrations, although it is 
not known that what we know today as sulfhemoglobin 
was always the species being measured. Park and Nagel** 
reported that isoelectric focusing (a form of 
electrophoresis) reliably delineates the three pigments. 
Although this test is not widely available, it is the most 
reliable way of distinguishing sulfhemoglobin from 
methemoglobin and generally serves as the gold 
standard, although other methods may be used in some 
reference laboratories. 

Various brands and models of co-oximeters detect and 
report sulfhemoglobin differently. As examples, 
Instrumentation Laboratory Inc.’s [L282 and IL482 
(Lexington, MA) both report sulfhemoglobin as 
methemoglobin. However, the IL682 by the same 
manufacturer is reported to indicate the presence of 
sulfhemoglobin fractions greater than 1.5%.*! The 
Radiometer OSM3 (Westlake, OH) has been noted to 
report falsely elevated oxygen saturations in the presence 
of sulfhemoglobinemia unless a service program 
configuration used by factory representatives is used.“ It 
is essential that physicians know how the co-oximeter 
their laboratory uses detects and reports sulfhemo- 
globinemia. It is wise to remain skeptical about the 
reliability of some manufacturers’ claims and to always 
use a reference laboratory to quantify sulfhemoglobin if 
there is any question about the diagnosis. 

The exact behavior of pulse oximetry in the face of 
sulfhemoglobinemia remains unresolved, although 
reports document that pulse oximeters will not provide 
reliable estimates of true saturation. This author has seen 
pulse oximeters read falsely low saturations in the face of 
sulfhemoglobinemia in two patients. Other authors*** 
have described falsely elevated saturation reports by 
pulse oximetry in the face of sulfhemoglobinemia. At 
present, pulse oximetry should not be used to estimate 
true saturation when sulfhemoglobinemia is suspected. 





Clinical Presentation 


Sulfhemoglobinemia enters the differential diagnosis 
with a cyanotic or gray patient who has a normal oxygen 
tension, who may or may not have what the laboratory 
reports to be elevated methemoglobin fractions, and 
who has failed to respond to methylene blue therapy. 
Except for cyanosis, most patients with sulfhemoglo- 
binemia are not symptomatic unless other abnormal 
hemoglobins are present (e.g., methemoglobin) or there 
is accompanying anemia from hemolysis. The discol- 
oration of skin most often appears slate gray and 
may persist for weeks or even months owing to the 
irreversible nature of sulfhemoglobin. Only rarely is 
sulfhemoglobinemia severe enough to produce tachy- 
cardia, tachypnea, dyspnea, and altered level of 
consciousness due to impairment of oxygen delivery. 
The coexistence of methemoglobinemia and anemia, of 
course, may alter the discoloration of cyanosis and 
clinical symptoms. As with other hemoglobinopathies, 
arterial oxygen tension is normal unless coexisting 
disease is present. 

Numerous cases of “sulfhemoglobinemia” have been 
reported in the English literature, and the frequency of 
reports may be increasing with the use of more modern 
co-oximeters. However, only rarely has the diagnosis 
been confirmed with isoelectric focusing. In the past, the 
drugs most commonly causing sulfhemoglobinemia 
were acetanilide, phenacetin, and sulfonamides. Use of 
Bromo-Seltzer was the single most common cause, but 
acetanilide, the offending ingredient, has since been 
removed from this product’s contents. Over the last 
several years, reports of sulfhemoglobinemia attributable 
to flutamide, metoclopramide, phenazopyridine, and 
dapsone have appeared. Again, these same agents are 
known to produce methemoglobinemia as well. 

Three examples of typical cases follow. Halvorsen 
reported the case of an 85-year-old woman who received 
nitrofurantoin and phenazopyridine for a urinary tract 
infection. She was subsequently hospitalized when she 
complained of dizziness and was noted to exhibit 
cyanosis. Co-oximetry reported a methemoglobin fraction 
of 50.3%. The addition of cyanide to blood produced no 
change in the methemoglobin fraction. Methylene blue 
was administered and repeated 1 hour later without 
effect. On the ninth day of hospitalization, co-oximetry 
reported a methemoglobin fraction of 26.5%. Her 
symptoms gradually resolved, but 9 months later she was 
inadvertently rechallenged with phenazopyridine in 
combination with cotrimoxazole. She was admitted to 
the hospital on the seventh day of therapy for cyanosis 
and what was reported to be a 30% methemoglobin 
fraction by co-oximetry. Again, methylene blue was given 
without effect, and cyanosis and reported methemo- 
globin fractions decreased over several weeks to months. 

Basset and associates“ reported the case of a 37-year- 
old man who was admitted with chronic anemia and 
cyanosis. For two weeks he had been taking an average of 
100 tablets per week of aspirin, codeine, and phenacetin 
for headaches. Total hemoglobin concentration was 
9 g/dL, the reticulocyte count was 12%, and Heinz body 
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formation was observed. Diagnosis of sulfhemoglo- 
binemia was made after identification of absorption 
spectra at 620 nm without change after addition of 
cyanide. Confirmation was performed with isoelectric 
focusing. 

Chawla and coworkers*’ described a patient who 
ingested 3 g of dapsone in a suicide attempt and had 
cyanosis, tachycardia, and tachypnea. Laboratory studies 
revealed both methemoglobinemia (4.3 g/dL) and 
sulfhemoglobinemia (0.25 g/dL). Methylene blue therapy 
produced a resolution in cyanosis and methemoglo- 
binemia and thus was continued for a total of 36 hours. 
Forty-eight hours later, the patient again became cyanotic, 
and repeat studies revealed that the methemoglobin 
concentration had decreased to 0.7 g/dL while the 
sulfhemoglobin level had risen to 0.39 g/dL. 
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Treatment 


There is no specific antidote for sulfhemoglobinemia. 
Methylene blue does not confer any beneficial effect. 
Treatment centers on ensuring adequate oxygen delivery 
to tissues through the correction of coexistent methemo- 
globinemia and anemia (frequently from hemolysis) and 
on promoting maximal oxygen-carrying capacity with 
administration of oxygen when the patient is symp- 
tomatic. In the rare severe case, transfusions have been 
performed, with a resultant increase in total hemoglobin 
concentration and a decrease in sulfhemoglobin fraction 
and concentration. 


OTHER ERYTHROCYTE DISORDERS 


In addition to oxidant stress, anemia from other or 
unclear causes may occur in various acute and chronic 
poisonings (Box 14-4). Hemolysis from damaged red cell 
membranes may follow some poisonous snake bites or 
Loxosceles envenomation. Impaired heme or erythrocytic 
synthesis explains at least some of the anemias seen in 
those with toxicity produced by arsenic, lead, aluminum, 
colchicine, podophyllum, and nitrous oxide. Acute lead 
poisoning (from an acute single ingestion of a large 
amount of lead) may be accompanied by profound 
hemolysis. The ingestion of zinc supplements prevents 


BOX 14-4 


Aluminum Ethanol 

Arsenic Lead 

Benzene Loxosceles spiders Snake 

Chemotherapeutic Nitrous oxide envenomation 
agents Oxidizing agents Zinc 

Colchicine (see Box 14-1) 


Podophyllum 
Radiation 


*In many cases, the exact mechanism by which anemia occurs remains 
unknown. 





BOX 14-5 


Arsenic 
Benzene (myelodysplastic syndrome) 
Nitrous oxide 


* Excluded are the multitude of agents that elevate erythrocytic mean cell 
volume when given at therapeutic doses. 





the absorption of copper and may lead to a sideroblastic 
anemia.*8 

Elevated values for mean erythrocytic cell volumes 
suggest the presence of several different toxins (Box 
14-5). Refractory anemia seen in benzene-induced 
myelodysplastic syndromes may also be accompanied by 
an increased mean cell volume. 

Carboxyhemoglobin is covered in Chapter 87. Like 
other dyshemoglobinemias, carboxyhemoglobin pro- 
duces a percent saturation gap. Like methemoglobin, 
carboxyhemoglobin does not carry oxygen and shifts the 
oxyhemoglobin dissociation curve to the left, further 
impairing oxygen delivery. Pulse oximetry does not detect 
low oxygen saturations that result from carboxyhemo- 
globin. Accurate diagnosis is made with the use of 
co-oximetry. 

Porphyrias are diseases resulting from deficiencies of 
various enzymes involved in heme synthesis. Although a 
multitude of agents given at therapeutic doses have 
exacerbated or triggered crises in patients with 
porphyrias, the chronic ingestion of grain treated with 
hexachlorobenzene (a fungicide) serves as the main 
example of a toxin’s being primarily responsible for 
an outbreak of porphyria (porphyria cutanea tarda).* 
It is now recognized that most patients with idiopathic 
porphyria cutanea suffer from hepatitis C, and it is 
unclear whether hepatitis C played an important 
predisposing role in hexachlorobenzene-induced 
porphyria. 


Leukocytes 


Although hundreds of pharmaceutical agents given at 
therapeutic doses produce leukopenia as an adverse 
effect, the presence of leukopenia in acute or chronic 
poisoning suggests only a few causes (Box 14-6). 
Leukopenia following acute overdoses of chemother- 
apeutic drugs may not appear for several days and 
commonly reaches a nadir in | to 3 weeks. In contrast, 
the leukopenia following colchicine poisoning is 
frequently severe and of rapid onset, appearing within 
48 hours after an initial leukocytosis.°° Leukopenia 
commonly accompanies the sideroblastic anemia seen in 
copper deficiency from the ingestion of excessive zinc 
supplements.“ Some types of nonlymphocytic leukemias 
might result as part of a benzene-induced myelodys- 
plastic syndrome after chronic exposure. 


CHAPTER 14 


BOX 14-6 


Benzene (myelodysplastic syndrome) 
Chemotherapeutic agents 


Colchicine 
Metals 
Podophyllum 
Irradiation 
Valproic acid 


Platelets 


Thrombocytopenia may result from bone marrow sup- 
pression (e.g., by chemotherapeutic drugs, colchicine, or 
arsenic), increased destruction by enzymes (e.g., after 
snake bite), or an intoxication complicated by dissemi- 
nated intravascular coagulation. Severe acetaminophen 
toxicity (with hepatic failure) may be accompanied by 
profound thrombocytopenia.”!? Thrombocytopenia has 
been reported on several occasions complicating 
valproic acid overdoses.°? Most thrombocytopenia seen 
in patients who have received therapeutic doses of drugs 
is immune mediated. 

Numerous pharmaceutical agents impair platelet 
function at therapeutic doses and, of course, at toxic 
doses. Examples include aspirin, nonsteroidal anti- 
inflammatory drugs, ticlopidine, dipyridamole, and 
nitroglycerin. Despite inhibition of platelet function, 
bleeding is a rare cause of serious morbidity or mortality 
after acute poisonings by these agents. 
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At a Glance... 


m All chemical exposures to the eye require immediate 
decontamination by copious irrigation with an aqueous 
solution. 

m Rapid irrigation optimizes the chances for full recovery after 
chemical eye injuries; conversely, a delay in decontamination 
can negatively affect outcome. 

m Tap water is readily available, safe, and effective and, thus, the 
preferred irrigation fluid. 

m Lactated Ringer's solution is theoretically preferable to normal 
saline as an ocular irrigant because it has a more physiologic pH 
and osmolarity. 

m Newer, specialized irrigation solutions (e.g., hexafluorine or 
Diphoterine, Prevor Laboratories, France) may become the ideal 
methods of ocular decontamination, particularly following 
exposure to chemical warfare agents. 

m Some ocular toxins have delayed effects (e.g., mustard agents 
and hydrofluoric acid). 

m= Immediate ophthalmologic referral is recommended for all but 
the most trivial chemical burns to the eye. 


In 2005, 133,270 ocular toxic exposures were reported 
to national poison centers.' These exposures accounted 
for 5.2% of all poison center calls. Toxic injuries to the 
eye result predominantly from direct, local contact with 
caustic substances. Some toxins, however, may produce 
ocular toxicity following systemic absorption, and certain 
toxins may produce systemic effects following ocular 
exposure. This chapter reviews the more common and 
devastating caustic eye injuries and potential abnor- 
malities caused by toxins absorbed systemically. 
Consequences of toxic eye injuries may range from 
minor eye irritation to total loss of vision. Understanding 
the mechanisms of ocular injury produced by toxic sub- 
stances requires an understanding of the anatomy, 
physiology, and repair mechanisms of the eye. 


Anatomy of the Eye 


The anatomy of the eye is illustrated in Figures 15-1 and 
15-2.2° The conjunctiva is the outermost layer of the 
globe. The portion that overlies the globe itself is called 
the bulbar conjunctiva, while that which lines the inner 
surfaces of the eyelids is the palpebral conjunctiva. The 
next layer is the cornea, which overlies the iris and 
the anterior chamber of the eye. It is continuous with the 
sclera, the white part of the eye. The bulbar conjunctiva 


covers both the cornea and the sclera. The cornea and 
sclera meet at the limbus (see Figs. 15-1 and 15-2). This 
area is also the location of the canal of Schlemm, which 
is the drainage system for aqueous fluid. The space 
posterior to the cornea and anterior to the iris is the 
anterior chamber. Behind the iris are the posterior 
chamber and the lens. Aqueous humor is secreted by the 
ciliary process into the posterior chamber, travels 
through the pupil into the anterior chamber, and drains 
into the canal of Schlemm. The vitreous and the retina 
are posterior to the lens. 


Eye Physiology and Toxin-Induced 
Physiologic Disturbances 


The cornea is normally transparent because it is 
avascular. It derives nutrition from the aqueous humor 
and oxygen from that which is dissolved in tears. The 
cornea comprises five layers. The outermost layer is the 
epithelium, which has three major purposes: (1) it 
provides a barrier to microbial pathogens, (2) it produces 
cytokines that inhibit collagenase production from 
fibroblasts, and (3) it produces superoxide dismutase, 
which scavenges free radicals.*° Alkali, acids, and other 
eye toxins can damage the epithelium and impair these 
functions. 

The next layer is Bowman’s membrane. It is not 
capable of regeneration if damaged. Injuries that extend 
through this layer always result in scar formation.° 

The stroma is the third layer and makes up 90% of the 
cornea. It consists mostly of collagen. Binding of alkali 
cations to collagen causes stromal hydration; thickening 
and shortening of collagen meshwork occurs as well. 
Stromal hydration results in loss of corneal clarity, and 
contracted meshwork results in an increase in intraocular 
pressure (glaucoma).* The cellular components of the 
stroma are keratocytes, which are responsible for 
remodeling damaged stroma. Sensory nerve endings are 
located in the stroma as well. Consequently, damage to 
the stromal layer may result in anesthesia of the eye. 

The fourth layer of the cornea is Descemet’s membrane. 
Injury to this layer produces corneal hydrops, a condition 
in which aqueous leaks from the anterior chamber into 
the stroma and causes corneal clouding. 

The endothelium is the innermost layer of the cornea. 
It is responsible for transporting aqueous back and forth 
between the anterior chamber and the cornea. Damage 
to this layer may result in permanent corneal edema. 

Damage to the iris and ciliary body may cause either 
increased intraocular pressure secondary to impaired 
outflow of aqueous, or hypotony from decreased aqueous 
production or aqueous leakage. Lens injuries may result 
in cataract formation. 
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FIGURE 15-2 Anatomy of the anterior eye: surface view. 


Mechanisms of Repair 


EPITHELIUM 

Repair of the epithelium is a two-step process. Reepithe- 
lialization is the first step: it involves replacement of lost 
or damaged epithelium. This is followed by differenti- 
ation, in which the newly formed epithelium undergoes 
further morphologic development. Small defects in the 
epithelium will be repaired in 1 to 3 days; large defects 
may take up to 2 weeks.° The rate of this process, and the 
ultimate morphology and physiology of the new epithe- 
lial layer, depends on the source of the migrating 
epithelium.* If portions of the corneal or limbal epithe- 
lium have remained intact after chemical injury, 
reepithelialization is rapid and differentiation results in 
a normal, clear, and stable corneal epithelium. If the 
corneal and limbal epithelia have both been destroyed, 
resurfacing must depend on the conjunctival epithelium 
as a source for the new layer. This is a slower process, 
which may result in a normal epithelium if the injury was 
not severe. However, if damage was extensive, the new 
corneal surface will retain the characteristics of con- 
junctival epithelium, which will result in vascularization, 
fibrovascular pannus formation, and loss of clarity. This 
may cause significant vision loss. Additionally, severe 
damage to goblet cells may cause abnormal tear film 


Ciliary process 
Ciliary muscle 


FIGURE 15-1 Anatomy of the anterior 
eye: transverse section. (From Sullivan J, 
Krieger G [eds]: Acute Ocular Injury from 
Hazardous Materials. Baltimore, Williams & 
[tary body Wilkins, 1992.) 


1 Retina 


production, leading to chronic ocular surface irritation. 
This may result in the formation of a symblepharon, an 
adhesion between the palpebral and bulbar conjunctiva. 


STROMA 

Stromal keratocytes secrete collagen, collagenase, and 
matrix mucopolysaccharides. If these cells are injured, 
balanced regulation of the healing cornea may be 
disturbed and collagen breakdown may exceed collagen 
synthesis. This causes sterile ulcerations of the cornea, 
which may progress to perforation. 


SPECIFIC AGENTS AND THEIR 
MECHANISM OF TOXICITY 


Caustic (Corrosive) Chemicals 


CHEMICAL IDENTIFICATION AND STRUCTURE 

OF ALKALIS 

The most common and severely damaging alkalis are 
ammonium hydroxide (NH,OH), sodium hydroxide 
(NaOH), potassium hydroxide (KOH), and calcium 
hydroxide (Ca(OH).) (see Table 15-1 and Chapter 98). 


PHARMACODYNAMICS/MECHANISM OF 

ACTION AND TOXICITY 

Alkali burns commonly cause the most severe chemical 
injuries. The severity of tissue injury is proportional 
to the degree of increase in tissue pH. The hydroxyl 
ion saponifies fatty acids (lipids) in cell membranes 
(Fig. 15-3). This causes cell destruction and allows for 
further penetration of the substance into the deeper 
structures of the eye. The depth of destruction influences 
the potential complications caused by the exposure. Alkali 
cations react with and hydrate tissue stromal contents 
(e.g., collagen), which leads to loss of ocular tissue 
clarity. 

In animal studies in which rabbit corneas are 
removed, the degree of damage caused by various alkalis 
is directly correlated to the magnitude of the solution’s 
pH, with irreversible damage occurring at a pH greater 
than 11.0.’ However, when the corneal epithelium is 
intact, the extent of damage becomes dependent on the 
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Alkalis: Characteristics, Uses, and Ocular Toxic Effects 








CHEMICAL POTENTIAL 
ALKALI COMPOSITION DOMESTIC AND INDUSTRIAL USES COMMENTS COMPLICATIONS 
Ammonium NH,OH Fertilizer, refrigerant, cleaning Highly soluble Corneal anesthesia 
hydroxide agents Extremely rapid Cataract formation 
penetration Glaucoma 
Permanent blindness 
Sodium NaOH Drain and oven cleaner Second to NH,OH in Same as those of 
hydroxide Car airbags rate of penetration NH,OH 
Acid neutralization 
Petroleum refining 
Treatment of cellulose, plastics, 
and rubber 
Potassium KOH Common laboratory reagent Third highest rate of Similar to those of 
hydroxide penetration of the NaOH 
alkalis 
Calcium CaOH Mortar, plaster, cement, Calcium soaps cause Superficial ground 
hydroxide whitewash slower penetration than glass opacification 
other alkali 
Particulate matter may provide 
reservoir for continued exposure 
t pH ——~> Fat saponification of exposure, and binding of alkali cations (e.g., sodium, 
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FIGURE 15-3 Alkali: mechanisms of action and toxicity. 


rate and manner of penetration through the epithelial 
barrier. The rate of epithelial penetration is highest for 
substances with the greatest fat solubility. Penetration 
rates of various alkalis (controlled for pH), listed from 
slowest to fastest, are as follows: calcium hydroxide, 
potassium hydroxide, sodium hydroxide, and ammonium 
hydroxide.’ 

Other factors important to the injury process include 
the concentration and amount of the chemical, duration 


some exposures may be indicative of a greater severity of 
injury and poorer prognosis since some injuries destroy 
sensory nerves of the cornea, causing anesthesia. Injuries 
in which ocular sensation remains intact are more super- 
ficial and more painful. The patient may also complain 
of decreased visual acuity. 


SPECIFIC ALKALIS 

Ammonia 

Ammonia (NHs) is a colorless gas used as a fertilizer, 
a refrigerant, and in the production of other chemicals. 
It is found most commonly in the household as a 7% 
solution used for cleaning. Available industrial solutions 
contain concentrations of ammonia as high as 29% (see 
Chapter 97). 

Fumes of ammonia gas stimulate tearing, which dilutes 
the chemical and decreases its potential for injury. 
Consequently, ammonia gas is irritating to the eye, but 
rarely causes significant damage without prolonged 
contact. 

Ammonia liquefies under pressure to form ammonium 
hydroxide (NHOH). Aqueous ammonium hydroxide 
and liquid ammonia cause the most devastating eye 
injuries. These solutions are highly soluble in tissue 
water. High lipid solubility allows rapid penetration of 
ammonia into the deeper structures of the eye. The pH 
of the aqueous humor rises within seconds of exposure 
to ammonia, while similar increases from sodium 
hydroxide take 3 to 5 minutes.*? Aqueous pH returns 
to normal in 30 minutes to 3 hours, with or without 
irrigation.'° 

Because of its extremely rapid penetration, ammonia 
exposures are very difficult to ameliorate by rapid 
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irrigation. As a result, ammonia exposures to the eye may 
produce serious complications, such as corneal opacifi- 
cation, corneal anesthesia, stromal edema, atrophy of the 
iris, dense cataract formation, persistent and recurrent 
glaucoma, and permanent blindness.® 


Sodium Hydroxide 

Sodium hydroxide (also termed lye, caustic soda, and 
sodium hydrate) is a white solid that dissolves in water to 
produce a strongly alkaline solution. Both the solid and 
liquid forms can cause severe injury to all tissues. It is 
most commonly found in the home as drain and oven 
cleaners in concentrations between 0.5% and 54%. 
Industrial uses include acid neutralization, petroleum 
refining, and treatment of cellulose, plastics, and rubber. 
Another potential source of exposure is associated with 
automobile airbag deployment.'! Sodium hydroxide and 
talc powder liberated during airbag deployment have 
resulted in corneal keratitis, abrasions, and chemical 
burns. 

The penetration rate of sodium hydroxide is second 
only to that of ammonium hydroxide; consequently, eye 
damage can be similarly devastating (see discussion of 
ammonium hydroxide in the earlier section on Ammonia). 
Studies performed on rabbit eyes demonstrated severe 
injury and perforation following a 30-second exposure to 
a drop of 1-N (4%) sodium hydroxide; both mild and 
severe injury following 15 to 20 seconds of exposure to a 
2-N solution; and mild burns from a 0.5-N solution for 30 
seconds.’ 


Potassium Hydroxide 
Potassium hydroxide (caustic potash) causes the same 
degree of injury as sodium hydroxide.’ 


Calcium Hydroxide 

Calcium hydroxide, or lime, is a common cause of 
alkali injury in the construction workplace. It is a white 
powdered or granular solid that is used to make plaster, 
cement, mortar, and whitewash. Since calcium hydroxide 
exists in a particulate form, it is commonly retained 
in the eye (particularly beneath the upper eyelid) and 
provides a continuous source of exposure. Fortunately, it 
penetrates the eye much more slowly than ammonium 
hydroxide or sodium hydroxide, forming insoluble 
calcium soaps during saponification of cell membrane 
fatty acids. The calcium soaps precipitate and make 
penetration of the cornea more difficult. Consequently, 
lime causes many of the superficial complications seen 
following other strong alkali injuries, but deeper 
structures, such as the iris and lens, are routinely spared.’ 

Although calcium hydroxide causes eye injuries that 
tend to be less severe than those of ammonium or sodium 
hydroxide, it promotes corneal opacification more 
quickly than other alkalis.” Mild lime burns typically 
cause a frosted or ground-glass opacity superficially at 
the level of Bowman’s membrane. They usually result in 
a significant loss of epithelium, but rarely affect the 
underlying stroma. The opacification of Bowman’s 
membrane observed in mild exposures is secondary to 
precipitations of calcific material. Therefore, part of the 


management of these injuries involves the use of disodium 
edetate (EDTA) to extract the entrapped calcium (see 
section on Special Management Considerations).'* More 
severe injuries occur when the pH is 12 or higher and are 
often associated with stromal opacification and corneal 
anesthesia. Stromal opacification is a result of damage 
to stromal components and is not responsive to EDTA 
treatment. 


CHEMICAL IDENTIFICATION AND STRUCTURE OF 
ACIDS 

Acids can be classified as inorganic or organic. Inorganic 
or mineral acids, unlike their organic counterparts, lack 
carbon atoms (see Table 15-2 and Chapter 98). Strong 
inorganic acids include sulfuric, hydrochloric, hydro- 
fluoric, and nitric acids, and liquid sulfur dioxide.*'* 
These acids can cause significant ocular damage similar 
to that of alkalis. Common organic acids include acetic 
acid, formic acid, and phenol. Acids may also exist as an 
anhydride, which is the oxide of a metalloid or metal. 
When combined with water, the anhydride forms its acid. 
Common organic anhydrides include acetic anhydride 
and maleic anhydride. Typically, organic acids destroy 
the conjunctiva and cause little damage to the cornea. 
Corneal opacification and complete vision loss, however, 
have been occasionally described with these compounds." 
Acid anhydrides usually cause more severe damage than 
their corresponding acids, because of their ability to 
penetrate the cornea more quickly." 


PHARMACODYNAMICS/MECHANISM OF 

ACTION AND TOXICITY 

In acid burns to the eye, the hydrogen ion causes tissue 
damage by lowering pH, whereas the anion component 
precipitates and coagulates proteins of the corneal epi- 
thelium, forming a relative barrier to further penetration 
of the acid. Consequently, acids cause fewer stromal and 
intraocular complications and have a reputation for 
causing less severe eye injuries than alkalis. However, this 
is primarily true of weak or dilute mineral acids with 
concentrations of 10% or less. Although acids tend to be 
less penetrating and may require a few hours of contact 
to cause ocular injury, the surface injuries (vascularization 
and corneal scarring) can be as severe as those of alkali 
exposures. 

Various factors enhance the severity of acid burns. 
Significant ocular injury does not occur unless the pH of 
the solution is 2.5 or less. If the protective epithelium of 
the cornea is removed or compromised, damage can 
occur with weaker or higher pH substances. Some acids 
react with water to produce an exothermic reaction. The 
heat liberated from this reaction damages the corneal 
epithelium and allows increased tissue penetration. 
Acids with strong solvent or lipophilic properties destroy 
cell membranes and penetrate the eye rapidly. Finally, 
prolonged contact with any acid increases the likelihood 
of significant ocular injury. 


CLINICAL PRESENTATION 
As with most chemical eye injuries, pain and irritation 
are the most common presenting symptoms. Initial 
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Acids: Characteristics, Uses, and Ocular Toxic Effects 





CHEMICAL DOMESTIC AND INDUSTRIAL 
ACID COMPOSITION USES 
Inorganic Acids 
Sulfuric acid H,SO, Automobile batteries 
Metal, chemical, fertilizer 
Hydrochloric HCl Metal refining, bleach, 
acid plumbing 
Hydrofluoric HF See Table 15-3 
acid 
Nitric acid HNO, Soda, engraving, metal, 
fertilizer 
Sulfur dioxide SO, Refrigerant, bleach, fruit and 
vegetable preservative 
Organic Acids 
Acetic acid CH3;00H Vinegar (10%) 
Essence of vinegar (80%) 
Glacial acetic acid (90%) 
Formic acid HCOOH Airplane glue 
Cellulose, tanning, formate 
Phenol C;H,O Antiseptic, disinfectant, barn 
deodorant 
Organic Anhydrides 
Acetic CHCOOH Manufacture of acetyl 
anhydride compounds, cellulose 
acetates, glycerol 
Dehydrating agent 
Maleic C,H,0; Manufacture of alkyd resins, 
anhydride pharmaceuticals 


Dye intermediate 
Agricultural chemicals 


COMMENTS POTENTIAL COMPLICATIONS 


Causes thermal and 
chemical injury 
Strong solvent properties 
promote cell membrane 
destruction 
Free fluoride ion binds Cat 
and Mg? to cause 
liquefaction necrosis 
Possible delayed toxicity 
Causes yellow opacification 
of the cornea 
Causes eye anesthesia 
Possible delayed toxicity 


Globe perforation 
Corneal opacification 
Corneal opacification 


Globe perforation 
Total globe destruction 


Corneal opacification 

Symblepharon formation 

Symblepharon formation 

Conjunctival overgrowth 
of cornea 


>10% needed to cause Minor injury unless 
damage if exposure concentrated solution 
brief or prolonged exposure 

Severity of damage may be 
delayed 

Rapidly penetrating Minor to severe damage 

Caustic to skin and eyes Corneal hypesthesia and 
opacification 

Complete vision loss 


Severity of damage may be 
delayed 

More damaging than 
dilute acetic acid 

More damaging than 
maleic acid 


Permanent opacification if 
delayed decontamination 


Produces damage similar 
to that of alkali 





examination of patients with severe damage may reveal 
iritis, corneal opacification, or corneal anesthesia. 
Evidence of these abnormalities usually occurs within 
hours of acid contact, but they may be delayed, par- 
ticularly following sulfuric acid and hydrogen fluoride 
exposures. 


SPECIFIC ACIDS 

Inorganic Acids 

SULFURIC ACID 

Sulfuric acid is used in fertilizing, metal, and chemical 
industries. It can be found in household drain cleaners 
in concentrations as high as 99.5%. However, most sulfuric 
acid burns to the eye result from exploding automobile 
batteries. The most common causes of battery explosions 
include improper use of battery cables, using a match to 
read the directions on the battery, smoking while 
working, and improperly connecting battery chargers.'* 
When concentrated sulfuric acid reacts with water in the 
tear film of the cornea, heat is released, causing both 
thermal and chemical burns to the eye. Very severe burns 
may cause complete opacification of the cornea or 
perforation of the globe with loss of significant ocular 


fluid. Complications include glaucoma and cataract 
formation. 

Although the ocular damage caused by concentrated 
sulfuric acid may be devastating, diluted sulfuric acid causes 
much less damage because the oxygen and hydrogen 
molecules in the water that dilute the acid partially 
satiate the acid’s avidity for the same molecules in the 
eye. Consequently, diluted sulfuric acid produces less of 
an exothermic reaction on contact with the eye and 
behaves more like simpler acids, such as hydrochloric 
acid.® 

SULFUR DIOXIDE 

Sulfur dioxide exists in both gas and liquid forms. 
Sulfur dioxide gas is a common component of smog, but 
in concentrations likely too low to cause significant eye 
irritation.’ Sulfur dioxide gas has a pungent smell and is 
irritating to the respiratory tract at concentrations lower 
than those that cause eye irritation. Exposure to sulfur 
dioxide gas does not cause significant eye injury because 
of the body’s protective mechanisms. 

The most damaging form of sulfur dioxide is 
sulfurous acid, which is formed when sulfur dioxide is 
combined with water. Sulfurous acid is considered more 
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toxic than sulfuric, hydrochloric, or phosphoric acids, 
because it is highly lipid soluble and, therefore, 
penetrates the corneal epithelium quickly.®?!5 

Liquid sulfur dioxide is responsible for all significant 
eye burns. It is used in fruit and vegetable preservatives, 
bleach, and domestic refrigerators. Eye damage from the 
refrigerant is attributable to the direct action of the acid 
itself and not to freezing.! The solution is often 
combined with oil, which facilitates prolonged contact 
with the eye. 

Although damage occurs rapidly, symptoms may be 
minimal following liquid sulfur dioxide exposure since 
the acid damages corneal nerves with resultant anesthesia 
of the eye.” The patient may not become aware of eye 
injury until vision becomes impaired hours to days after 
the initial contact. Following sulfur dioxide exposure, 
the corneal epithelium initially becomes opacified but 
remains adherent to the stroma, similar to acid burns. 
Later, the opaque corneal epithelium sloughs, which 
may transiently afford the patient improved vision and 
allows for a better examination of deeper injury. Slit- 
lamp evaluation may then reveal stromal edema, corneal 
opacity, interstitial vascularization, and damage to the 
endothelium. This deeper damage is similar to that 
encountered in alkali burns. Vascularization and opaci- 
fication may continue for months, causing severe vision 
impairment. Frequent complications include symble- 
pharon formation and conjunctival overgrowth of the 
cornea. 

HYDROCHLORIC ACID (MURIATIC ACID) 

Hydrochloric acid is a weak acid but it has strong 
solvent properties that promote cell membrane destruc- 
tion. Concentrated solutions of hydrochloric acid (36%) 
are used primarily in the metal refining, chemical 
manufacturing, and plumbing industries. More dilute 
concentrations (8.5% to 15%) are found in bleaching 
agents and toilet bowl cleaners. 

Exposure to hydrochloric acid vapors in concen- 
trations greater than 10 ppm causes immediate eye and 
mucous membrane irritation.!© A concentration of 1350 
ppm for 1.5 hours causes corneal clouding in animals.® 
Strong protective responses in humans usually limit the 
degree of exposure so that serious injury from 
hydrochloric acid gas is rare. 

Damage to the eye from hydrochloric acid solutions 
only occurs when the pH is below 3.8 The severity of the 
injury can range from conjunctival irritation to total 
opacification of the cornea. A 2% solution of hydro- 
chloric acid applied to human eyes for a few seconds 
does not produce significant injury. Application of a 
10% solution to rabbit corneas results in corneal scarring 
2 weeks following exposure.’ 

NITRIC ACID 

Nitric acid is one of the most commonly used 
industrial chemicals. It is found in the soda making, 
engraving, metal refining, electroplating, and fertilizer 
manufacturing industries. It is also a common laboratory 
reagent. Nitric acid exists as a colorless liquid that can 
cause yellow opacification of the corneal epithelium. It 
causes tissue damage by binding to complex proteins to 
form a yellow substance called xanthoproteic acid.!” 





Accidental applications of nitric acid to the eyes of 
newborn babies, given in lieu of dilute silver nitrate, has 
caused corneal opacification, symblepharon formation, 
and globe shrinkage.’ In less severe cases, the opacified 
corneal epithelium may slough off in 1 or 2 days, and the 
eye returns to normal as the epithelium regenerates. 
Nitric acid causes eye injuries similar to those caused by 
hydrochloric acid burns and is less corrosive than 
sulfuric acid. 

HYDROFLUORIC ACID 

Hydrofluoric acid (HF) is formed when hydrogen 
fluoride is combined with water. Hydrogen fluoride can 
be a devastating eye, skin, and systemic toxin in both 
gaseous and liquid states (see Chapter 90). It has 
multiple industrial and household uses (Box 15-1). 

The damage caused by HF is concentration dependent 
and largely related to the fluoride component rather 
than its corrosive hydrogen ion. Because HF is a 
relatively weak acid (pKa 3.8), it is largely nonionized 
and can penetrate cell membranes easily. During deep 
tissue penetration, the fluoride ion is released, and 
subsequently binds avidly to divalent cations to form 
insoluble salts (predominantly calcium and magnesium 
fluoride). This results in liquefaction necrosis and 
significantly decreased tissue concentrations of ionized 
calcium and magnesium concentrations. Alterations in 
calcium and magnesium concentrations result in an 
increase in cellular potassium permeability, which causes 
spontaneous neuronal depolarization and pain. The 
onset of pain is immediate following exposure to high- 
concentration liquids but may be delayed for several 
hours to days for less concentrated solutions.'® Despite 
its deep tissue penetration, systemic fluoride toxicity is 
highly unlikely following ocular exposure to HF- 
containing products. 


BOX 15-1 


Industrial Uses 


Semiconductor production 

Aluminum manufacturing 

Glass polishing and etching 
Electropolishing of metals 

Ceramic glazing and etching 
High-test gasoline production 
Manufacture of refrigerants 

Fertilizer production 

Leather tanning 

Control of fermentation in breweries 
Plastic production 

Germicide production 

Rust removal in commercial laundries 
Photographic etching 

Dispensing agents for insecticides 
Dispensing agents for aerosol propellants 


Household Uses 


Rust remover 
Wire cleaner 


Local ocular penetration of the fluoride ion may 
continue for 24 hours, causing progressive damage to the 
corneal epithelium and underlying structures.'? Reported 
ocular complications include tearing, conjunctival 
irritation and scarring, corneal opacification, uveitis, 
glaucoma, lid deformities, keratitis sicca, blindness, and 
globe perforation.*? Anhydrous hydrogen fluoride has 
caused total eye destruction that necessitated enucleation.® 

Animal studies have demonstrated complete recovery 
10 days after ocular exposure to 0.5% HF solutions, 
and mild persistent stromal edema and vascularization 
40 days following exposure to 2% HF solutions.*! 
Instillation of 20% HF caused total corneal opacification, 
conjunctival ischemia, corneal stroma edema, and 
necrosis of anterior ocular structures.® 


Organic Acids 

FORMIC ACID 

Formic acid is found in the airplane glue, cellulose 
formate, and tanning industries in concentrations of 
about 60%. It is one of the most rapidly penetrating 
acids; consequently, immediate and thorough irrigation 
is tremendously important. In one case of eye exposure 
to 90% formic acid, immediate irrigation was associated 
with complete recovery in 36 to 60 hours (initial 
examination had revealed loss of epithelium and cells in 
the anterior chamber).** In addition, copious irrigation 
was associated with complete recovery (initial exami- 
nation revealed chemosis and epithelial damage) 
following eye exposure to a solution of 80% formic acid 
and 2% orthophosphoric acid. Conversely, ocular 
exposure to the same concentrated formic acid solution 
resulted in eye perforation and necessitated enucleation 
in a patient whose eye was less well irrigated.?°*4 

PHENOL 

Phenol, also known as carbolic acid, is used primarily 
as an antiseptic, disinfectant, or barn deodorant. It is 
available as a pure crystal and in liquid forms in 
concentrations that range from 1% to 88%.” Ocular 
exposure to 12.5% phenol in 25% glycerol has been 
reported to cause minor corneal opacification and a 
temporary decrease in visual acuity; these effects fully 
resolved in 4 days. Exposure to concentrated phenol, 
however, can cause conjunctival chemosis, corneal 
hypesthesia and opacification, and complete vision loss. 
Phenol is also very caustic to the skin and has damaged 
eyelids so severely that plastic surgery was required.’ 

ACETIC ACIDS 

Acetic acid (CH;COOH) is an organic acid that is 
found in the household as common vinegar. Other names 
include ethanoic acid, ethylic acid, methane carboxylic 
acid, and glacial acetic acid. Vinegar and most other 
commercial products contain 4% to 10% acetic acid. 
“Essence of vinegar” is 80% acetic acid; glacial acetic acid 
contains 90% acetic acid. 

Vinegar routinely produces only minor ocular damage 
unless contact is prolonged. Consequences of typical 
exposures include immediate pain, conjunctival hyper- 
emia, and mild, reversible injury to the cornea. Acetic 
acid typically requires concentrations greater than 10% 
to cause severe injury.*° More dilute acetic acid concen- 
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trations, however, may produce significant ocular injury 
after very prolonged contact. Permanent corneal 
opacification was described in a woman who fainted after 
having vinegar thrown in her face.’ Severe, irreversible 
damage may result from essence of vinegar and glacial 
acetic acid.® 

Trichloroacetic acid causes injury similar to that of 
low-concentration acetic acid.°** 


Organic Anhydrides 

ACETIC ANHYDRIDE 

Acetic anhydride, in both liquid and gaseous forms, is 
necrotizing to tissues and is more damaging than dilute 
acetic acid. In its liquid form, acetic anhydride causes 
immediate burning of the eye, followed hours or days 
later by increasing corneal and conjunctival edema.’ 
Permanent opacification can occur if decontamination is 
delayed. Acetic anhydride reacts with water to form acetic 
acid. The severity of injury of both acetic anhydride and 
acetic acid may not be evident until a few days after 
exposure. 

MALEIC ANHYDRIDE 

Maleic acid is a crystalline substance that has the 
potential to cause severe ocular damage similar to that 
caused by alkalis. It has a very reactive double bond and 
may cause protein denaturation.’ 


Solvents 


Organic solvents are routinely found in laboratories and 
in industry. Common solvents include ethyl alcohol, 
methyl alcohol, toluene, acetone, and butanol. Fortu- 
nately, they have no strong alkaline or acidic properties 
and cause almost no reaction with tissues; therefore, they 
rarely cause significant eye injury. On contact, solvents 
cause immediate pain from nonspecific dissolution of 
superficial lipid membranes; exposure may result in 
partial or complete loss of the corneal epithelium. 
Fortunately, these substances do not penetrate deeply 
and cause little or no damage to the underlying stroma.*° 
The epithelium commonly regenerates in a few days 
without permanent sequelae. 


Detergents and Surfactants 


Detergents and surfactants cause injury that ranges from 
minor irritation to extensive injury. Detergents are divided 
into four categories: inorganic, organic, combination, 
and oil-soluble agents (see Chapter 102). 

Inorganic detergents (sodium carbonate, sodium 
silicates, sodium metasilicate, and sodium phosphates) 
are used for laundering and dishwashing. Liquid and 
granular automatic dishwashing detergents contain com- 
binations of these agents and have pH values that range 
from 9.7 to 12.7.27°8 The phosphate detergents (e.g., 
sodium tripolyphosphate) routinely cause only transient 
irritation. The non-—phosphate-containing detergents 
(sodium carbonate, sodium silicate, sodium metasilicate) 
are much more alkaline than phosphate-containing agents. 
Consequently, sodium carbonate, sodium silicates, and 
sodium metasilicate have caused significantly more 
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corrosive damage, including total and permanent 
opacity and corrosion to the cornea.*’ In general, liquid 
dishwashing and laundry detergents are less corrosive 
than automatic, granular dishwashing detergents.*” 

Organic detergents are composed of soaps and 
surfactants. Soaps cause tearing and pain, but they very 
rarely cause significant eye injury. The exception is 
commercial laundry soap that contains free alkali and 
has a pH of 12 or higher. These agents have caused 
permanent corneal opacification.® 

Combination detergents are compounds that contain 
both organic and inorganic detergents. They include 
sodium dodecylbenzene sulfonate, sodium tripolyphos- 
phate, sodium silicate, and sodium sulfate. ‘These agents 
have caused corneal opacification in animals that have 
taken weeks or months to resolve.® 

Oil-soluble detergents are additives to lubricating oils 
and produce no known eye hazard. 

Surfactants are synthetic organic compounds that 
have hydrophilic properties at one end and lipophilic 
properties at the other end. They are used industrially 
for cleaning and are found in household cosmetics, 
ophthalmic solutions, shampoos, and detergents. 

Surfactants can be classified as cationic, anionic, and 
nonionic. Cationic surfactants are usually quaternary 
ammonium compounds (e.g., benzalkonium chloride 
and benzethonium chloride). They precipitate proteins 
and routinely cause more damage than either anionic or 
nonionic agents. Anionic surfactants cause cell lysis. 
Soaps are included in this category. They tend to cause 
less damage but produce more pain and irritation than 
cationic agents. However, irreversible damage has 
occurred from 10% docusate and 40% dodecyl sodium 
sulfate.» Nonionic surfactants usually cause little or no 
damage other than local anesthesia of the cornea. 
However, full-strength tetradecylheptaethoxylate and 
tridecylhexaethoxylate caused permanent damage in 
rabbits, and G1690 in concentrations of less than 10% 
has caused severe irritation and corneal opacity.® 


Cyanoacrylates 


Cyanoacrylate adhesives are the components of common 
household glues (e.g., Krazy Glue [Elmers Products, Inc., 
Columbus, OH] and Super Glue [Super Glue, Inc., 
Rancho Cucamonga, CA]) and commercially available 
tissue adhesives for laceration repair (e.g., Dermabond 
[Ethicon, Inc., Somerville, NJ]). A number of accidental 
applications to the eye have occurred because the bottle 
was mistaken for an ophthalmic solution.*'** Childhood 
curiosity and ingenuity have resulted in a number of 
pediatric exposures. Applications to the eye have resulted 
in focal destruction of the epithelium and mild superficial 
stromal edema that resolved without sequelae.*! Use of 
octylcyanoacrylate for facial laceration repair could also 
result in inadvertent adhesive application to the eye. 


Mustard 


Mustard agents are potent alkylating liquid substances 
that cause severe vesication (blistering) of the mucous 


membranes and skin (see Chapter 105B). There are two 
forms of mustard: (1) sulfur mustard (2,2-dichlorethyl 
sulfide, HD), used as a chemical warfare agent, and (2) 
nitrogen mustard (usually Mmethyl-2,2-dichlorodiethy- 
lamine HN»), a chemotherapeutic agent. Although 
routinely termed a gas, mustard exists as a straw-colored 
aerosol of oily droplets.*° 

The eye is the organ most susceptible to injury upon 
exposure to mustard agents delivered via aerosol. In fact, 
75% to 90% of mustard casualties in World War I 
experienced some degree of eye pathology.** Ninety 
percent of those with ocular injury were visually 
incapacitated for approximately 10 days.” In the Iran- 
Iraq War, the majority of sulfur mustard casualties 
experienced some degree of ocular injury and 10% 
developed severe damage with corneal ulceration; 2% of 
these patients had anterior chamber scarring and 
neovascularization that caused prolonged disability. 

Mustard’s lipophilic nature causes it to concentrate in 
the oily milieu of tears. As an alkylator, mustard 
interferes with nucleic acid function and protein 
synthesis. Mustard affects rapidly dividing cells most 
readily, making the rapidly dividing corneal epithelium a 
prime target. Mustard agent-induced tissue injury 
necessitates extensive DNA repair, which leads to 
depletion of cellular NAD+, which is required for 
glycolysis. Impaired glycolysis promotes release of tissue 
proteases, which, in turn, cause cellular necrosis.*° 
Oxidative stress also results in free radical formation. 
Rabbit studies demonstrate that glutathione and 
ascorbic acid concentrations in the aqueous humor 
decline 4 hours following sulfur mustard exposure.*° 

Sulfur mustard also has direct effects on cells to induce 
an inflammatory response that is active even before cell 
death has occurred; it stimulates the release of cytokines 
(interleukin-6 [IL-6], IL-8, IL-1B, and tumor necrosis 
factor-a.).>’ This observation has stimulated study of anti- 
inflammatory agents to treat mustard exposures (see 
section on Special Management Considerations). 

Mustard agents are highly reactive and bind to 
cellular components within minutes of exposure. 
Clinical evidence of ocular injury develops gradually over 
4 to 12 hours in humans.*? Symptoms range from mild 
stinging and dryness, to severe pain, photophobia, blurred 
vision, and temporary or permanent blindness. Physical 
findings include blepharospasm, conjunctival injection 
and edema, chemosis, anterior chamber cellular infiltrates, 
and decreased visual acuity. Corneal edema begins 
within | hour after exposure, and the corneal epithelium 
vesicates and sloughs within 4 to 36 hours. The extent of 
ocular damage is dependent on the concentration and 
duration of mustard exposure. Resolution of ocular injury 
occurs over | to 2 weeks. 

A small percentage (0.5%) of severely injured victims 
will develop delayed ulcerative keratitis as late as 40 years 
after the original exposure. These patients undergo a 
long asymptomatic period followed by recurrent keratitis 
and areas of porcelain white episcleral tissue that later 
cause opacification, recurrent ulceration, pain and 
blindness.*? Corneal opacification primarily occurs in 
the lower and central portions of the cornea; the upper 


aspect of the cornea is protected during the exposure by 
the upper eyelid.” 


Systemic Eye Toxins 


Multiple agents taken systemically cause a variety of eye 
and vision abnormalities. A detailed description of these 
substances is beyond the scope of this chapter. A partial 
list of various agents and their effects (noted in humans) 
is depicted in Box 15-2. Methanol and quinine are two 
substances whose importance in toxicology requires 
special mention. 

Systemic methanol toxicity is heralded by metabolic 
acidosis and visual disturbances (see Chapter 32A). Both 
formaldehyde and formic acid, the metabolites of 
methanol, are capable of causing ocular injury. However, 
the metabolite primarily responsible for the ocular 
damage that occurs following methanol ingestions has 
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been the subject of controversy. Rabbit studies suggest 
that direct instillation of formaldehyde into the eye 
causes injury to the retina and optic nerve, while direct 
instillation of formate causes little or no damage.* The 
potential reasons for this observation are twofold: (1) 
formaldehyde is rapidly converted in vivo to formic acid 
(within 1 to 2 minutes),* thereby providing little time to 
cause significant damage, and (2) in order for formic 
acid to cause damage, it must be metabolized from 
methanol within the retina itself. Most investigators 
believe that formic acid is primarily responsible for 
methanol-associated blindness. 

Formic acid inhibits cytochrome oxidase c in the 
mitochondria of optic nerve and retinal cells. The 
resultant disruption of oxidative phosphorylation impairs 
the ability of the retina and optic nerve to produce 
adenosine triphosphate (ATP) and inhibits local aerobic 
metabolism. This inhibition of the electron transport 


Substances Reported to Cause Papilledema When Taken Systemically 


Aspirin 

Bee sting (venom) 
Chloramphenicol 
Chloedecone 

Cisplatin 

Contraceptive hormones 
Corticosteroids 


Dynamite 
Ergotamine 
Ethylene glycol 
Isoniazid 
Isotretinoin 
Ketoprofen 


Lead DL-Penicillamine 
Levothyroxine Penicillin 
Minocycline Phosphorus 
Minoxidil Sulfonamides 
Nalidixic acid Tetracycline 
Nitrofurantoin Vitamin A 


Substances Reported to Cause Nysagmus When Taken Systemically 


Barbiturates 
Carbamazepine 
Carbon disulfide 
Diazepam 
Dieldrin 


Ergot 

Ethchlorvynol 
Ethyl alcohol 
Glutethimide 


Methocarbamol 
Methyl bromide 
Methyl chloride 
Methyl iodide 


Phenytoin 
Primidone 
Streptomycin 
Toluene 


Substances Reported to Cause Central Scotomas When Taken Systemically 


Carbon disulfide* 
Cassava* 
Chloramphenicol * 
Chloroquine 
Chlorpropramide* 
Digitalis * 
Digitoxin* 


Digoxin 
Dinitrochlorobenzene* 
Dinitrotoluene* 
Disulfiram* 
Ergotamine 

Emetine 

Ethambutol* 


Minoxidil 
Streptomycin 
Sulfonamides 
Tetraethyl lead* 
Thallium” 

Wasp sting* (venom) 


Ethchlorvynol 
Ethyl alcohol 
Ethylene glycol 
Ibuprofen 
Isoniazid* 
Lead* 
Methanol 


Substances Reported to Cause Peripheral Visual Field Constriction When Taken Systemically 


Carbon tetrachloride 
Castor beans 
Chloramphenicol 
Emitine 


Bee sting (venom) 
Botulism toxin 
Carbon dioxide 
Carbon monoxide 


Ethambutol 

Methylmercury compounds 
Methanol 

Naphthalene 


Oxygen 
Pheniprazine 
Quinine 


Substances Reported to Cause Cataracts When Taken Systemically 


Busulfan 
Corticosteroids 


Acetaminophen’ 
Allopurinol 


Deferoxamine Lead 
Ergot Trinitrotoluene 


Substances Reported to Cause Alopecia of the Eyebrows and Eyelids 


Dactinomycin Thallium 


*Also reported to cause bulbar neuritis. 
"Has been described in animals, not humans. 


Triparanol Vitamin A 
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chain promotes the formation of oxidative radicals such 
as superoxide and hydrogen peroxide. Antioxidant 
protection is particularly important for the retina 
because of its frequent exposure to radiation and high 
metabolic rate. Additional insult to the retina may be 
caused by a reduction in retinal glutathione concen- 
trations, which has been observed in methanol poisoned 
rats.” 

Visual disturbances from methanol intoxication 
typically occur between 12 and 48 hours postingestion 
and range from reversible blurred vision and scotomas to 
permanent blindness. Fundoscopic examination reveals 
optic disc hyperemia, as well as retinal and disc edema. 
Macular edema is rare but has been described.* 

Systemic quinine poisoning may result in significant 
ocular pathology as well (see Chapter 54). The mechanism 
by which quinine causes ocular damage remains contro- 
versial. Two plausible theories have been promulgated 
and include: (1) quinine causes vasoconstriction of the 
retinal artery, leading to retinal ischemic damage or (2) 
quinine is directly toxic to the retina, which leads to 
subsequent attenuation of the retinal vessels. Electro- 
retinographic studies indicate that retinal damage 
precedes vessel narrowing,** supporting the later theory. 
Quinine may additionally exert its retinotoxic effects by 
blocking acetylcholine neurotransmission in the inner 
synaptic layer of the retina.” 

Signs of quinine toxicity usually develop within 1 to 
7 hours of an acute ingestion, but can be delayed more 
than 24 hours. Visual symptoms range from mild deficits 
in visual acuity to visual field cuts, disturbances in color 
and light perception, and complete blindness. Most 
patients recover at least some vision from several days to 
weeks after acute poisoning, although permanent visual 
defects may remain. 

Fundoscopic evaluation is usually normal early in the 
course of quinine poisoning. Interestingly, abnormalities 
are often absent until symptoms begin to improve.***° 
Findings may include dilated pupils (possibly secondary 
to the anticholinergic effects of quinine), loss of papil- 
lary light reflexes, retinal arteriolar vasoconstriction, a 
cherry red spot, and macular edema. Optic atrophy may 
appear days to weeks following exposure.*° 


Patient Examination 


A detailed eye examination should not occur until copious 
irrigation has been performed. Ocular examination 
should include an assessment of visual acuity, intraocular 
pressure, tear pH, and corneal debris. The lids should be 
everted and examined for the presence of debris, 
particularly in the fornices. Irrigation should be resumed 
for persistent abnormalities in tear pH (i.e., pH less than 
5 or greater than 8). A sterile fluorescein examination 
(using sterile, single-use strips) should be performed 
since it will allow evaluation of corneal epithelial defects; 
however, fluorescein examination alone will not provide 
adequate information about deeper damage. A slit-lamp 
examination is essential to assess the depth of the burn, 
degree of anterior chamber involvement, and potential 
presence of corneal edema. 


Prognosis 


The severity of injury at initial presentation correlates 
with long-term prognosis, such that preserved early 
vision predicts a preserved long-term visual acuity.**7 
The most widely used grading system for ocular alkali 
injuries is the Hughes classification.** It is based on the 
degree of corneal epithelial damage and the extent of 
limbal ischemia. Damage to conjunctival and episcleral 
blood vessels will cause ischemia and pallor in the area of 
the limbus.®!**9 The degree of ischemia in this area is 
the most important prognostic sign following alkali 
injury. The Hughes classification divides injuries into 
four groups as listed in Table 15-3. 


TREATMENT PRINCIPLES 


Immediate Management 


The initial management of all chemical ocular injuries 
requires immediate decontamination by irrigation. Early 
application of a topical anesthetic (e.g., 0.5% to 1.0% 
proparacaine or tetracaine) is recommended to facilitate 
irrigation and enhance patient comfort. Occasionally, a 
lid block may be necessary to relieve severe orbicularis 
spasm and allow irrigation to proceed. The upper and 
lower eyelids should be retracted, inspected for retained 
solid material and injury, and irrigated. Immediate 
referral to an ophthalmologist is necessary for all 
significant burns. 


TYPE OF IRRIGATION SOLUTION 
Any, readily available, sterile, nonirritating solution is 
appropriate for irrigation. The choice of irrigant is not 
likely to affect outcome, whereas a delay of seconds to 
minutes to initiate irrigation could greatly affect 
outcome. Thus, the most readily available irrigant is what 
should be used. The most commonly available solutions 
include sterile water, normal saline, balanced saline 
solution, and lactated Ringer’s. Diphoterine is a newer 
decontamination solution that may be available at some 
institutions. 

Ordinary tap water is readily available, safe, and 
effective, and is thus often the initial irrigation fluid 





The Hughes Classification System 


GRADE DESCRIPTION PROGNOSIS 
| Corneal epithelial damage Good 
lI Cornea hazy Good 
Iris details seen 
Less than a third of limbus 
ischemic 
IIl Total loss of corneal epithelium Guarded 
Stromal haze blurring iris details 
A third to half of limbus ischemic 
IV Cornea opaque, obscures iris or Poor 


pupil 
More than half of limbus ischemic 





used, particularly in the prehospital environment. 
Although effective, tap water is hypotonic relative to the 
cornea. The osmolarity of the corneal stroma is 
420 mOsm /L.°! On theoretical grounds, the osmolarity 
gradient will promote water flow into the cornea, which 
will facilitate corneal swelling and toxin entry into ocular 
tissue. These theoretic concerns should not preclude the 
use of tap water if it is the most readily available solution. 

Normal saline (pH 4.5 to 6.0) has a higher osmolarity 
than water but is still hypotonic with respect to the 
cornea. In addition, normal saline is slightly acidic and 
will not normalize the pH of the anterior chamber even 
following prolonged irrigation.*!”” 

Balanced saline solution plus (BSS Plus, Alcon 
Laboratories, Fort Worth, TX) is a pH-neutral solution 
(pH 7.2) with an osmolarity similar to aqueous humor. In 
theory, BSS does not cause corneal swelling and has 
enhanced buffering capabilities.” BSS Plus, however, costs 
more than $100 per bottle, and must be reconstituted 
prior to use, which will delay initial treatment. 

Normal saline buffered with sodium bicarbonate to 
achieve a pH near 7.4 is attractive because it is inex- 
pensive and causes less discomfort than nonbuffered 
solutions.” It can be made by adding 0.2 mL of bicar- 
bonate (1 mEq/mL) to 500 mL of normal saline.°* How- 
ever, initiating immediate irrigation is again paramount; 
therefore, the use of special solutions is not appropriate 
unless they are readily available. 

Lactated Ringer’s solution (pH 6 to 7.5) is a buffered, 
inexpensive solution available in the hospital setting, and 
is potentially more effective and better tolerated than 
nonbuffered normal saline. Warmed solutions and the 
application of topical anesthesia prior to irrigation may 
also obviate the need for special formulations. 

Diphoterine or hexafluorine is an amphoteric, hyper- 
tonic, polyvalent, chelating solution that is currently avail- 
able in the United States (JR Enterprises, Goldendale, 
WA). Diphoterine’s amphoteric properties allow it to 
bind and neutralize both acidic and basic compounds; it 
corrects corneal and aqueous humor pH.” Its hyper- 
tonicity (820 mOsm/L) attracts substances that have 
already penetrated tissues. In addition to binding acids 
and bases, Diphoterine is capable of binding oxidizing, 
reducing, and alkylating agents, solvents, irritants, and 
radionuclides.” These characteristics make it an appealing 
choice for decontamination of most ocular toxins, 
particularly chemical warfare agents (e.g., lacrimating 
agents and vesicants). Diphoterine is nontoxic (median 
lethal dose in rats greater than 2000 mg/kg orally and 
dermally) and nonirritating. The preparation available 
in the United States is an aerosol that is contained inside 
a plastic bag and housed within a pressurized can; as a 
result, no propellant comes in contact with the eye. 


DURATION OF IRRIGATION 

Prolonged irrigation appears to improve outcome. Thus, 
irrigation should be performed for at least 30 minutes, 
2 L per eye, or until the pH of the eye returns to normal 
(7.3 to 7.7).2°°% Severe acid and alkali burns require at 
least 1 to 2 hours of irrigation regardless of normal 
ocular pH.°’ A brief irrigation period (1 to 2 minutes) is 
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needed for most solvent injuries. An irrigation device 
may facilitate irrigation but is not required.” 


Special Management Considerations 


A few substances deserve special management consid- 
erations. Table 15-4 includes a summary of the potential 
treatments for these compounds. 


OCULAR CALCIUM HYDROXIDE BURNS 

Irrigation should begin promptly. Following irrigation, 
a careful search for particulate matter should be per- 
formed; attention must be directed to identification and 
removal of solid material, because particulate matter 
usually accompanies calcium hydroxide ocular burns. It 
may be necessary to double-evert the upper eyelid and 
swab or brush away lodged material, looking especially 
in the fornices, where particles are frequently hidden. 
Application of a topical anesthetic followed by a 
15-minute irrigation with a 0.01 to 0.05 mol/L (0.3% to 
1.86%) solution of EDTA (at a pH between 4.6 and 7.0) 
may help loosen and dissolve solid matter. A cotton- 
tipped applicator soaked in EDTA may also facilitate 
particle removal. To prepare a 0.05 mol/L neutral 


Special Management Considerations 


CHEMICAL CONCERNS MANAGEMENT 
Calcium Embedded particulate Swab soaked in 
hydroxide matter 0.3%-1.86% 

Opacification disodium edetate 
secondary to or 
calcium binding to 15-minute irrigation 
Bowman's with 0.3%-1.86% 
membrane disodium edetate 

Hydrofluoric Binding of free Irrigate with water, 
acid fluoride ions normal saline, 

Do not irrigate with lactated Ringer’s 
benzethonium solution, or 
chloride or isotonic 
benzalkonium magnesium 
chloride chloride 

Do not use Consider 1% calcium 


subconjunctival 
injections of CaCl,, 
MgCl,, or calcium 


gluconate drops 


gluconate 
Phenol Decontamination may Consider irrigation 
be difficult with 1% 


diethylenetriamine 
or 30%-50% 
polyethylene 
glycol 

Consider mineral oil 
or wet compress 
applied overnight 

Antibiotic ointment 
applied overnight 
may be somewhat 
helpful 

Acetone is effective 
but may cause 
transient corneal 
abrasions 


Cyanoacrylates Eyelid adhesions 
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solution of EDTA, dilute 20 mL of Endrate disodium 
(150 mg/mL) (Abbott Laboratories, North Chicago, IL) 
with 180 mL of sterile 0.9% sodium chloride.’ Disodium 
edetate may also clear the corneal opacification caused 
by the binding of calcium to Bowman’s membrane (see 
earlier section on Calcium Hydroxide). 


OCULAR HYDROFLUORIC ACID BURNS 

Management of ocular HF burns deserves special 
attention for two reasons. First, in addition to simple 
decontamination measures, treatment of HF burns is 
targeted at prevention of further penetration of the 
fluoride ion. Second, application of substances used to 
treat cutaneous hydrochloric acid burns may cause 
damage to the eye. 

Because the onset of severe symptoms may be delayed, 
patients with even minor symptoms following hydrogen 
fluoride exposure may develop significant pain and 
damage later. Immediate and copious irrigation is 
imperative, as with all chemical injuries to the eye. 
Irrigation with benzethonium chloride solutions (0.2% 
or 0.5%) or benzalkonium chloride solution (0.05%) has 
been recommended for treatment of HF skin burns, 
because these compounds deactivate the free fluoride 
ion. However, these solutions are potentially damaging 
to the corneal epithelium of the normal eye and provide 
no benefit for patients with ocular HF burns.**° Multiple 
irrigations also appear to be deleterious. For ocular HF 
burns, a single, thorough irrigation with 2 L of sterile 
lactated Ringer’s, saline, water, or isotonic magnesium 
chloride is recommended.”! The use of isotonic mag- 
nesium chloride solutions have been effective and not 
irritating.°9 

Injection of divalent cations (e.g., calcium or mag- 
nesium salts) binds free fluoride and is also commonly 
recommended for HF skin burns. Subconjunctival 
injections with CaCl, MgCl, and 10% calcium gluconate 
can induce significant eye damage and are contra- 
indicated for the treatment of ocular hydrogen fluoride 
injuries.” 

The instillation of two to three drops of 1% calcium 
gluconate solution every 3 hours may be effective in 
ocular HF burns. This solution, when used with topical 
cycloplegia and antimicrobial agents, provided complete 
resolution of signs and symptoms in a patient with ocular 
burns from 49% HF seen at a 3-month follow-up visit.*° 
Further controlled study is necessary prior to formal 
recommendation of calcium gluconate drops. 

Hexafluorine is an amphoteric hypertonic polyvalent 
compound designed specifically to decontaminate HF 
eye and skin exposures. It has been shown to prevent 
chemical burns in workers exposed to 40% HF.® How- 
ever, one study suggests that animals decontaminated 
with Hexafluorine had a worse outcome than those 
treated with topical calcium or water irrigation.®! Further 
study is warranted. 


OCULAR PHENOL BURNS 
Although isopropyl alcohol is commonly recommended 
for skin decontamination of phenol, water remains the 


solution of choice for eye irrigation. The use of 1% 
diethylenetriamine or 30% to 50% polyethylene glycol 
(e.g., PEG 400) has been recommended for eye 
irrigation, but further investigation is necessary.> 


OCULAR CYANOACRYLATE EXPOSURE 

When faced with the task of managing ocular cyano- 
acrylate exposure, eyelid adhesions are usually the 
greatest source of aggravation for both the patient and 
the health care provider. The initial management should 
include warm fluid irrigation through any available eye 
opening, as this may decrease the likelihood of corneal 
abrasions (especially if performed within 15 minutes of 
exposure).°° 

Acetone has been successfully utilized to loosen glue 
from the lashes as well as the cornea itself.°* However, 
acetone is irritating to the eye and may cause temporary 
loss of corneal epithelium.’ 

The application of mineral oil has resulted in 
immediate softening of adhesions.®* Application of a 
mineral oil compress applied overnight may be necessary 
to separate eyelids. 


OCULAR MUSTARD EXPOSURE 

Initial management of mustard eye exposures begins, as 
always, with irrigation for 10 to 15 minutes; although 
damage may have already occurred, irrigation may remove 
potential foreign bodies and debris. Systemic analgesics 
are usually required. Following irrigation, one should 
perform a fluorescein examination to initially assess 
corneal involvement. In mass casualty situations, patients 
may be divided into two groups: (1) those with con- 
junctival involvement only; and (2) those with corneal 
injury evidenced by areas of fluorescein uptake.*’ If 
injury is confined to the conjunctiva, patients may be 
discharged with symptomatic therapy, reassurance that 
vision will return to normal in a few days, and psycho- 
logical support. Patients with corneal involvement 
should be referred to an ophthalmologist immediately 
for further evaluation and care. 

A number of therapies specific to management of ocular 
mustard injuries have been evaluated. Anti-inflammatory 
agents appear to be promising: dexamethasone eye 
drops (one drop [50 pL] 4 times daily applied 1 hour 
postexposure) attenuated the inflammatory response in 
sulfur mustard exposed rabbits.°° Diclofenac, a non- 
steroidal anti-inflammatory agent, applied in the same 
manner, gave similar but less notable results. 

Topical diltiazem (30 uL of a 10 mmol/L solution) 
applied prior to nitrogen mustard application, reduced 
eye irritation and attenuated intraocular pressure 
elevation in rabbits.°’ Zinc-desferrioxamine or gallium- 
desferrioxamine (two drops each hour for 12 hours 
instilled immediately after nitrogen mustard appli- 
cation) significantly reduced conjunctival, corneal, iris, 
and anterior chamber injury by inhibiting free radical 
formation.®® Finally, lowering the incubation tempera- 
ture of sulfur mustard—exposed cells from 37° C to 31° C 
transiently decreased apoptotic cell death.” 


SYSTEMIC METHANOL-INDUCED RETINAL 

INJURY 

Eels and colleagues described the successful use of pho- 
tobiomodulation to promote recovery of retinal function 
following methanol-derived formate exposure.” Pho- 
tobiomodulation is a process that uses low-energy lasers 
or light-emitting diode (LED) rays to accelerate wound 
healing. LEDs work by up-regulating cytochrome oxidase 
activity and mitochondrial ATP synthesis. Unlike most 
lasers, negligible amounts of heat are generated; 
therefore, thermal damage to biologic tissues does not 
occur. The Food and Drug Administration has deemed 
LED technology safe in human trials.” Further 
investigation for the use of LEDs in methanol-poisoned 
humans is required. See Chapter 32A for a more detailed 
description of the management of methanol poisoning. 


SYSTEMIC QUININE-INDUCED RETINAL INJURY 
Specific therapies for quinine-induced ocular injury are 
limited to isolated case reports and include therapies 
such as hyperbaric oxygen” and intravenous nimodipine.” 
To date, there have been no significant clinical trials in 
humans or animals. Refer to Chapter 54 for a more 
detailed description of the management of quinine 
poisoning. 


Special Agents 


Many other agents have been found to aid in the healing 
process following chemical injuries. These therapies are 
geared toward correcting impediments to reepithe- 
lialization and improving transdifferentiation (see 
earlier section on Mechanisms of Repair). Factors that 
impair reepithelialization include damage to the 
basement membrane, abnormal tear production, and 
infiltration by polymorphonuclear neutrophils. 
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Toxin-induced damage to the epithelial basement 
membrane may cause a decrease in fibronectin, which is 
needed to help the adherence of the advancing 
epithelium. If fibronectin is decreased, recurrent 
epithelial erosions can occur. Unfortunately, clinical 
trials evaluating the efficacy of fibronectin have failed to 
reveal a benefit.”*’”4 Abnormal tear film production may 
lead to chronic ocular surface irritation, making 
reepithelialization difficult. Finally, polymorphonuclear 
neutrophil infiltration will slow the epithelial migration 
process. Polymorphonuclear neutrophils also produce 
collagenase and other enzymes that interfere with 
corneal differentiation. Substances known or currently 
used to improve corneal healing are listed in ‘Table 15-5. 


Final Considerations 


After irrigation, the eye should be reinspected for 
particulate matter and other injuries. The ocular pH 
should be checked intermittently over the following 
hour to ensure that the pH remains neutral. An 
ophthalmic antimicrobial agent should be applied to 
prevent secondary infection, and a cycloplegic drug may 
be added to prevent painful ciliary spasms and the 
development of posterior synechiae. Application of a 
pressure patch may improve patient comfort. Systemic 
analgesics rather than topical anesthetics should be 
administered for additional pain control. Immediate 
consultation with an ophthalmologist is required for all 
but the most trivial burns; formal ophthalmologic 
evaluation is recommended for most patients within 
24 hours of exposure. Finally, tetanus prophylaxis should 
be administered as necessary. 





Medical Therapy for Chemical Injuries to the Eye 
MECHANISM OF ACTION 


AGENT 


Tear substitutes and lubricating Lubricant 
ointments 


Topical corticosteroids Reduces inflammation 


Anticollagenolytic effects 


Medroxyprogesterone 
(Provera 1%) 
Ascorbate (topical and systemic) 


Reduces inflammation without 
affecting corneal wound repair 

Necessary for collagen synthesis 

Replaces ascorbate depletion that 


COMMENTS 


Use only nonpreserved medications 


Minimizes trauma of eyelid movement 


Impairs the stromal repair process that occurs 
~14 days after alkali injuries; should not be 
continued beyond 10-14 days 

Can be used after 10-14 days 


Reduces incidence of ulcer formation 
following alkali injury 


accompanies keratocyte damage 


Citrate 
infiltration 
Retinoic acid (vitamin A analog) 


Fibronectin 
Epidermal growth factor 


Promotes corneal epithelial differentiation 


Facilitates adhesion of migrating epithelium 
Promotes epithelial mitosis 


Decreases polymorphonuclear neutrophils 


Requires further investigation 


Not currently available for clinical use 
Not currently available for clinical use 
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1 6 Endocrine Toxicology 
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GLUCOREGULATORY SYSTEM 


Glucose is an important source of energy for cellular 
function. This is especially true of the brain, which is 
incapable of using free fatty acids. The regulation of 
blood sugar is accomplished by a complex interplay of 
systems. Alterations in glucose level can be caused by a 
variety of agents with endocrine system actions. Hypo- 
glycemia is the most common endocrine emergency, and 
can be life threatening in certain cases.’ According to the 
National Institutes of Health, 6.3% of the U.S. population 
was afflicted with diabetes in 2002. A correspondingly 
large number of prescriptions for antidiabetic agents 
were written as a consequence. 


GLUCOSE METABOLISM 


Glucose enters the body through the intestinal wall, in 
some cases after its production in a catabolic reaction 
involving amylase or a glucosidase. It is then taken up by 
body tissues with the help of insulin. This hormone, 
secreted by the B islet cells of the pancreas, facilitates 
glucose uptake across cell membranes. In adipose tissues, 
insulin promotes glycogen formation and fatty acid 
synthesis. Insulin is degraded by insulinase, with a half- 
life of 5 minutes. In response to hypoglycemia, epi- 
nephrine release, or norepinephrine release, glucagon is 
secreted by the a cells of the pancreas. This hormone, a 
29-unit polypeptide, works in the liver through a cyclic 
adenosine monophosphate pathway to activate phosphor- 
ylase. As its name suggests, this enzyme dephosphor- 
ylates glucose-l-phosphate to glucose. This reaction is 
the rate-limiting step in conversion of glycogen to 
glucose. Glucagon also induces gluconeogenesis. Both of 
these effects serve to increase glucose levels in the blood. 
A number of xenobiotics cause hypoglycemia or 
hyperglycemia through effects on this system. 


SPECIFIC AGENTS AND THEIR 
MECHANISMS OF TOXICITY 


Hypoglycemic and Antihyperglycemic 
Agents 


Insulin of various types can be injected intravenously or 
subcutaneously. Depending on the formulation, dose, 
and route of administration, the level of hypoglycemia 
and duration of action are quite variable (Table 16-1). 
Excess insulin can be the result of greater than necessary 
insulin administration, decreased caloric intake, or an 
insulinoma. Once in the bloodstream, exogenous insulin 
has effects identical to those of the endogenously 


produced substance. As the kidneys metabolize insulin, 
patients in renal failure will require decreased doses 
to avoid hypoglycemic events. Orally, insulin is not 
bioavailable at all and therefore represents no risk for 
hypoglycemia when taken in this manner. 

Oral antihyperglycemic agents have a variety of mech- 
anisms of action. The o-glucosidase inhibitors prevent 
the breakdown of oligosaccharides and polysaccharides 
into simple sugars. Hyperglycemia after meals is pre- 
vented, and the delivery of glucose into the bloodstream 
is delayed. There are few reports of overdose of O- 
glucosidase inhibitors. Their mechanism of action and 
the existing animal studies would suggest there are no 
significant effects in overdose.**? Among the oral 
antihyperglycemic agents, the sulfonylureas stand out as 
being able to produce a significant hypoglycemia.* They 
accomplish this by acting on the pancreatic B islet cell 
to cause it to secrete insulin. Additionally, these drugs 
increase insulin sensitivity in peripheral tissues. In 
overdose, approximately one third of children ingesting 
a sulfonylurea became hypoglycemic; in a case series largely 
of adults, three fourths developed hypoglycemia.°® 
Sulfonylureas may result in hypoglycemia many hours 
after ingestion. Although approximately 90% of patients 
in several pediatric studies developed hypoglycemia 
within 8 hours of ingestion, there has been at least one 
case report of 24 hours’ delay in developing significant 
hypoglycemia following chlorpropamide ingestion.>7* 
Between one third and three fourths of pediatric patients 
had blood glucose measurements below 60 mg/dL.°* 
There is also a significant risk for prolonged or recurrent 
hypoglycemic episodes.”'° 

The thiazolidinedione class exerts its effect by 
decreasing insulin resistance at peripheral and hepatic 
sites. These drugs bind selectively to the peroxisome 
proliferator-activated receptor-y (PPAR-y), which is 
found in fat, liver tissue, and skeletal muscle.!! Little is 
known about adverse effects in overdose. In therapeutic 
doses, hypoglycemia has occurred in conjunction with 
insulin use, and liver abnormalities have also been 
noted.* 


INSULIN ONSET PEAK DURATION 
Humalog 15-20 min 30-90 min 3-4 hr 
Novolog 15-20 min 40-50 min 3-4 hr 
Regular 30-60 min 80-120 min 4-6 hr 
NPH 2-4 hr 6-10 hr 14-16 hr 
Lente 3-4 hr 6-12 hr 16-18 hr 
Ultralente 4-6 hr 10-16 hr 18-20 hr 
Lantus 2-3 hr None 18-26 hr 
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Biguanide oral diabetic agents work by three mech- 
anisms: (1) reduction in intestinal glucose absorption, 
(2) reduction in hepatic glucose production, and (3) 
increase in peripheral insulin sensitivity. In overdose, 
nausea, vomiting, and diarrhea are common. Metabolic 
acidosis, tachypnea, hypotension, hypoglycemia, and 
pancreatitis have also been reported. In therapeutic 
administration, lactic acidosis is the most worrisome 
adverse effect, but this is relatively rare. In one study, the 
incidence was only nine cases per 100,000 patient years.* 
Additionally, patients found to be at greater risk are 
those with underlying chronic or acute renal insuf- 
ficiency, those with hepatic dysfunction, or those who 
have a concurrent severe illness.!*?° There does not seem 
to be a relationship between serum lactic acid level and 
outcome.*! This suggests that biguanide-induced lactic 
acidosis is of the type B variety. 

Meglitinides are among the newest agents available. 
They stimulate insulin secretion by closing adenosine 
triphosphate (ATP)-sensitive potassium channels in 6 
cells, with a resultant rise in intracellular calcium and 
secretion of insulin.*??’ According to one study, the 
duration of effect is similar to glyburide.*? Although data 
on adverse effects following overdose are scarce, the 
mechanism of action suggests that hypoglycemia is likely 
(Table 16-2). 

Ethanol can also cause significant hypoglycemia, 
notably during binge drinking. This generally occurs to 
those who do not consume enough calories during the 
event, those with poor glycogen stores, and those in 
whom nicotinamide adenine dinucleotide (NAD) has 
been depleted by the metabolism of ethanol. Chronic 
alcoholics, those who are malnourished, and children 
are particularly at risk.*°79 





Oral Antihyperglycemic Agents 


DURATION OF 
CLASS GENERIC NAME ACTION (hr) 
First-generation Chlorpropamide 24-72 
sulfonylurea 
First-generation Tolazamide 
sulfonylurea 
First-generation Tolbutamide 6-10 
sulfonylurea 
First-generation Glucotrol 12 
sulfonylurea 
Second-generation Glucotrol XL 24 
sulfonylurea 
Second-generation Glyburide 18-24 
sulfonylurea 
Second-generation Glyburide 24 
sulfonylurea micronized 
Third-generation Glimepiride 24 
sulfonylurea 
Biguanide Metformin 8-12 
Biguanide Metformin XR 24 
Meglitinide Repaglinide 3 
Meglitinide Nateglinide 3 
œ-Glucosidase inhibitor Acarbose 4 
a-Glucosidase inhibitor Miglitol 4 


Thiazolidinedione 
Thiazolidinedione 


Rosiglitazone 
Pioglitazone 





Vacor, a rodenticide, has particular toxicity to the B 
islet cells of the pancreas. A massive release of insulin 
ensues, with resulting hypoglycemia. After the destruction 
of the B islet cells is complete, type 1 diabetes ensues. 
Pentamidine poisoning has the same pathophysiology. 

Ackee is the national fruit of Jamaica. It is the product 
of the Blighia sapida tree, indigenous to West Africa but 
carried to Jamaica in the latter part of the 18th century. 
Two compounds have been isolated in the flesh and 
seeds. Hypoglycin, also known as hypoglycin A, is the 
more toxic of the two and is present in much higher 
concentration in the unripe fruit. When hypoglycin is 
ingested, it is transaminated and decarboxylated to 
methylene cyclopropyl acetic acid (MCPA). This metabolite 
interferes with the process of gluconeogenesis. 

Other xenobiotics such as salicylates, B-adrenergic 
blockers, disopyramide, ritodrine, haloperidol, and quinine 
have been associated with hypoglycemia. In renal failure, 
trimethoprim-sulfamethoxazole and propoxyphene have 
been noted to cause hypoglycemia.'* 


Hyperglycemic Agents 


Glucagon is used as a hyperglycemic agent in insulin- 
treated patients who become hypoglycemic and are too 
obtunded to take oral carbohydrates; nonendocrine uses 
have included therapy of B-blocker overdose, cardio- 
vascular emergencies, and relaxation of the gastro- 
intestinal (GI) tract for diagnostic procedures. Its toxicity 
is limited; nausea and vomiting are frequent 
consequences of its use. The expected increase in glucose 
does not occur in patients who are depleted of glycogen 
stores; for example, patients with alcohol-related 
hypoglycemia show no response, and delaying more 
effective therapy (such as glucose administration) poses 
a risk in such a setting. In a patient with an insulinoma, 
the initial beneficial increase in glucose levels may be 
followed by a subsequent precipitous glucose drop due 
to stimulation of further insulin production by the 
glucagon. 

Diazoxide, used infrequently as a parenteral agent in 
hypertensive crisis, is an inhibitor of insulin secretion 
and can be used as an oral agent in the therapy of 
patients with insulinomas. It causes sodium and fluid 
retention, with associated edema, and simultaneous use 
of a loop diuretic is a frequent need. In addition to being 
monitored for development of hyperglycemia related 
to excessive insulin suppression, patients should be 
monitored for complications that include GI distress, 
pancreatitis, thrombocytopenia or leukopenia, impair- 
ment of renal function, and proteinuria. 


TREATMENT PRINCIPLES 


Hypoglycemic Agents 


Glucose can be used to rapidly increase blood glucose 
for use by the target tissues. In most circumstances, it 
should be the first agent used to counter hypoglycemia. 
Glucagon can be used to stimulate glycogenolysis and 


gluconeogenesis, thereby increasing available glucose. 
One advantage is that it can be administered subcuta- 
neously or intramuscularly. Another advantage is its 
longer duration of effect. However, patients with poor 
glycogen stores will not develop an adequate response. 
Patients with insulinoma should not receive glucagon 
due to the risk for insulin release and resultant hypo- 
glycemia. Patients with pheochromocytoma should not 
receive glucagon because it may trigger catecholamine 
release from the tumor and subsequent hypertension. 

Octreotide is a long-acting synthetic somatostatin 
analog. It acts at somatostatin receptors and inhibits 
release of a number of pituitary and GI hormones, 
including insulin and glucagon. It can be used to provide 
protection against hypoglycemic events due to xeno- 
biotic agents which promote release of insulin by the 
pancreas. Hypoglycemia caused by sulfonylureas, 
meglitinides, and perhaps by Ackee fruit, can be treated 
by its use. 

The decision to admit a patient should be based on 
the nature of the poisoning as well as the clinical picture. 
It is worth noting that sulfonylurea overdoses in 
particular benefit from long-term glucose monitoring. 
Although one study suggests that 8 hours may be 
sufficient for most cases, many clinicians prefer a period 
of 24 hours.®°? 


Hyperglycemic Agents 


The hyperglycemia from glucagon is generally transient 
and does not require any treatment other than stopping 
the drug. If the patient develops hypertension requiring 
control, phentolamine mesylate 5 to 10 mg intravenously 
may be used. Treatment of adverse effects from 
diazoxide must be tailored to the particular pathology 
(Table 16-3). 


HYPOTHALAMIC AGENTS 


Introduction and Importance 


The hypothalamus-pituitary axis is the primary interface 
between the brain and the endocrine system. The 





Treatment of Hypoglycemia 


AGENT ADULT DOSE PEDIATRIC DOSE 


50 mL of 50% 0.5-1 g/kg of 25% 
dextrose IV dextrose IV 
10%-20% dextrose 10%-20% dextrose in 


Glucose (bolus) 


Glucose (infusion) 


in water IV 0.2% normal saline 
Glucagon 1-2 mg IV/IM/SC 0.03-0.1 mg/kg 
IV/IM/SC 
Octreotide 50-100 ug SC/IV 4-5 yg/kg/day SC/IV 


q 6-12 hr divided into q 6 hr 


doses 


IM, intramuscularly; IV, intravenously; SC, subcutaneously. 
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circumventricular organs of the hypothalamus play a key 
role, because their endothelium lacks tight junctions. 
They are therefore effectively on the outside of the 
blood-brain barrier, and able to sense levels of various 
factors and release others. 

A number of hormones are secreted by the hypo- 
thalamus, with varied target organs. Some of these have 
been purified or synthesized for medical use. ‘Two hor- 
mones secreted by the hypothalamic neurohypophyseal 
tract have important clinical uses. Oxytocin has a 
number of functions, but is primarily administered to 
induce labor and cause postpartum uterine contraction. 
Vasopressin and its analogs (desmopressin, lypressin) are 
used primarily for hormone replacement therapy in 
patients with central diabetes insipidus. Two of the hypo- 
thalamic agents, growth hormone-releasing hormone 
(GHRH) and gonadotropin-releasing hormone (GnRH) 
are used therapeutically as well. 


Specific Agents and Their Mechanisms 
of Toxicity 


Oxytocin is an octapeptide produced in the hypo- 
thalamus and stored in the posterior pituitary. It has 
uterine-stimulatory action, a vasopressive effect, and an 
antidiuretic effect. It also stimulates the milk letdown 
reflex. Adverse actions from oxytocin use include 
overstimulation of the uterus, with potential for fetal 
distress or uterine rupture, hypertension, or water 
intoxication. Hyponatremia, resulting from the intrinsic 
antidiuretic action of the molecule, can lead to various 
neurologic consequences, including convulsions. 

Toxic effects of vasopressin are uncommon if the agent 
is used in appropriate dosage, and the major adverse 
effects are related to the expected physiologic action of 
the molecule in question. Desmopressin (DDAVP) has 
emerged as the most commonly used vasopressin analog 
for several reasons, including its convenient forms of 
administration and its prolonged half-life with enhanced 
antidiuretic and decreased vasopressor effects compared 
with the parent arginine vasopressin molecule.*! Because 
of the drug’s physiologic action, hypertension might also 
be anticipated as a possible adverse effect of vasopressin 
administration, but this is also very uncommon, partic- 
ularly with desmopressin. Hyponatremia is the most 
likely adverse result of vasopressin administration but is a 
relatively uncommon problem, because hyponatremia 
cannot develop unless the vasopressin-stimulated decrease 
in renal tubular free water clearance is combined with an 
increase in free water intake. 

The hypothalamic-releasing hormones include thy- 
rotropin-releasing hormone (TRH, or protirelin), GnRH 
(or gonadorelin), GHRH, and corticotropin-releasing 
hormone. For the most part, these drugs are used as 
investigative or diagnostic agents, and toxic effects are 
limited and transient, including flushing, nausea, 
vomiting, brief abdominal discomfort, and hypotension. 
In addition to their diagnostic use, two of the releasing 
hormones, GHRH and GnRH, have potential therapeutic 
uses. 
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GnRH is used for treatment of infertility in women 
who have hypothalamic disease with intact pituitary 
function, enabling them to respond to the hypothalamic 
agent. Treatment involves episodic pulsatile delivery of 
the peptide by an infusion pump.” Side effects include a 
potential for ovarian hyperstimulation; because of this 
potential, this agent should be used only by reproductive 
endocrinologists who are well trained in its application. 
Sustained delivery of GnRH analogs suppresses 
gonadotropin production through down-regulation of 
the GnRH receptor. These agents are used when 
inhibition of gonadal function is desired, such as in 
patients with precocious puberty or carcinoma of the 
prostate or endometrium. Side effects are minor, with 
the major effects due to the expected suppression of 
gonadal function. 

GHRH is an investigational agent that may eventually 
have utility in therapy of individuals who have growth 
failure due to hypothalamic dysfunction but who maintain 
normal pituitary function. No significant toxicity has 
been described. 


Treatment Principles 


Management of oxytocin toxicity is the same as that for 
vasopressin toxicity. Careful monitoring during intra- 
venous infusion is essential for prevention of these prob- 
lems, and the infusion must be discontinued immed- 
iately at the first evidence of adverse effect on the mother 
or her fetus. 

Hyponatremia caused by vasopressin or DDAVP is 
effectively treated by restriction of free water intake 
and a decrease in, or discontinuation of, vasopressin 
administration. As with any state of severe hyponatremia 
or hypo-osmolality, the use of hypertonic saline may be a 
consideration if the decrease in sodium concentration 
has been abrupt, is associated with neurologic abnor- 
malities, and has not responded promptly to removal of 
the precipitating causes. 

No therapy is usually required to treat adverse effects 
of hypothalamic-releasing hormone in view of their brief 
duration. If hypotension persists, administration of 
intravenous fluids usually corrects the problem. 


PITUITARY AGENTS 


Introduction and Importance 


Growth hormone (GH) is administered to children who 
are of short stature due to its deficiency. Gonadotropins 
are used mostly to treat infertility due to secondary 
gonadal dysfunction. Adrenocorticotropic hormone 
(ACTH) stimulates the adrenal cortex and is therefore 
sometimes used in disorders that respond to gluco- 
corticoid (GC) therapy. 

Octreotide is used to treat acromegaly by lowering 
GH levels, and may be helpful in shrinking pituitary 
adenomas. Because it has a suppressive effect on many 


other hormone systems, it can be used in the treatment 
of other hormone-producing tumors. As has been 
discussed in the section on glucose metabolism, it can 
prevent the release of insulin from the pancreas due to 
sulfonylurea ingestion. Octreotide has a role in the 
treatment of upper GI hemorrhage due to its inhibition 
of hormones, which cause vasodilation. Bromocriptine is 
an ergot alkaloid that has dopaminergic properties 
useful in treating hyperprolactinemic states, acromegaly, 
and some nonendocrine disorders. 


Specific Agents and Their Mechanisms 
of Toxicity 


The toxicity of GH can be related to two different 
factors: (1) contaminants that might be inadvertently 
administered with the hormone, and (2) the metabolic 
and physiologic effects of the hormone per se. With 
recombinant DNA-produced GH, the former consid- 
eration is not a current concern. However, before the 
advent of the technology that led to biosynthetic GH 
production, the only available GH into the mid-1980s was 
derived from human cadavers, and cases of transmission 
of the devastating Creutzfeldt-Jakob infection have been 
described.** Because of the long incubation period for 
this slow virus, it is possible that more cases will develop 
in the future in patients who previously received virus- 
contaminated hormone preparations. Patients who have 
received these human cadaver—based GH injections 
are at continued risk and should be monitored for 
neurologic problems; unfortunately, no effective treat- 
ment is currently available. 

Otherwise, problems with GH occur predominantly in 
situations in which the agent is used in excessive doses, 
thereby causing medical problems that are similar to the 
problems encountered in acromegaly.** Long-term 
administration can cause edema, hypertension, carpal 
tunnel syndrome, and arthralgias. Insulin resistance 
and impaired glucose tolerance are also metabolic 
consequences of GH administration, especially when the 
drug is used at supraphysiologic doses. Whether GH 
administration to adults might increase the risk for 
cardiovascular disease is a concern, based on the 
observation that acromegalic patients are at increased 
risk for hypertension and cardiomyopathy. It is not 
totally clear whether the cardiomyopathy reflects the 
cardiac response to acromegaly-associated hypertension 
or is instead evidence of an anabolic effect of GH on 
cardiac tissue. Whether GH might be a promoter of 
tumor growth is also speculated, because GH has been 
shown to exert mitogenic effects in some animal systems, 
and acromegaly has been associated with an increased 
risk for premalignant colonic polyps and colon cancer. It 
has also been suggested that GH therapy in children may 
be associated with increased risk for leukemia. Despite 
this speculation, GH therapy has no established 
association with any malignancy at this time. 

Gonadotropin therapy is used in individuals with 
secondary gonadal dysfunction, primarily as treatment 
for infertility. Human chorionic gonadotropin (HCG) 


binds to luteinizing hormone receptors and thereby 
stimulates gonadal function. HCG promotes gonadal 
steroidogenesis and stimulates the aromatase enzyme 
that converts testosterone to estradiol; as a result, males 
have a disproportionate increase in estradiol compared 
with the increase in testosterone, and gynecomastia 
may develop. Acne, weight gain, and fluid retention can 
also occur. In order to achieve fertility in males with 
secondary hypogonadism, simply stimulating testos- 
terone production with HCG is not sufficient; 
stimulation of spermatogenesis is also needed, and this 
requires the use of an agent with follicle-stimulating 
hormone effect; human menopausal gonadotropin 
(HMG) is used for this purpose. Because this product 
contains both  follicle-stimulating hormone and 
luteinizing hormone, the same side effects of weight gain, 
edema, acne, and gynecomastia are noted.*? Women who 
are treated with gonadotropins for infertility can also 
develop weight gain, edema, and acne. However, a 
greater clinical concern is the risk for developing ovarian 
hyperstimulation. This syndrome, which can occur in as 
many as 15% of HMG-treated patients, consists of cystic 
ovarian enlargement and fluid shifts (including ascites 
and pleural effusions), with more severe cases 
characterized by severe hemoconcentration, electrolyte 
imbalance, thromboembolism, and even death. The 
basis of the disorder appears to be increased capillary 
permeability with major fluid shifts that lead to 
hemoconcentration, prerenal azotemia, and develop- 
ment of a hypercoagulable state. The likelihood of 
hyperstimulation syndrome can be minimized by careful 
monitoring of serum estradiol levels; if the estradiol level 
becomes excessively elevated during HMG stimulation, 
subsequent HCG administration should be postponed 
for that cycle.” 

ACTH is used for its action of stimulating the adrenal 
cortex. It is used in disorders that respond to GC treat- 
ment. ACTH is used infrequently because of its undesir- 
able properties, which include the need for parenteral 
administration and an inability to titrate dosage to a 
specific GC level. The unwanted simultaneous stimu- 
lation of mineralocorticoid and androgen activity also 
complicates its use. In patients with disorders that 
respond to GC effect, it is preferable to administer a 
known amount of GC directly rather than to stimulate 
uncertain GC levels through ACTH administration. 
Furthermore, the ACTH used for therapeutic purposes is 
derived from bovine pituitary glands and can produce 
allergic reactions. ACTH is also used for diagnostic 
evaluation of adrenal gland function; for this short-term 
purpose, a synthetic but fully bioactive analog, composed 
of the first 24 amino acids of the 39-—amino acid human 
ACTH molecule (cosyntropin), is commonly used; this 
analog is devoid of adverse effects. 


Treatment Principles 


Mild or moderate ovarian hyperstimulation can be 
monitored conservatively, with discontinuation of 
gonadotropin therapy. More severe cases require 
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hospitalization with monitoring of fluid and electrolyte 
status, weight, fluid intake and output, hematocrit, and 
renal function. Sodium restriction may also be required, 
as well as cautious use of plasma expanders or albumin to 
maintain urine output. 

Treatment of other conditions caused by pituitary 
agents is supportive and should be tailored to the 
particular pathology encountered. 


THYROID 


Introduction and Importance 


The thyroid is principally responsible for the regulation 
of the basal metabolic rate. Thyroid hormones act within 
cells to regulate gene transcription and protein synthesis. 
Increase in consumption of ATP results in an increase in 
metabolism of carbohydrates, proteins, and lipids. 
Thyroid dysfunction falls into two categories. Decreased 
function of the thyroid gland, or hypothyroidism, is 
a fairly common disease. Estimates of its prevalence in 
the United States range from 2% to 10%, and thyroid 
hormone is therefore one of the most commonly 
prescribed medications. Thyrotoxicosis, a surfeit of 
active thyroid hormone, occurs most often as the result 
of Graves’ disease, an autoimmune disease that increases 
the mass of the gland. This endogenous overproduction 
of thyroid hormone can be termed hyperthyroidism. 
Alternatively, an excess of thyroid hormone can result 
from ingestion of xenobiotics. Thyroid tissue is some- 
times present in meat from animals’ necks, and can be 
inadvertently consumed. Some people abuse thyroid 
medications, usually in an attempt to lose weight, but 
also in intentional overdoses. 

Secretion of thyroid hormone results from a complex 
interplay among the hypothalamus, anterior pituitary, 
and thyroid. Circulating levels of thyroxine (T,4) and 
triiodothyronine (T;) are sensed by the hypothalamus, 
which secretes TRH or somatostatin (SRIH). TRH has a 
releasing effect on the anterior pituitary, and SRIH has 
an inhibiting effect. These signals cause the anterior 
pituitary to release thyroid-stimulating hormone (TSH, or 
thyrotropin), which stimulates the thyroid to release both 
T, and Ty. Iodide and, to a much lesser extent, lithium 
ion have a suppressive effect on the thyroid”? (Fig. 16-1). 

T4, which has a half-life of about a week, is slowly 
converted to T; in various body tissues. Two enzymes 
catalyze this process: D1, present in the thyroid, liver, and 
kidney; and D2, present in the thyroid, smooth muscle, 
and cardiac muscle. Of the total T, in circulation, 80% is 
formed from T, in the periphery, and 20% is released 
directly from the thyroid. 


Toxin-Induced Physiologic Disturbances 


NATURAL AND SYNTHETIC T; AND T,/T; 

PRODUCTS 

Because of its short half-life, considerable elevation 
and fluctuation in Ts; levels can occur in patients who 
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FIGURE 16-1 Hypothalamus-pituitary-thyroid axis. 


are treated with pure Tg or combined T,/T3 products. 
Intermittent peaking to supraphysiologic levels can have 
adverse effects, especially in older patients with cardio- 
vascular disease. As a result, a number of combined 
T,/Ts preparations have been taken off the market in 
recent years. Nonetheless, the traditional but outdated 
standard of an earlier era, desiccated thyroid hormone, 
is still available and used with surprising frequency. 
Problems with this preparation include inconsistent 
absorption and bioavailability, as well as its content of 
potentially cardiotoxic T;.°’ Liothyronine (synthetic Ts) 
has problems similar to those of the animal-derived T, 
and is not in common use. 


LEVOTHYROXINE 

Levothyroxine is synthetic Ty, which is converted to Ts by 
the same enzymatic systems that handle endogenous T,. 
Long-term physiologic effects of excessive levothyroxine 
administration include cardiac changes (shortening of 
systolic time intervals and increased nocturnal heart 
rate), elevated levels of liver enzymes, and increased 
bone resorption; the last is of particular concern in 
postmenopausal women who already have a high risk 
for osteoporosis.*°°* The hypermetabolic consequences 
of thyrotoxicosis can include weight loss, tremor, heat 
intolerance, loss of muscle mass and muscle strength, 
palpitation, and cardiac rhythm disorders, especially 
supraventricular dysrhythmias. Cases of true thyrotoxicosis 
are usually encountered in paramedical personnel, 
although anyone who has access to thyroid medications 
can potentially be at risk. 

Acute overdose of thyroid hormone may cause 
symptoms in as few as 12 hours in the case of products 
containing T. If levothyroxine is ingested without Ts, a 
period of 5 to 11 days without symptoms may be followed 
by the development of illness. ‘Thyrotoxicosis is much more 
common in chronic overdose than in acute overdose. 
However, massive acute ingestions may cause profound 


Signs and Symptoms of Acute Thyroid 


Hormone Overdose 





SYSTEM FINDING 


Cardiovascular 
Neurologic 


Tachycardia, hypertension, dysrhythmia 

Mydriasis, tremor, hyperreflexia, 
agitation, seizure, coma, psychosis 

Skin Flushing, diaphoresis, dermatitis, rash 

Gastrointestinal Nausea, vomiting, diarrhea 

Metabolic Fever, weight loss 





illness. The spectrum of signs and symptoms of acute 
overdose encompass many organ systems (Table 16-4). 


Specific Agents and Their Mechanisms 
of Toxicity 


For a discussion of thyroid hormone-induced physiologic 
disturbances, see Natural and Synthetic T, and T3/T, 
Products. It is important to note that some xenobiotics 
have significant effects on the hypothalamus-pituitary- 
thyroid axis. Thyrotoxicosis due to amiodarone is 
divided into two varieties. Type 1 occurs mostly in 
patients with underlying thyroid disease and is charac- 
terized by excessive thyroid hormone synthesis due to 
iodine present in the compound. ‘Type 2 is a destructive 
thyroiditis that can affect previously euthyroid patients. 
Differentiation of these two types can be made on the 
basis of a fine-needle aspiration, which will show evi- 
dence of thyroiditis in type 2 disease. Conversely, amio- 
darone can also cause hypothyroidism via blockade of 
peripheral conversion of thyroxin to triiodothyronine. 
Chronic lithium therapy can cause hypothyroidism 
and goiter. GCs cause a decrease in T, production by 
inhibiting Dl and D2 enzymes. TSH secretion is 
suppressed by a number of compounds (Table 16-5). A 
few agents can also cause thyroid storm (Box 16-1). 
Radioactive iodine is a frequently used first-line agent 
in the treatment of Graves’ disease and toxic nodular 


Thyrotropin Suppressors 


AGENT COMMENT 


Thyroid hormones and analogs 

Dopamine and dopamine agonists 

Somatostatin and its analogs Effect noted in vitro, not 
in vivo 

Dobutamine 

Glucocorticoids 

IL-1B, IL-6 

Tumor necrosis factor-a 

Phenytoin 

Bexarotene 


Effect is transient 


IL, interleukin. 





BOX 16-1 


lodine 
Thyroid hormone 


Radiographic contrast 

Thioridazine 

Lothiouracil 

Premature withdrawal of antithyroid agents 





thyroid disease.*? There has been long experience with 
this agent, which is extremely safe. The eventual devel- 
opment of hypothyroidism is an expected outcome of 
the agent, although not universal. Whether radioactive 
iodine can provoke or worsen the ophthalmopathy of 
Graves’ disease is debated. Radioactive iodine has not 
been associated with increased risk for malignancy, nor is 
there evidence for any teratogenic effect in offspring of 
mothers who were previously treated with radioactive 
iodine. Pregnancy is an absolute contraindication to the 
use of radioactive iodine because of the risk for ablation 
of the fetal thyroid and subsequent congenital 
hypothyroidism. Because thyroid destruction becomes a 
risk only after the fetal thyroid has developed, which 
occurs at 10 weeks of gestation, radioactive iodine is 
safe and appropriate therapy for women of childbearing 
age after a negative pregnancy test result has been 
documented; advice to avoid pregnancy for the following 
4 to 6 months is typically given. 

Thyroiditis can occur within the first 2 weeks of radi- 
ation treatment for hyperthyroidism, with neck pain, 
swelling, and transient worsening of the hyperthyroidism. 

The thionamide derivatives propylthiouracil (PTU) 
and methimazole are commonly used to treat hyper- 
thyroidism, and they have a generally good track record 
of limited toxicity.” These agents are thought to work by 
inhibiting human thyroid peroxidase, which catalyzes 
both incorporation of iodide into tyrosyl residues and 
the subsequent coupling of iodotyrosyl into T, and Ts. 
Propylthiouracil also inhibits the peripheral deiodi- 
nation of T; to T. PTU crosses the placenta to a lesser 
degree than methimazole and can be used safely during 
pregnancy and by breast-feeding patients. In pregnancy, 
fetal exposure should be limited by using the lowest 
necessary dose to keep the free T, index in the high- 
normal range, and monitoring of thyroid hormone levels 
in the infant of a breast-feeding woman is advocated to 
ensure that no effect of drug exposure occurs through 
the mother’s milk.” 

By far the most serious side effect of these drugs is 
agranulocytosis, which occurs in about 3 of every 1000 
treated patients. This is an idiosyncratic reaction that is 
more common in patients older than 40 years but can 
occur regardless of a patient’s age, the duration of 
therapy, or the drug dose.*! The fall in granulocyte count 
is abrupt and precipitous, and thus no benefit is derived 
from periodic monitoring of blood counts. Most patients 
with drug-induced agranulocytosis present with fever, 
sore throat, or other features of infection. 
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Liver disease is also a major potential toxic effect 
of the thionamides.*' Drug-related hepatotoxicity seems 
to be a problem predominantly with PTU, whereas 
cholestatic jaundice has been associated with methi- 
mazole.** PTU-related hepatic injury has been fatal in 
some cases. The presentation is similar to that of viral 
hepatitis. Mild abnormalities in liver function tests are 
common in patients who are treated with PTU,“ and 
mild abnormalities on liver biopsy have also been 
demonstrated. 

Acute overdoses of methimazole and PTU are rare. 
Because the duration of effect of these medications is 
fairly short, the decrease in T, levels can be expected 
to have few significant effects. In one case, between 5 
and 13 g of PTU was ingested. An increase in alkaline 
phosphatase and decrease in T, were noted, and the 
patient recovered fully.” 


Treatment Principles 


THYROID HORMONES AND OTHER 

MEDICATIONS CAUSING THYROTOXICOSIS 

Activated charcoal absorbs thyroid medications and 
should be given to patients with a recent acute overdose. 
The onset of any thyrotoxicosis will likely be delayed for 
hours to days. Sodium ipodate or iopanoic acid has been 
used in ingestions of levothyroxine and amiodarone 
thyrotoxicosis to inhibit conversion of T; to Ts. In the few 
patients in whom its use has been documented in case 
reports, significant improvement has been noted.*°° 
The dose to be used in treatment should likely be deter- 
mined in consultation with an endocrinologist, because 
dosing information is limited. Cholestyramine has been 
used in numerous cases and recommended in a review 
article for its ability to interrupt enterohepatic recircu- 
lation of iodothyronines.*! In the short term, its only 
significant side effect is constipation. It is worth consid- 
eration in this case. 

Adrenergic effects can be rapidly treated by an agent 
with B,- and B.-adrenergic antagonism. The typical agent 
is propranolol, although labetalol or sotalol might also 
be used. Fever should be treated aggressively with 
acetaminophen and external cooling; aspirin should 
not be used because it displaces T, from thyroglobulin, 
which may worsen the condition. Benzodiazepines are 
the first-line agents of choice for treatment of agitation 
and seizure. Congestive heart failure should be managed 
with diuretics and digoxin, and may not resolve rapidly. 
There are no data on which antiemetic is best for treating 
the nausea and vomiting. Supportive care, including 
airway protection, ventilatory support, and hydration, is 
also important. Cardiac and hemodynamic monitoring is 
necessary. Laboratory analysis should include a basic 
metabolic panel. There is no role for the measurement 
of T, and T; levels unless the diagnosis is in doubt. 


THIONAMIDES 

Patients taking thionamides should be advised to 
discontinue their medication immediately and arrange 
for blood count measurements at the first evidence of an 
infectious process. The hematologic abnormalities 
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usually resolve within 7 to 10 days; in the meantime, 
in-patient hospitalization with intravenous antibiotics is 
usually recommended.*” The simultaneous use of 
corticosteroids or granulocyte-stimulating factors has 
been suggested, but these are not proven interventions 
and thus are not recommended at this time. Further 
thionamide therapy should be avoided in patients who 
have experienced agranulocytosis from one of these 
drugs. Hepatotoxicity due to PTU generally resolves on 
withdrawal of the drug. Mild elevations of the transami- 
nases are considered to be transient and asymptomatic. 
It has been suggested that therapy can be cautiously 
continued in patients who are symptom free and not 
jaundiced.** Acute overdoses of these medications can 
generally be managed with supportive care. 


OTHER TREATMENTS AFFECTING THE THYROID 
Radiation thyroiditis can be effectively treated with 
analgesic agents and B-adrenergic blockers, as would be 
used in other types of painful thyroiditis. 

Type 2 amiodarone thyrotoxicosis can be treated with 
steroids, nonsteroidal anti-inflammatories, and antithyroid 
medications. 


PARATHYROID SYSTEM 


Introduction and Importance 


Calcium plays a number of critical roles in the body. It is 
essential in the functioning of skeletal, smooth, and 
cardiac muscle. Its flux through nerve cells results in 
transmission of neural impulses. Calcium mediates 
changes in vascular tone. Its presence is essential for the 
functioning of numerous protein and enzyme systems, 
including the vitamin K—dependent factors in the clotting 
cascade. Calcium helps to modulate neurotransmitter 
release and affects many endocrine and exocrine 
systems. 

Ninety-nine percent of the body’s stores of calcium 
reside in bone, in its mineralized phase. The remaining 
1% moves between bone and the intra- and extracellular 
compartments. In the vascular compartment, 50% is 
protein bound. In the intracellular compartment, only 
1% is free. The rest is bound to the cell membrane or the 
endoplasmic reticulum, or is within the mitochrondrion. 

The parathyroid glands are dedicated to the home- 
ostasis of this mobile 1% of body calcium mentioned 
above. In response to a decrease of the ionized calcium 
level in the vascular compartment, chief cells of the 
parathyroids increase their secretion of parathyroid 
hormone (PTH). This hormone triggers responses in 
bone and kidney that increase the blood calcium level. 
In bone, the effects of PTH are complex, but the net 
effect is to increase bone resorption and thus increase the 
amount of available calcium. PTH increases reabsorption 
of calcium at the renal distal tubule by increasing the 
opening of calcium channels in the membrane. In 
addition, the kidney secretes 1,25-dihydroxyvitamin D, 
which stimulates the intestine to increase absorption of 
dietary calcium (Fig. 16-2). 
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FIGURE 16-2 Parathyroid system. 


Disequilibrium of normal calcium homeostasis is a 
feature of many diseases, including Paget’s disease, multiple 
myeloma, primary hyperparathyroidism, osteoporosis, and 
hypercalcemia of malignancy. Medications that are 
intended to treat alterations in calcium metabolism can 
have significant undesired effects. 


Toxin-Induced Physiologic Disturbances 


Vitamin D, its metabolites, and its analogs are used to 
treat osteoporosis (Box 16-2). These medications have a 
number of effects, because vitamin D receptors exist 
throughout the body. The receptor then up-regulates 
transcription of DNA into RNA, bringing about the 
desired biologic effect. Some actions of vitamin D are 
thought to occur independently of gene transcription, 
such as intracellular hypercalcemia, activation of 
phospholipase C, and opening of calcium channels. The 
most significant effect, however, is to increase the 
proportion of dietary calcium that is absorbed. In 
overdose, nausea, vomiting, diarrhea, and GI bleeding 
may be seen. The effects of the provoked hypercalcemia 
include headache, itching, weakness, neuropathy, stupor, 
and coma; cardiac arrhythmias and hypertension; renal 
calcium deposits and nephritis; and depression and 
apathy in chronic overdose.*°**4 

Bisphosphonates are synthetic pyrophosphate analogs 
that inhibit osteoclast-mediated bone resorption (Table 
16-6). They are used to treat primary hyperparathyroidism, 
hypercalcemia, osteoporosis, Paget’s disease, and multiple 


BOX 16-2 


Calcitriol 


Doxercalciferol 
Ergocalciferol 
Paricalcitol 





Common Bisphosphonates 


GENERIC NAME GENERATION 
Etidronate First 
Clodronate First 
Alendronate Second 
lbandronate Second 
Pamidronate Second 
Risedronate Second 
Tiludronate Third 
Zoledronate Third 





myeloma. Three generations of these medications have 
been developed, with the newer compounds having 
significantly more potency. Adverse effect data are 
limited, but hypocalcemia is both a theoretical and 
practical concern. Additional effects include nausea, 
diarrhea, and GI bleeding; fluid retention, hypokalemia, 
hypomagnesemia, and hypophosphatemia; nephrotoxicity; 
muscle and bone pain; avascular necrosis of the jaw; and 
headaches, paresthesias, malaise, dizziness, and seizure. 
Other uncommon reactions include a self-limited acute- 
phase response with fever and myalgia, inflammatory eye 
reactions or scleritis, skin lesions, erythroderma, and 
bronchospasm.”?°°° 


Specific Agents and Their Mechanisms 
of Toxicity 


Calcitonin, an inhibitor of bone resorption, is used in the 
treatment of Paget’s disease, osteoporosis, and hyper- 
calcemia. Both salmon calcitonin and human calcitonin 
are available, and administration is by injection or nasal 
spray. Local effects are common, including itching and 
irritation at the injection site. Systemic symptoms are also 
frequent, including flushing, nausea, vomiting, and 
anorexia. Hyperglycemia, hypokalemia, and renal lesions 
or insufficiency have been reported. There is a case 
report of anaphylactic shock in response to intramuscular 
calcitonin injection.®”*! A slight but asymptomatic 
decrease in serum calcium levels may occur after 
injection of calcitonin in patients with Paget’s disease. 
Loss of efficacy is common; this may be related to down- 
regulation of calcitonin receptors or perhaps devel- 
opment of neutralizing antibodies to the salmon form of 
this peptide. The use of calcitonin has been limited by 
the availability of the bisphosphonates, which have 
similar actions with fewer undesirable effects. 

In addition to inhibition of bone resorption, etidronate 
(but not the other bisphosphonates) can impair bone 
mineralization, and patients are at risk for developing 
osteomalacia with chronic etidronate use. As a result, the 
agent is usually prescribed in a cyclic regimen.***° 

Although not approved for use in treatment of 
metabolic bone disease, sodium fluoride is undergoing 
investigation as a therapeutic agent for osteoporosis 
because of its ability to stimulate osteoblast activity and 
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promote new bone formation.*!8”*! Concerns about its 
use have centered around the potential for abnormal 
bone formation with increased fracture risk, as well as 
other adverse effects such as gastric irritation. In massive 
overdose, with ingestions of greater than 5 mg/kg of 
fluoride, adverse effects can occur. These include nausea, 
vomiting, GI hemorrhage, hypocalcemia, hyperkalemia, 
hypomagnesemia, and cardiac dysrhythmias.*9** 


Treatment Principles: Vitamin D Agents 


Activated charcoal is only needed in massive ingestions, 
where greater than 100 times the U.S. recommended 
daily allowance has been ingested.* Multiple-dose 
activated charcoal and dialysis are not helpful in 
removing vitamin D from the body. Potassium, calcium, 
magnesium, and phosphate, as well as renal function, 
should be checked. The patient should have an 
electrocardiogram and be put on a cardiac monitor. 
Hypercalcemia above 14 mg/dL or with significant 
symptoms should be treated initially with normal saline 
diuresis. This may be followed by furosemide, especially 
in patients likely to develop fluid overload. Calcitonin 
can be given in a dose of 4 to 8 IU/kg intramuscularly. 
Critical hypercalcemia should be treated with hemodial- 
ysis. Since the advent of bisphosphonates, mithramycin 
has fallen out of favor as a treatment. With parent vitamin 
D (ergocalciferol, or vitamin Də), the hypercalcemia may 
persist for many weeks owing to the accumulation of 
this fat-soluble substance in adipose stores. Additional 
therapy might include reduction of dietary calcium 
intake and prescription of a bisphosphonate. Prednisone 
also may be helpful, because it decreases absorption 
of dietary calcium; oral hydration and oral phosphate 
therapy will also decrease the serum calcium level.” 

Bisphosphonate toxicity should be managed mainly 
with supportive care. Activated charcoal can be given in 
acute overdoses. Methods of enhanced elimination such 
as multiple-dose activated charcoal or hemodialysis are 
not effective. A serum ionized calcium level, as well as 
potassium, magnesium, and phosphate levels, should be 
obtained. Renal function tests should be performed. An 
electrocardiogram and cardiac monitoring are important, 
because QT prolongation and dysrhythmias can result 
from hypocalcemia. Severe or symptomatic hypocalcemia 
can be managed with an intravenous infusion of 10 to 
30 mL of 10% calcium gluconate solution. Pediatric 
dosing of calcium gluconate is 200 to 500 mg/kg/ 
24 hours, divided in every-6-hour doses.” 

Calcitonin and sodium fluoride toxicities can be 
managed supportively. Withdrawal of the agent will aid 
in resolution of the symptoms and signs. 


ADRENAL CORTEX 


Introduction and Importance 


Essential for life, the adrenal gland was first described by 
Eustachius in 1563. This highly vascular endocrine organ 
is divided into the medulla, which is a neurosecretory 
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organ dispensing catecholamines; and the cortex, which 
secretes derivatives of cholesterol. The adrenal cortex is 
critical to the body’s function. Steroids secreted by the 
adrenal cortex fall into three categories: GCs, which have 
effects on carbohydrate and protein metabolism; miner- 
alocorticoids, which regulate sodium and extracellular 
fluid balance; and androgens, which have effects on 
reproductive function. The latter will be discussed later 
in this chapter, in the section on gonadal agents. 

GC medications (Table 16-7) are commonly used in 
the treatment of various medical disorders associated 
with an immunologic or inflammatory component. GC 
antagonists (Table 16-8) are used in the therapy of 
Cushing’s syndrome and adrenocortical carcinoma. 
These are not definitive treatments but are instead used 
for reversal of some of the severe consequences of 
Cushing’s syndrome in preparation for surgery, while 


Adrenal Agents 


AGENT CLASS 

Betamethasone Glucocorticoid 
Dexamethasone Glucocorticoid 
Methylprednisolone Glucocorticoid 
Prednisone Glucocorticoid 


Glucocorticoid 
Mineralocorticoid 
Mineralocorticoid 
Glucocorticoid antagonist 
Glucocorticoid antagonist 


Triamcinolone 
Desoxycorticosterone 
Fludrocortisone 
Aminoglutethimide 
Ketoconazole 


Metyrapone Glucocorticoid antagonist 
Mitotane Glucocorticoid antagonist 
Trilostane Glucocorticoid antagonist 


Mifepristone 
Spironolactone 
Eplerenone 


Glucocorticoid antagonist 
Mineralocorticoid antagonist 
Mineralocorticoid antagonist 








Lipid-Lowering Agents 


AGENT CLASS 


Cholestyramine 
Colesevelam 
Colestipol 
Bezafibrate 
Ciprofibrate 


Bile acid sequestrant 
Bile acid sequestrant 
Bile acid sequestrant 
Fibric acid derivative 
Fibric acid derivative 


Clofibrate Fibric acid derivative 
Fenofibrate Fibric acid derivative 
Gemfibrozil Fibric acid derivative 
Atorvastatin HMG-CoA reductase inhibitor 
Fluvastatin HMG-CoA reductase inhibitor 
Lovastatin HMG-CoA reductase inhibitor 


HMG-CoA reductase inhibitor 
HMG-CoA reductase inhibitor 
HMG-CoA reductase inhibitor 


Pitavastatin 
Pravastatin 
Rosuvastatin 


Simvastatin HMG-CoA reductase inhibitor 
Niacin Nicotinic acid 
Ezetimibe Selective cholesterol absorption inhibitor 


HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A. 





awaiting the effects of radiation therapy, or in amelio- 
rating the more devastating effects of Cushing’s syndrome 
in patients with malignancy. Mineralocorticoids are 
typically used for patients with aldosterone deficiency, 
such as Addison’s disease or other hypoaldosterone states, 
or for situations in which volume expansion may be 
desirable, as in patients with idiopathic orthostatic hypo- 
tension. Mineralocorticoid antagonists are very useful 
endocrine agents. Classically used for their action as a 
competitive inhibitor at the aldosterone receptor, they 
are also fairly potent antiandrogens. They also possess 
progestin action. 


Toxin-Induced Physiologic Disturbances 


GLUCOCORTICOIDS 

GCs bind to both the glucocorticoid receptor (GR) and 
the mineralocorticoid receptor (MR), although more 
recently synthesized agents have selectivity for the GR 
alone. Use of GCs causes an increase in expression of 
anti-inflammatory proteins and a decrease in expression 
of proinflammatory proteins. This occurs through GR- 
DNA interactions, which activate certain gene tran- 
scriptions and repress others. There may also be direct 
GR-protein interactions.” The resulting suppression of 
the inflammatory and immune systems represents both 
the desired clinical effect and a prime adverse effect. A 
meta-analysis of a number of studies concluded that a 
relative risk of 1.6 exists for infectious events in patients 
on moderate chronic doses of systemic corticosteroids.’ 
While this may not appear consequential, many of these 
infections are complicated or opportunistic. 

One of the most worrisome consequences of long- 
term use of GCs is their effect on the musculoskeletal 
system. Significant bone loss can occur in weeks to 
months, even with low-dose therapy. Risk factors include 
age, female gender, body mass, and level and length of 
steroid therapy.” This process occurs through a number 
of mechanisms, including suppression of osteoblasts; 
decrease in calcium absorption with an increase in 
calcium excretion; and suppression of factors important 
for bone homeostasis, including GH. The effects are 
most pronounced on cancellous bone: over one third of 
patients on GCs have evidence of vertebral fractures after 
5 years of treatment. In muscle, catabolic effects may 
lead to myopathy and atrophy. GCs inhibit the uptake 
of glucose into myocytes, which encourages muscle 
breakdown. They also up-regulate protein degradation 
and down-regulate protein synthesis through effects on 
gene transcription.” Muscle enzyme levels will be 
normal. A biopsy will show type II muscle fiber damage. 
Longer-acting or halogenated compounds may be more 
likely to produce this effect. An association between 
muscle injury and GC therapy with concurrent use of 
nondepolarizing paralytics has been reported frequently.” 

In the skin, atrophy of the epidermis and dermis can 
lead to thinning of the skin as well as the permanent and 
disfiguring striae rubrae distensae. This results from a 
decrease in the proliferation of cutaneous cells and protein 
synthesis, probably from a direct down-regulation of 
gene expression.!°° These effects can be seen both with 


systemic and inhaled GC use. Poor wound healing also 
represents a significant pathologic effect. It results from 
suppression of the early inflammatory response and the 
inhibition of gene expression, which synthesizes matrix 
protein and collagen.'®'!"" Reversible side effects such as 
hypertrichosis and steroid acne can also be seen.” 

Effects on the eye from chronic systemic or inhaled 
GC use include cataract formation and development of 
glaucoma. These conditions are more likely in middle- 
aged or elderly patients.'°? One in three patients is 
susceptible to steroid-induced elevations in intraocular 
pressure. This risk rises with a personal or family history 
of primary open-angle glaucoma.!°* Mechanisms for the 
formation of cataracts include elevation of glucose levels, 
inhibition of RNA synthesis, and formation of covalent 
bonds between GC and lysine amino acids present in 
lens proteins. In the case of glaucoma, increased ocular 
pressures are commonly seen, the result of GC-induced 
changes in the trabecular meshwork.*” Rare complications 
include retinal emboli and ocular infection.'°° 

Central nervous system (CNS) effects of GC range 
from euphoria to mood swings to suicidal depression 
and psychosis.'!° The aggregate incidence of these 
findings, in a meta-analysis of data from several decades, 
is 5.7%. At least 2 weeks of treatment is usually required 
before these psychopathologies are manifested. They 
may be more likely to occur in a patient with a previously 
existing psychiatric condition, although this point is 
debated.'°’ Some patients suffer depression after the 
withdrawal of GC. Although it is incompletely 
understood, repression of the 5-HT|, receptor plays a 
key role in the pathophysiology of GC induced 
psychiatric disorders.'°* Memory and cognitive function 
mediated by the hippocampus can also be affected.!% 
This organ appears to be directly injured by GCs. In 
addition, decreased dendritic branching, loss of 
neurons, inhibition of neuronal regeneration, and other 
effects have been noted in the brain.” Cases of elevated 
intracranial pressure (ICP) have been reported, the 
majority of which occur in boys. The typical case is that 
of a patient whose long-term GC was stopped, tapered, or 
changed to another agent. The pathophysiology of this 
increase in ICP is not clear. 11013 

Alterations in metabolism and effects on many endo- 
crine organs occur with high frequency in the patient 
receiving chronic GC therapy. In response to corti- 
costeroids, the pancreas secretes less insulin, and insulin 
resistance rises.''* GR-mediated transcription up-regu- 
lation increases glucose production. There is evidence to 
suggest that patients who develop steroid-induced 
diabetes have a preexisting decrease in insulin secretory 
reserve. Risk factors include a personal or family history 
of diabetes. A few patients who develop frank type 2 
diabetes may remain diabetic after GC therapy ceases.'"° 
Most cases of simple hyperglycemia resolve a few days 
after GC therapy ends. Some of the most common effects 
of chronic GC therapy result from their influence on 
the hypothalamic-pituitary-adrenal axis. These include 
Cushing’s syndrome of moon face, buffalo hump, and 
central obesity; growth inhibition; and adrenal insuf- 
ficiency.” Activation of GRs in the hypothalamus causes 
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a decrease in the secretion of ACTH and corticotropin- 
releasing hormone, with subsequent downstream effects. 
There is no clear consensus on how long GC therapy 
must continue in order to reliably provoke adrenal insuf- 
ficiency, but even periods of 1 week may be sufficient.'!® 

Hypertension, hyperlipidemia, and reduced fibrinolytic 
potential are the main adverse cardiovascular effects.!!” 
Although elevated blood pressure is more common in 
the elderly and those with preexisting hypertension, this 
adverse event also commonly occurs in children, both 
with oral and inhaled GC use. This hypertension is the 
result of increases in systemic vascular resistance, 
extracellular volume, and cardiac contractility. These 
effects are mediated by activation of the GR and MR.97 

In the GI system, the chronic use of GC can lead to 
peptic ulcers. The relative risk associated with GC use 
alone ranges from 1.1 to 2.7, but increased to 14.6 when 
nonsteroidal anti-inflammatory drugs (NSAIDs) are used 
concurrently.!!® In experimental animals, GCs increase 
gastric acid secretion, thin gastric mucus, cause gastrin 
and parietal cell hyperplasia, and slow ulcer healing.’ It 
is thought that these effects lead to peptic ulcer disease 
in humans. Upper GI bleeding and pancreatitis are 
known adverse effects, as is oral candidiasis with inhaled 
corticosteroids.?”:!29 


MINERALOCORTICOIDS 

At therapeutic doses, the toxic effects of these agents 
are the same as the expected physiologic effects of a 
mineralocorticoid and tend to be dose related. 
Mineralocorticoids act at the distal tubule of the kidney 
to promote the excretion of potassium and reabsorption 
of sodium. Thus, intravascular volume expansion, hyper- 
tension, and hypokalemia are the most likely problems. 
In supratherapeutic doses, they can inhibit the adrenal 
cortex and the thymus, and act on the pituitary to 
decrease corticotropin excretion. They may also stimulate 
an inappropriate wound healing response in uninjured 
vascular tissues.*12!1*4 


MINERALOCORTICOID ANTAGONISTS 

Toxicity of these agents can be divided into three 
categories. Classic effects occur at the distal convoluted 
tubule of the kidney. Because of poor specificity to the MR, 
antiandrogenic and progestational effects can also be seen. 
Lastly, pathologic cardiovascular remodeling can also occur. 
Thus, hyperkalemia is a risk in predisposed patients, such as 
those with renal insufficiency or long-standing diabetic 
patients who may have hypoaldosteronism; men can 
experience impaired libido, impotence, and gynecomastia 
due to the antiandrogen effects; and women frequently 
experience menometrorrhagia and mastodynia.!*>!27 


Specific Agents and Their Mechanisms 
of Toxicity 


GLUCOCORTICOIDS 

In rare cases, methylprednisolone administration has 
been associated with seizures. Intrathecal infusions of 
methylprednisolone acetate have caused aseptic meningitis, 
thought to be due to the polyethylene glycol excipient.’ 


a 
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GLUCOCORTICOID ANTAGONISTS 

Aminoglutethimide inhibits the conversion of choles- 
terol to pregnenolone, the first step in steroid synthesis. 
Thus, in addition to lowering cortisol levels, it also 
inhibits production of other steroids, including aldos- 
terone and estrogen. Iodine-concentrating abilities of 
the thyroid are also impaired. Adverse effects can there- 
fore include hypoaldosteronism and hypothyroidism in 
addition to cortisol deficiency. Common nonendocrine 
toxic effects include lethargy, somnolence, and a fairly 
common maculopapular rash. The latter is often asso- 
ciated with fever, occurring within 2 weeks of initiation 
of therapy, and frequently self-resolving. Patients develop 
neutropenia, pancytopenia, leukopenia, or agranulocy- 
tosis; the incidence of each of these conditions is an 
estimated 4%.” 

Ketoconazole is an imidazole antifungal agent. Used 
primarily as an antimycotic agent, it is a potent inhibitor 
of enzymes involved in the synthesis of steroids. It is 
thought to inhibit C-17, 29-desmolase, the enzyme 
responsible for androstenedione biosynthesis.'*°> Keto- 
conazole has therefore been used effectively to 
normalize cortisol production in patients with Cushing’s 
syndrome, as well as to treat prostate cancer. Adrenal 
insufficiency has been reported with its use.!* It also 
lowers testosterone production, potentially leading to 
gynecomastia and reversible loss of libido and impotence 
in men, as well as a teratogenic effect in male fetuses.'°° 
Hepatotoxicity is the most significant toxic action of 
ketoconazole. The injury pattern is usually hepato- 
cellular, although it may be cholestatic.!*!!°* Reversible 
transient abnormalities in liver function seem to occur 
in about 5% of patients.'°* However, a prospective trial 
showed some degree of transaminase elevation in 17.5% 
of patients taking ketoconazole.'® In a large cohort 
study, a relative risk of 228, with confidence intervals 
from 34 to 933, was calculated for development of acute 
liver injury when taking ketoconazole.'*® Occasional fatal 
hepatotoxicity is reported.!°?!97140 A case of massive 
enlargement of the liver, with fatty infiltrate, has been 
reported.'*! The most common side effect is nausea and 
vomiting. Fatigue is also a frequent complaint.'** Skin 
eruptions are seen in some patients.’* In the eye, 
ketoconazole has been associated with papilledema.'**'!*4 
Other rare side effects include weakness and tremor, 
psychiatric disturbances, and aplastic anemia.!45-148 
Ketoconazole strongly inhibits CYP3A4, so potential 
interactions exist with medications metabolized by this 
enzyme.'*1°° A disulfiram-like reaction with ethanol 
ingestion has also been reported.* Limited data exist for 
acute overdose, but headache, fatigue, and tinnitus have 
been reported.* 

Metyrapone reduces cortisol and corticosterone 
production by blocking 11B-hydroxylation of precursor 
molecules in the adrenal cortex. To a lesser extent, it 
inhibits 18-hydroxylation and side chain cleavage. In 
addition to lowering cortisol levels, metyrapone also 
causes steroidogenesis to be shifted toward increased 
androgen production. It may also reduce production of 
aldosterone.* Adrenal insufficiency is the most serious 


adverse effect of metyrapone. It occurs predominantly 
in patients with diminished adrenal secretory capacity. 
Monitoring is problematic and potentially misleading 
because the immediate precursor to cortisol, 1l- 
deoxycortisol, accumulates to high levels with the use of 
metyrapone. This precursor also cross-reacts to various 
extents with most cortisol assays, which can give a false 
sense of security about the appropriateness of cortisol 
levels. Chronic metyrapone use can cause hirsutism and 
mild acne in women, although long-term use has also 
been associated with alopecia.'°!!°* Hypertension is a side 
effect seen in patients as well as in animal studies.'°*!° 
Metabolic derangements consistent with alteration in 
mineralocorticoid production occur. Rarely, bone marrow 
depression or leukopenia have been noted. GI symptoms 
occur with use of the drug but predominantly when 
adrenal insufficiency occurs as a result of overtreatment.* 
Rare instances of dissociative psychiatric disturbances 
have been observed.’ In overdose, patients may have 
hypotension and dysrhythmias; nausea, vomiting, diarrhea, 
and abdominal pain; electrolyte derangements; and 
adrenal insufficiency.” 

Mitotane, also known as o,p’-DDD, is a congener 
of the notorious insecticide DDT (dichlorodiphenyl- 
trichloroethane) and an isomer of another insecticide, 
p,p’-DDD. Its primary effect is to produce selective 
atrophic damage to the adrenal cortex. It also reduces 
the excretion of 17-hydroxycorticosteroids without 
altering plasma cortisol levels. The mechanisms of action 
of these effects are not known. Mitotane is used to treat 
inoperable adrenocortical carcinoma.!°® CNS adverse 
effects occur in up to 40% of patients, and include 
depression, lethargy, and vertigo. Long-term use may 
cause permanent brain damage. GI side effects are 
frequent and include anorexia, nausea, and vomiting.!°” 
Elevations of hepatic transaminases are common, and 
elevated lipid levels have also been seen.!°!? In one 
study, all patients developed low serum Ty levels while 
being treated with mitotane for Cushing’s syndrome.'°” 
Up to 15% of patients developed skin toxicity. Renal 
insufficiency and hemorrhagic cystitis, as well as 
retinopathy and opacification of the lens, have been 
reported.” 6°16 Acute overdose information is limited, 
but effects similar to the above are hypothesized. 

Trilostane is a competitive inhibitor of 3-B-hydroxy- 
steroid dehydrogenase. This action slows conversion of 
biologically inactive 6-5 steroids to their 6-4 derivatives.!°° 
Trilostane also inhibits testicular 3-B-hydroxysteroid 
dehydrogenase, resulting in a fall in testosterone levels 
and elevation of luteinizing hormone levels.'®* Adverse 
effects in therapeutic doses include hypotension; low 
testosterone levels; adrenal insufficiency; nausea, 
vomiting, and diarrhea; palatal edema; rhinorrhea; and 
flushing. 163.166 

Mifepristone (RU 486) is the first synthetic GC and 
progesterone receptor antagonist.!®” Its only Food and 
Drug Administration (FDA)-approved use is for the 
termination of early pregnancy, but it has been used to 
treat a number of diseases, including Cushing’s syn- 
drome. Not surprisingly, uterine pain, cramping, and 


vaginal bleeding are common adverse effects. Headaches, 
nausea, vomiting, and diarrhea are also seen with 
regularity. Rash, adrenal insufficiency, elevation of liver 
transaminases, uterine rupture, hypotension, and myocar- 
dial infarction have also been reported.?!6*!” 


MINERALOCORTICOIDS 
Fludrocortisone is a halogenated hydrocortisone deriv- 
ative with a high degree of GC and mineralocorticoid 
activity. Its action in the distal tubule of the kidney to 
increase sodium resorption and the subsequent fluid 
retention make it a useful agent for treatment of 
orthostatic hypotension. Potassium and hydrogen ions 
are excreted via the same mechanism. Fludrocortisone 
is also used for adrenocortical insufficiency as well as 
adrenogenital syndrome. As expected, common adverse 
effects include hypertension, peripheral edema, and 
hypokalemia.!77""5 Adrenal suppression and severe 
metabolic alkalosis have also been reported.!”%181 
Cardiac hypertrophy and heart failure have been 
described after long-term therapy.'®*'** Topical and 
inhaled nasal forms of this medication exist, and excess 
mineralocorticoid activity as well as hypertension have 
been described with their use.!*>-!86 
Desoxycorticosterone toxicity is not well described in 
the literature. In the United States, it is available for 
veterinary use only. Animal studies have demonstrated 
hypertension as well as hypernatremia and hypokalemia 
as adverse effects associated with its use.!8%189% Hyper- 
tension has also been documented in humans, in some 
cases lasting long after the cessation of treatment.!”° 


MINERALOCORTICOID ANTAGONISTS 

Spironolactone is a competitive inhibitor of aldosterone 
at the MR. Renally mediated hyponatremia and 
hyperkalemia are the expected primary effects.'! It 
also appears to have effects on the systemic vascular 
resistance and the cardiac response to adrenergic sig- 
naling, which are independent of its mineralocorticoid 
antagonism.'%* Spironolactone also decreases 17- 
hydroxylase activity, which explains its effectiveness in 
the treatment of hirsutism.!%? It has been used to treat 
a wide array of diseases, with the most common being 
hyperaldosteronism, hypertension, hypernatremia, and 
hypokalemia. 

Eplerenone is an aldosterone receptor antagonist with 
high specificity for the MR. This leads to fewer cardio- 
vascular and nonmineralocorticoid effects, although it 
has less affinity for the MR than does spironolactone. It 
is used after myocardial infarction to prevent pathologic 
cardiac remodeling and for the treatment of some types 
of hypertension.*!* The most common and serious 
effect is hyperkalemia.'** The manufacturer’s experience 
suggests that gynecomastia and vaginal bleeding are 
infrequent, and placebo-controlled trials show no 
difference in incidence. Some patients were noted to 
have elevations of TSH.!” Dose-related elevations in 
transaminases, as well as elevated lipid levels, occurred. 
No cases of hepatotoxicity were described.* There are 
currently no data on toxicity after acute overdose. 
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Treatment Principles 


For many of the steroid-related complications, there are 
no specific antidotes. The general recommendation of 
limiting steroid use to the lowest possible effective dose 
for the shortest possible interval is a logical maneuver to 
prevent complications. Withdrawal of the offending 
agent is suggested as a first step in reversing toxicity. 
However, this advice may not be practical in the 
management of a specific patient who has a clearcut 
need for long-term steroid therapy at high doses. In 
some situations, other options are available to limit or 
treat adverse effects. Consultation with a specialist may 
be helpful. 


GLUCOCORTICOIDS 

Suppression of the hypothalamic-pituitary-adrenal axis 
as a result of high-dose GC treatment for greater than 
1 month requires that doses be tapered. One recom- 
mendation for a prednisone taper is to decrease the dose 
by 1.0 to 2.5 mg per week, and to assess the adrenal 
reserve with a cortisol stimulation test when a daily dose 
of 5 mg has been reached." Stress level steroid coverage 
is mandatory in acutely ill patients if there is any question 
of possible adrenal suppression.'*° With severe stress, it is 
estimated that approximately 200 to 300 mg of hydro- 
cortisone daily, in divided doses, reasonably mimics the 
response of normally functioning adrenals to a major 
illness. This stands in contrast to the basal physiologic 
production of no more than 12 to 15 mg/m? per day for 
nonstressed individuals. 

It is best to prevent development of steroid-induced 
osteoporosis rather than to treat its sequelae. The 2001 
American College of Rheumatology guidelines recom- 
mend calcium and vitamin D supplementation as well 
as the use of bisphosphonates in all men and post- 
menopausal women.!%7!°8 Bisphosphonates are well 
tolerated, and robust data exist to demonstrate their 
effectiveness.!97 It is reasonable to use these agents 
for all patients who are going to be treated with GC for 
an extended interval.”°' A cyclic regimen of etidronate, 
400 mg per day for 2 weeks every 3 months, has been 
effective and well tolerated.” Loading of the skeleton 
through exercise is also recommended. Monitoring of 
bone mineral density on a regular basis is a reasonable 
way of assessing the effectiveness of prophylaxis. Dual- 
energy x-ray absorptiometry is a sensitive method of 
accurately assessing skeletal status. The spine and 
proximal femur, with a high percentage of trabecular 
bone, are particularly affected by steroids.!%” 

Treatment of steroid myopathy consists of tapering 
and discontinuing the steroid. In cases where a non- 
depolarizing paralytic has been used, that agent should 
be stopped if possible. Clinical recovery may take many 
weeks. Physical therapy is helpful in prevention as well as 
recovery.” 

Diabetes as a complication of GC therapy generally 
requires administration of insulin at mealtimes to achieve 
adequate glucose control.“ Diet control and oral 
medications have been attempted with some success.?"% 
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Blood glucose levels only rise significantly after eating. 
For this reason, regular checks of postprandial glucose 
are important for the patient receiving long-term 
corticosteroids.!!° 

Increases in intraocular pressure as a result of GC 
treatment are generally reversible if the treatment 
duration is under 1 year.” Treatment includes stopping 
the corticosteroid and administration of topical agents 
for open-angle glaucoma.” If cataracts develop, they 
must be treated in the standard fashion.*°’ Regular 
ophthalmologic examinations, including tonometry, are 
essential in early detection of ocular side effects.* 

Standard treatment of corticosteroid-induced psychosis 
consists of tapering the steroids and treatment with a 
neuroleptic. Lithium has been used prophylactically with 
success, but has not been reported as a treatment. 
Atypical antipsychotics are recommended as treatment 
for subacute cases.!°” The treatment for elevated ICP is as 
unclear as its etiology. Changing the corticosteroid, or 
increasing or decreasing the dose, have been attempted. 
Therapeutic lumbar puncture has also improved the 
clinical picture in some patients.*” 

Elevation of low-density lipoprotein (LDL) cholesterol 
due to GC can be effectively treated with a statin. To 
lower triglycerides, omega-3 fatty acids or fibrates may be 
used. Omega-3 agents appear to have fewer interactions 
with statins than do fibrates. Nicotinic acid may potentiate 
glucose intolerance and thus may not be ideal for the 
patient already taking GC.?"° 

Treatment of GC-induced hypertension includes 
stopping the agent, lowering the dose, or moving to an 
every-other-day dosing regimen.?!"?!* Sodium restriction 
or initiation of a thiazide diuretic may be necessary.*!° 

Peptic ulcers seen in association with steroid use are 
better prevented than treated. Elimination of risks such 
as NSAID use, smoking, and alcohol may help.'!® Although 
no data exist on their efficacy, it would be reasonable to 
treat GC-related ulcers with antacids, H, blockers, or 
proton pump inhibitors, or to initiate this treatment 
prophylactically.*!° 

Acute overdose of GCs generally does not produce 
significant toxicity. However, in one case Cushing’s 
syndrome was caused in a patient who received a large 
inadvertent overdose of triamcinolone. Experimentally, 
a GC antagonist was given and clinical improvement was 
noted. The dosing regimen was as follows: mifepristone 
200 mg daily for 11 days, followed by 600 mg on days 12 
and 13, and 200 mg daily for 5 more days.*!* On a 
theoretical and clinical basis, this therapy is logical and 
appears to work. However, this is a single experience and 
cannot be unreservedly recommended. 


GLUCOCORTICOID ANTAGONISTS 

All GC antagonists may produce adrenocortical insuf- 
ficiency, which can be treated with exogenous cortico- 
steroids such as hydrocortisone or dexamethasone. 
Hyperkalemia and hyponatremia should be identified 
and treated if necessary. In acute ketoconazole overdose, 
administration of an oral antacid may prevent the 
absorption of ketoconazole by preventing the tablets 
from dissolving.™” Adrenal insufficiency caused by 


metyrapone overdose can be treated by administering 
stress dose GCs. Cardiac monitoring should be imple- 
mented, and patients should have fluid and electrolyte 
replacement. Vasopressor agents may be necessary to 
reverse hypotension.*” Patients on mitotane treatment 
should receive GC and mineralocorticoid replacement if 
necessary.”!© Thyroid function should be tested and 
levothyroxine administered if necessary. Because of the 
bleeding complications associated with mifepristone, a 
complete blood count should be checked and blood 
products transfused if necessary. 


MINERALOCORTICOIDS 

Hypertension can be treated by stopping the drug. If this 
is not possible, sodium restriction to less than 2 g per day 
may be helpful. Pharmacologic treatment may include 
amiloride, which blocks the sodium channel in the distal 
renal tubule. Spironolactone or eplerenone may be 
used, but these agents will counter the desired effect of 
the mineralocorticoid. Hypokalemia should be identified 
and treated by potassium replacement, if necessary.?!” 


MINERALOCORTICOID ANTAGONISTS 

The serum potassium level should be monitored, and an 
electrocardiogram obtained. Treatment of hyperkalemia 
caused by mineralocorticoid antagonists is the same 
as that caused by other factors. Sodium bicarbonate, 
sodium polystyrene sulfonate, and insulin/glucose will 
be effective. Intravenous calcium should be used in 
severe cases as the first agent. Hypotension can be 
treated with intravenous crystalloid volume replacement. 
Vasopressors should be used if the patient remains 
hypotensive despite adequate fluid resuscitation.® 


GONADAL 


Introduction and Importance 


Androgens are endocrine agents commonly used for 
legitimate purposes such as the treatment of male 
hypogonadism but are also used illegally in attempts to 
improve sex drive and athletic performance.?!®?'9 Andro- 
gen replacement for elderly men and postmenopausal 
women is advocated, although controversial.**°**! 
Antiandrogens are primarily used to treat prostate 
cancer.°! 

Clinical indications for use of estrogen as medical 
treatment can be divided into at least three categories. 
Estrogen finds use as a physiologic hormone replace- 
ment therapy in estrogen-deficient women. It is also used 
in premenopausal women for contraceptive purposes. 
Controversial situations occur when it is used for other 
purposes, for example, the use of diethylstilbestrol (DES) 
in years past, for the purposes of improving pregnancy 
outcome. 

Antiestrogens are used for therapy of reproductive 
disorders and for treatment of estrogen-dependent 
malignancies. These agents are not pure antagonists but 
have both estrogen antagonist and estrogen agonist 
effects, a situation that complicates understanding of 


their action and controversy about their toxicity. 
Tamoxifen’s estrogen antagonist action is reflected by 
improved survival of tamoxifen-treated patients with 
breast cancer and lowered risk for contralateral breast 
cancer. 

Progestins are at times used as single agents for 
contraceptive purposes, although they are generally used 
in conjunction with an estrogen. Megestrol is a proges- 
tational agent that suppresses gonadotropin production, 
lowers testosterone levels, and thus functions as an 
antiandrogen. It has been used in the treatment of 
prostate carcinoma, and its antigonadotropic activity has 
also led to its use in the treatment of breast carcinoma 
and endometrial carcinoma. It has been observed that 
cancer victims who are treated with megestrol acetate 
tend to gain weight, leading to its use for the cachexia 
associated with malignancy and acquired immunode- 
ficiency syndrome (AIDS). 


Toxin-Induced Physiologic Disturbances 
ANDROGENS 


Many of the androgens that are clinically available are 
chemically altered versions of the testosterone molecule; 
without these modifications, effective androgen replace- 
ment would be difficult. Unmodified testosterone is 
quickly absorbed and very quickly metabolized by the 
liver; oral administration of testosterone is therefore 
not a useful therapeutic approach. It is now possible to 
administer unmodified testosterone transdermally. 
Outside the United States, testosterone implants are 
also available as a method for delivery of unmodified 
testosterone. Otherwise, the androgens that are available 
for administration can be divided into two major 
categories, based on the way in which the testosterone 
molecule has been modified for clinical use. Esteri- 
fication of the 17a-hydroxyl group decreases the 
molecule’s polarity and increases fat solubility. These 
testosterone esters, testosterone enanthate and testos- 
terone cypionate, are administered in oily injection 
vehicles and function as depot agents with long half-lives; 
once absorbed, the esters are hydrolyzed to free 
testosterone, with subsequent physiologic actions that 
are no different from those of endogenously produced 
testosterone. 

Acute overdose of androgens is not particularly toxic. 
Chronic misuse, however, results in significant pathology. 
The adverse effects of androgens tend to be related to 
the physiologic effects that result from the interaction 
of the hormone molecule with the hormone receptor. In 
the case of the androgens, the prostate gland is a major 
target organ for androgen action, with prostate cancer 
and benign prostatic hyperplasia being disorders of 
particular concern in patients who are treated with 
androgens.*** Neither prostate cancer nor benign prostatic 
hyperplasia develops in the absence of testosterone 
exposure.**° Prostatic cancer arises by a two-step process. 
The first component is the development of microscopic 
disease, and animal studies suggest that androgens are 
promoters of this step. The second step is the pro- 
gression to clinical cancer, and it is not known whether 
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androgens promote this phase of the disease.” The 
androgenic effect on benign prostatic hyperplasia is 
clearly demonstrated by the finding that prostate size can 
be reduced, and urinary obstructive symptoms improved, 
by agents that decrease androgen levels or androgen 
effect. Testosterone replacement in elderly men is asso- 
ciated with an increase in prostate-specific antigen.**° 

The effects of androgens on classic androgen-sensitive 
tissues are particularly of concern in athletes who take 
large and supraphysiologic doses of androgens. In male 
athletes, suppression of spermatogenesis, subsequent 
infertility, and testicular atrophy can occur.’ Female 
athletes can become virilized, and some of these changes, 
such as effects on deepening of the voice caused by 
androgen action on the larynx, can be irreversible. 
Children and adolescents can experience accelerated 
skeletal maturation and early epiphyseal closure, which 
ultimately inhibits their final height.**° Testosterone 
administration does not cause excessive stimulation of 
libido or potency, except in prepubertal boys and young 
men with long-standing androgen deficiency; in such 
patients, the possibility of severe and prolonged episodes 
of priapism dictates that very small initial doses of 
testosterone be used. 

In what may seem to be a paradoxical side effect, 
administration of testosterone can at times cause gyneco- 
mastia. This is related to the conversion of testosterone 
to estradiol in peripheral tissues by aromatase enzymes 
and appears to be more common in young boys who are 
treated with testosterone for induction of puberty and in 
men with underlying disorders such as hepatic cirrhosis; 
in these situations, an elevation of the ratio of estradiol 
to testosterone is the likely mechanism. Testicular 
shrinkage is noted by chronic users and has been seen at 
autopsy of such patients.??7 

Androgen effects on nonreproductive tissues include 
androgen-dependent changes in serum lipoproteins. 
Men have lower levels than women of the protective 
high-density lipoprotein (HDL) cholesterol, with the 
disparity in HDL cholesterol level developing at the time 
of puberty. A 10% to 15% drop in HDL cholesterol level 
occurs during testosterone therapy. This androgen- 
driven decrement in HDL cholesterol may be a major 
contributor to the increased male risk for cardiovascular 
disease, although other factors such as a direct protective 
effect of estrogen on vascular tissue may also be impor- 
tant. Anabolic steroid use has been associated with myo- 
cardial infarction in otherwise healthy young athletes 
with normal coronary anatomy.“ The cardiovascular 
risk of androgens may depend on the particular type of 
androgen used. Orally administered 170-alkylated 
steroids cause a much more pronounced lowering of 
HDL cholesterol level than the testosterone esters, as 
well as an elevation of LDL cholesterol level that is not 
noted with the parenteral testosterone products.*****? 
The oral agents may have a greater effect on lipids 
because of the first-pass effect through the liver; further- 
more, the effect of testosterone may be attenuated by its 
conversion to estrogen, which cannot occur with the 
17a-alkylated agents. Although previous work showed an 
adverse effect of androgens on the cardiovascular system, 
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more recent studies suggest that testosterone may protect 
the arterial vascular system.*°? The musculoskeletal 
system is also at risk: one study reported unusual cases 
of tendon rupture among steroid-using bodybuilders. 
Dysplasia of collagen fibrils was the postulated 
mechanism.**! 

The initiation of androgen therapy can be associated 
with modest weight gain, which reflects the anabolic 
effects of testosterone and a component of sodium 
retention. Patients with disorders such as congestive heart 
failure and cirrhosis can have worsening of their edema 
with testosterone treatment. In combination with other 
risk factors such as obesity, chronic obstructive lung 
disease, and advancing age, testosterone administration 
to hypogonadal men appears to increase the incidence 
of sleep-related breathing disorders.** 

Androgens have a number of effects on the body’s 
hematopoietic system. Erythropoiesis increases, especially 
in the elderly. Cases of thrombosis in the extremities 
and in the CNS have been described, and it has been 
suggested that increased platelet aggregation may be the 
cause.*°*"% Conversely, androgens potentiate the effect 
of warfarin; a dose reduction up to 25% of this 
anticoagulant may be necessary.?36237 

An ongoing controversy is whether or not androgens, 
when used in high doses, can induce pathologically 
aggressive and violent behavior or even psychotic 
symptoms. It is difficult to separate fact from conjecture, 
because most reports are anecdotal and do not take 
into account the pretreatment characteristics of the 
androgen user or consider possible concurrent use of 
other substances of abuse.*** However, psychologic 
effects are suggested by the findings of a full affective 
disorder in more than 20% of athletes who used 10 to 
100 times the usual therapeutic doses of these drugs, 
with psychotic symptoms appearing in 12%. This is con- 
sistent with the concept of androgen-related fluctuations 
in mood and increased levels of aggressiveness, which 
have been termed ‘roid rage.?*’?*° At testosterone doses 
double the physiologic replacement dose, little change 
in sexual and aggressive behaviors occurs, and the 
suggested concerns of adverse effects of exogenous 
testosterone on male sexual and aggressive behavior thus 
may be overstated.?” 

The question has also arisen about whether andro- 
gens can produce a psychological dependence syndrome. 
Evidence shows that in some individuals, androgen abuse 
can develop into a psychoactive substance dependence 
disorder with features that are similar to those seen 
with cocaine, alcohol, or opioid abuse. The features of 
psychological dependence include a preoccupation with 
the use of androgens, drug craving, and difficulty in 
discontinuing the agent despite psychological side 
effects; withdrawal effects are said to include mood 
swings, violent behavior, and profound depression. *® 
In an effort to produce an androgen that can be given 
by the oral route, testosterone derivatives have been 
developed in which the molecule has been alkylated at 
the 17 position, sometimes in association with 
modification of the ring structure. These changes lead to 
a slowing of hepatic metabolism, which results in 


effective drug levels after oral administration. These 170- 
alkylated androgens have been associated with severe 
hepatic toxicity, including cholestasis, liver tumors, and 
peliosis hepatis.*4**** Because of these problems, it is 
generally recommended that these oral androgens 
should not be used for therapy of male hypogonadism; 
nonetheless, they can still be prescribed, and their illicit 
use continues. 

Oxymetholone has been associated with development 
of leukemia in patients being treated for aplastic anemia 
and Fanconi’s anemia. There is no clear causative 
relationship.?” 

Diabetic patients taking stanozolol may have decreases 
in glucose tolerance requiring a change in their diabetic 
medication.’ 


ANTIANDROGENS 

Antiandrogens, used for therapy of benign prostatic 
hyperplasia, inhibit the 50-reductase enzyme that converts 
testosterone into the active metabolite dihydrotestos- 
terone. Although testosterone has a direct action in 
some tissues, it must be converted to dihydrotestosterone 
to exert an effect on the prostate and skin. No data on 
acute overdose are available, and adverse effects are rare. 
The most clinically important chronic toxicity is hepatic, 
and this effect is noted principally with the agents 
cyproterone and flutamide. Jaundice and hepatitis occur 
in 1% to 5% of patients taking these agents, and a 
few deaths due to liver failure have occurred.? Fluid 
retention, congestive heart failure, and hypertension 
have been noted.”4° Gynecomastia has been observed.?*” 
The drug is not approved for use in treatment of 
hirsutism, because its use in women would be associated 
with a theoretic risk of impaired virilization of the 
genitalia of male offspring. 

In acute overdose, flutamide can cause CNS 
depression and decreased respirations.* Some cases of 
methemoglobinemia have been reported following 
chronic administration of flutamide, both in animals and 
humans. Methemoglobin levels as high as 32% were 
measured in one case.?48-250 

Nilutamide has been strongly associated with devel- 
opment of interstitial pneumonitis, with incidence 
ranging from less than 1% in the general population 
to 17% in Asians. Oxidative stress resulting from the redox 
cycling of the drug has been proposed as a mechanism.*?! 


ESTROGENS 

Acute overdose of oral contraceptive pills is considered a 
low-toxicity ingestion. GI upset the following day is 
common, and vaginal bleeding in girls or women in the 
few days following ingestion may occur.*”” 

The use of estrogen replacement in postmenopausal 
women has risks. An increased risk for endometrial 
cancer was one of the first described complications of 
long-term estrogen therapy, with a 2- to 10-fold increase 
in disease among untreated women. This risk is present 
only in women who are treated without concurrent use 
of a progestational agent. The question of whether 
postmenopausal estrogen therapy leads to an increased 
risk for breast carcinoma continues to be one of the most 


controversial concerns with estrogen treatment. Some 
studies have not shown any increase in risk, others have 
demonstrated some risk increase, and some have shown 
even a decreased risk. When increased risk has been 
demonstrated, it appears that survival from breast cancer 
in estrogen-treated patients may be better than that in 
non-estrogen-treated women; whether this is related to 
closer medical supervision and monitoring in estrogen- 
treated women, biologic differences in the cancers, or 
other unidentified factors is uncertain. The risk question 
is further complicated by a large number of other 
variables, including the variety of estrogen products that 
have been used and the possibility of bias in the selection 
of patients who take estrogen. Even though at least one 
meta-analysis has concluded that postmenopausal 
estrogen therapy does not increase the risk for breast 
cancer, it is premature to conclude that this issue is 
settled. In particular, the contemporary tendency to 
combine estrogen and progestin may negate strict 
interpretation of earlier studies that evaluated estrogen- 
only therapy. Further studies will undoubtedly continue 
to provide more data on this topic; in light of the many 
conflicting results that have been reported thus far, no 
conclusive or final answer can be given to the breast 
cancer question at this time, and this will continue to be 
a topic of concern.?%4 

The risk for gallbladder disease, however, is approxi- 
mately doubled with estrogen treatment related to 
changes in the composition of bile.*° In addition, 
estrogen can trigger migraine headaches in susceptible 
women.” 

Postmenopausal estrogen replacement is usually 
administered as oral conjugated equine estrogens, oral 
estradiol, or transdermal estradiol. ‘Transdermal therapy 
results in direct absorption of the estrogen into the 
systemic circulation and avoids the first pass effect of 
estrogen on the liver. The physiologic relevance of this is 
uncertain; however, in some cases, such as patients with 
a prior history of thromboembolic disease, the use of 
transdermal estrogen should minimize risks related to 
stimulation of clotting cascade protein production. 
Otherwise, the choice between oral and transdermal 
estrogen is an issue of individual patient preference. 

The current oral contraceptive agents used in the 
United States are combination pills that contain ethinyl 
estradiol and one of five possible progestational agents, 
all of which are 19-nortestosterone derivatives.7° The 
risks of estrogen use in these products are a complex 
issue because of the varying doses of estrogen and the 
combinations with various progestational agents. All of 
the data on oral contraceptive risks should be considered 
to be a moving target, because the earlier agents were 
relatively rich in estrogen content compared with 
contemporary agents. Although increased cardiovascular 
risk was a concern with the initial oral contraceptives, the 
risk for death due to coronary artery disease does not 
appear to be increased in present or past birth control 
pill users in the absence of other cardiovascular risk 
factors. However, additional risk factors such as hyper- 
tension, diabetes, and hypercholesterolemia are synergistic 
with birth control pills as risk factors for myocardial 
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infarction, and cigarette smoking in particular is the 
greatest single factor. 

Birth control pills might influence cardiovascular risk 
factors in a number of ways. All estrogen-containing pills 
increase fasting triglyceride levels, and patients with 
underlying hypertriglyceridemia have an increased risk 
for pancreatitis if the triglyceride level exceeds the 800 
to 1000 mg/dL range. Various effects on cholesterol 
metabolism are noted, depending on the dose of the 
estrogen and the particular progestin that is used. The 
addition of progestin may tend to attenuate mildly the 
generally favorable effects of estrogen on lipoprotein 
levels. In the various formulations of triphasic pills, 
changes in total cholesterol, LDL, and HDL are generally 
very slight. Pills containing only progestin seem to have 
the least effect on lipids, and it has been suggested that 
progestin-only pills, implantable levonorgestrel, or pills 
containing newer progestins such as desogestrel may be 
the best choice for patients who have a higher than usual 
risk for coronary artery disease but who would benefit 
from an effective contraceptive agent.*”° 

Before the 1990s, virtually all oral contraceptive pills 
caused some degree of insulin resistance, with some 
increase in serum glucose and insulin levels. Both the 
estrogenic and progestational agents are responsible for 
the insulin resistance in a dose-dependent manner, and 
the same effects are less apparent with current oral 
contraceptives. In a practical sense, the changes in insulin 
and glucose metabolism are so small that they have no 
significance for normal women.” 

Of all the metabolic changes that are related to oral 
contraceptive use, the changes in liver protein metabolism 
are the most important, particularly the hepatic proteins 
associated with coagulation, which increase in propor- 
tion to the estrogen content of the oral contraceptive. 
Oral contraceptive or postmenopausal combination 
estrogen-progestin therapy is associated with increased 
risk of thrombosis. This is not the case for low-dose 
estrogen-only therapy.?°”° 

Venous thromboembolism is the most serious 
complication related to the use of birth control pills. Its 
occurrence does not seem to be related to age, parity, 
obesity, smoking, or other apparent factors. Levels of 
these serum proteins return to normal within 2 months 
or so of discontinuation of the pills; the increased risk for 
thrombophlebitis decreases sooner. A case report 
describes an ischemic stroke in a young female smoker 
shortly after inadvertently taking a fourfold overdose of 
emergency contraception.”°? 

Postmenopausal estrogen therapy usually does not 
affect blood pressure. If it has any effect, it may cause 
somewhat of a reduction in blood pressure in both 
normotensive and hypertensive women, with blood 
pressure elevation being an unusual finding.*** Blood 
pressure elevation has been linked to oral contraceptive 
use, however. Combined oral contraceptives cause 
hypertension in 4% to 5% of women with normal blood 
pressure and an increase in blood pressure in 9% to 16% 
of women with previously established hypertension.*° 
An estrogen-related effect on hepatic production of 
angiotensinogen has been invoked as a possible 
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mechanism. In most patients, a compensatory decrease 
in renin levels seems to prevent the development of 
hypertension. Ethinyl estrogen at the typical doses of 
30 or 35 Ug has minimal effects on blood pressure, even 
in those individuals who may be predisposed to hyper- 
tension. Blood pressure is not influenced by progestin- 
only preparations, and some of the new third-generation 
progestins may even have an antimineralocorticoid 
effect that lowers the risk for hypertension.*°' With the 
triphasic pills, mean blood pressure in groups of patients 
does not change, although individual patients may have 
some increase. 

DES is a synthesized stilbene with the estrogenic 
properties of naturally occurring estrogens. It was used 
for many years because of its effectiveness with oral 
administration and its low cost of production. DES 
was eventually banned from use in pregnancy in 1971 
because of associated adverse medical effects.*°! The 
drug was commonly used in pregnancy because of its 
purported effectiveness in preventing miscarriages and 
premature births. In the early 1970s, a clear association 
with clear cell vaginal carcinoma was observed in young 
women who had been exposed to DES in utero. These 
women also seem to be at greater risk for anatomic 
anomalies of the reproductive tract. It is not clear 
whether males exposed in utero have any increased risk 
for comparable problems. Men being treated with DES 
for prostatic cancer have an increased risk for arterial 
thrombosis.*°* It has also been associated with a case of 
fatal hemolytic anemia as well as with a number of cases 
of fluid overload.”°*.?°* A number of cases of porphyria 
cutanea tarda have been reported in the literature after 
DES administration over a period of 1 to 3 years.°°7° 

An industrial exposure to norethindrone and 
mestranol caused a prolactinoma in a 61-year-old man, 
with gynecomastia, galactorrhea, and impotence.?” 


ANTIESTROGENS 
Although little data exist on acute toxicity, sixfold over- 
doses in humans have been shown to cause neurotoxicity, 
including dizziness, ataxia, tremor, hyperreflexia, and 
seizure, as well as QT prolongation. In animals, 
respiratory distress and seizures have been generated.’ 

In chronic use, adverse effects include reversible 
hepatitis, which is thought to be a hypersensitivity 
reaction, and fatigue, headache, depression, and 
dizziness.?’!77? The expected estrogen deficiency 
symptoms of vasomotor instability and vaginal dryness 
are common. Clomiphene has traditionally been used to 
induce ovulation in anovulatory women; by masking the 
estrogen receptor at the hypothalamic-pituitary level, 
gonadotropin secretion is augmented, with subsequent 
stimulation of ovarian function. Side effects are 
infrequent and fairly mild and include occasional pelvic 
cramping, hot flashes, nausea, and breast tenderness, as 
well as some visual symptoms. The most significant side 
effect is ovarian hyperstimulation, with formation of 
luteinized ovarian cysts. 

The estrogen agonist effects of tamoxifen seem to 
predominate over antagonistic action at the skeleton, 
where the drug increases bone density; in the metab- 


olism of lipoproteins, where it has an estrogen-like action 
in increasing triglycerides and lowering LDL cholesterol; 
and at the endometrium, where an increased incidence 
of endometrial carcinoma has been noted. 


PROGESTINS 

Many of the effects of progestin therapy were reviewed in 
the earlier section on oral contraceptives under 
Estrogens. Because progestins are commonly used in 
conjunction with estrogens, distinguishing the effects 
of progestins from those of estrogen has been difficult. It 
is clear that more information is needed about the 
consequences, positive and negative, of combining 
estrogen with progesterone. 

Implantable levonorgestrel may not completely 
suppress gonadotropins, and the subsequent irregularity 
of estrogen secretion can result in irregular bleeding, 
which may necessitate removal. No consistent effects on 
blood pressure, lipoproteins, or coagulation have been 
noted with this agent. Injectable depot medroxypro- 
gesterone acetate has also been associated with irregular 
bleeding. Infertility may persist for months after its use. 
Despite gonadotropin suppression, bone density does 
not seem to be affected. Decreases in triglycerides and 
HDL cholesterol may occur without a change in total 
cholesterol or LDL cholesterol. 

At high doses, progestins appear to cross-react with 
receptors for other steroids, and thus these agents 
may also have a GC effect. Cushingoid features and 
hypoadrenalism have been noted in patients taking 
medroxyprogesterone.?”> Five cases of Cushing’s syn- 
drome associated with megestrol therapy have been 
identified.” In one study, 16% of patients receiving 
high-dose progestins for breast cancer developed hyper- 
glycemia.” Adrenal suppression due to ACTH inhibition 
after abrupt discontinuation of megestrol in a patient 
with AIDS has been described.?” 

Specific progestin side effects, which are dose depend- 
ent, can include breast tenderness, bloating, irritability, 
and depression.” However, a double-blind, placebo- 
controlled, crossover trial found no significant mood 
change.?’”> Common skin side effects include acne, 
dermatitis, darkened skin, and hirsutism.” There have 
been 56 cases of intracranial hypertension associated 
with levonorgestrel use worldwide. Signs and symptoms 
included headache, nausea, and _ papilledema.*°° 
Intrathecal administration of medroxyprogesterone has 
been linked with the development of arachnoiditis in 
17 cases. The mechanism is unclear.?2! However, the 
agents are generally considered so safe in terms of acute 
overdose that they have been exempted from poison 
prevention packaging requirements.*°* 


ANTIPROGESTIN 
Mifepristone is discussed in this chapter, in the section 
on the adrenal system. 


Treatment Principles 


Generally, withdrawal of the agent and supportive care 
are the mainstays of treatment. Most gonadal agents, 
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with a few exceptions, are fairly benign in acute overdose 
(Table 16-9). Laboratory studies should include com- 
plete blood count, basic metabolic panel, liver function 
tests, and coagulation tests. 


ANTIANDROGENS 

If there is clinical concern, chest radiography should 
be done to look for pneumonitis. Methemoglobin and 
sulfhemoglobin levels should be obtained. Methemo- 
globinemia caused by antiandrogens can be treated with 


methylene blue, although treatment failures have been 
described. 


ESTROGENS 

It is generally recommended that all women who are 
taking estrogen and who have not had a hysterectomy 
should also be treated with a progestational agent. 
Options include the use of medroxyprogesterone acetate, 
10 mg for 12 to 14 days monthly, in addition to daily 
estrogen, with resultant withdrawal bleeding from 
endometrial sloughing and complete abrogation of the 


Gonadal Agents 


AGENT CLASS 


Calusterone Androgen 
Danazol Androgen 
Fluoxymesterone Androgen, 17a-alkylated 


Methandrostenolone Androgen 
Methenolone Androgen 
Methyltestosterone Androgen, 17a-alkylated 
Nandrolone Androgen 


Oxandrolone 
Oxymetholone 


Androgen, 17a-alkylated 
Androgen, 17a-alkylated 


Stanozolol Androgen, 17a-alkylated 
Testosterone Androgen 
Chlorotrianisine Estrogen 
Dienestrol Estrogen 
Diethylstilbestrol Estrogen 
Estrogen Estrogen 
Promestriene Estrogen 
Quinestrol Estrogen 
Tibolone Estrogen 
Hydroxyprogesterone Progestin 
Levonorgestrel Progestin 
Medroxyprogesterone Progestin 
Megestrol Progestin 
Nomegestrol Progestin 
Norethindrone Progestin 
Progesterone Progestin 
Bicalutamide Antiandrogen 
Cyproterone Antiandrogen 
Dutasteride Antiandrogen 
Finasteride Antiandrogen 
Flutamide Antiandrogen 
Nilutamide Antiandrogen 
Cyclofenil Antiestrogen 
Droloxifene Antiestrogen 


Fulvestrant 
Levormeloxifene 


Antiestrogen 
Antiestrogen 


Reloxifene Antiestrogen 
Tamoxifen Antiestrogen 
Testolactone Antiestrogen 
Toremifene Antiestrogen 


Aglepristone 
Mifepristone 


Antiprogestin (not available in USA) 
Antiprogestin 





risk from estrogen treatment. An alternate approach, 
which avoids menstrual bleeding, is to add medroxypro- 
gesterone, 2.5 mg daily, to the daily estrogen therapy. 
The progestin reduces the nuclear concentration of 
estrogen receptors, causing involution of the endo- 
metrium; breakthrough bleeding may occur in the first 
several months. 

In women with latent diabetes, such as normo- 
glycemic patients with a history of gestational diabetes, 
periodic glucose monitoring is reasonable. 

Daughters exposed to DES in utero should have 
careful cervical and vaginal examinations, using half- 
strength Lugol’s solution to stain the entire vaginal wall. 
If annual Papanicolaou’s test results are suspicious, 
vaginal cytologic tests and colposcopy are recom- 
mended. When pregnant, these DES-exposed daughters 
should be followed as high-risk obstetric patients because 
of their increased risk for spontaneous abortions, ectopic 
pregnancies, and premature labor. Although no clear 
association with testicular cancer has been noted, 
routine genital examination is also suggested for DES- 
exposed sons. This is especially true for those with the 
risk factor of cryptorchidism, which appears to be more 
prevalent with a DES exposure history.*°! 


ANTIESTROGENS 
Patients with severe periovulatory or postovulatory pain 
should undergo pelvic examination or ultrasound 
evaluation to confirm that the ovaries are of normal size 
before proceeding with further therapy. 

An electrocardiogram should be obtained to evaluate 
the QT interval. Standard therapy should be used for 
treatment of seizures or torsades de pointes. 


LIPID METABOLISM 


Introduction and Importance 


Lipids are essential for multiple body functions. 
Triglycerides are used as fuel stores for the body; 
cholesterol is a precursor for steroids and bile acids; and 
other lipids function as cellular signalers. One source of 
cholesterol is ingestion of cholesterol-containing foods, 
which are exclusively animal derived. The other source is 
synthesis of cholesterol within the body. Three molecules 
of acetate link to form 3-hydroxy-3-methylglutary] 
coenzyme A (HMG-CoA). This compound is metab- 
olized to mevalonic acid via the enzyme HMG-CoA 
reductase. Cholesterol is either excreted unchanged in 
the stool or converted to bile acids. Half of the 
cholesterol and almost all of the bile acids are excreted 
and then reabsorbed in the small bowel. 

Control of plasma lipid levels has been proven in 
multiple large clinical trials to reduce the incidence of 
symptomatic coronary artery disease in at-risk patients. 
Prescription of lipid-lowering agents has therefore 
become ubiquitous, with global sales reaching 15.5 
billion dollars in the year 2001.°°° Although many of 
these agents have excellent safety records, they are not 
without toxicity and adverse effects. 





a 
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Toxin-Induced Physiologic Disturbances 


Bile acid sequestrants lower cholesterol by binding bile 
acids in the stool and preventing their reabsorption. 
Subsequently, more bile acid is synthesized through 
cholesterol-7-a-hydroxylase, decreasing cholesterol 
stores.** This results in an increase in the number of 
hepatic LDL cholesterol receptors, which remove cho- 
lesterol from the circulation.?® Fat-soluble vitamins A, D, 
E, and K, as well as vitamin By, and folic acid can be 
trapped with the bile acids and excreted as well. 
Depletion of vitamin K-dependent clotting factors and 
bleeding can occur, as can other conditions related to 
low levels of these vitamins.*°°*9° Patients taking 
cholestyramine and colestipol at high doses can develop 
severe hyperchloremic acidosis. This occurs because the 
chloride ion in the resin is exchanged for HCOs, 
depleting the body of this buffer.”°! In some cases this has 
been related to a predisposition to renal tubular acidosis, 
such as dehydration, renal insufficiency, or concomitant 
spironolactone administration.**?%" Bile acid seque- 
strants also commonly cause constipation; they have been 
associated with vomiting or diarrhea to a lesser degree. 
Although no data exist about acute overdose of bile acid 
sequestrants, it is thought that bowel obstruction from 
inspissation would be a likely result.’ 

The same binding that seizes bile acids results in 
another of the adverse effects of this class of lipid- 
lowering agent. Taking a bile acid sequestrant at the 
same time as another drug may result in binding of the 
other medication and a decrease in its absorption.*”* In 
one study, a group of hypothyroid patients receiving 
cholestyramine and levothyroxine had a decrease in free 
T, levels.? It has also been documented that bile acid 
sequestrants bind endogenous iodothyronines and 
increase their fecal excretion.*” This property may be 
useful in GI decontamination and enhanced elimination 
of other xenobiotics after toxic ingestions. Reports in 
the literature abound of cholestyramine being used to 
enhance elimination of levothyroxine, amiodarone, 
ochratoxin A, cardiac glycosides, methotrexate, chlor- 
dane, and chlordecone.®!*°?!" It is logical that lipid- 
soluble compounds, especially those that undergo 
enterohepatic recirculation, could be removed in this 
way. In one study, cholestyramine was found to be more 
effective than activated charcoal in absorbing lindane.*!! 

Fibric acid derivatives reduce triglycerides and LDL 
cholesterol, and increase HDL cholesterol. They do this 
via activation of PPAR-y. This nuclear hormone receptor 
exists in peripheral tissues as well as in the liver. 
Downstream effects include oxidation of fatty acids, 
increased synthesis of lipoprotein lipase, and reduced 
expression of apo-CHII.°™* 

Gemfibrozil, and potentially other fibric acid deriva- 
tives, are likely metabolized by CYP3A4.°!° At least one, 
gemfibrozil, inhibits CYP2C8. This property has been 
experimentally shown to significantly raise the concen- 
tration of rosiglitazone when the two are administered 
together.*'* This inhibition may be the mechanism of 
other interactions between fibrates and oral hypoglycemic 
agents. In addition, a known interaction between fibric 


acid derivatives and warfarin results in increased 
International Normalized Ratio. This may be the result 
of enzyme inhibition as well as displacement of warfarin 
from protein binding sites. An interaction with 
furosemide is also postulated." 

A particularly feared complication of fibrate and statin- 
fibrate combination therapy is the possibility of 
rhabdomyolysis. Myopathy, which is much more common 
than frank rhabdomyolysis, has an incidence of 0.1% to 
0.5% with monotherapy and 0.5% to 2.5% with 
combination therapy. Endocrine, metabolic, or genetic 
factors may play a role.*!© Reports have been published 
of autoimmune diseases potentiated by statin or fibrate 
therapy. It has been suggested that myositis is a mani- 
festation of this synergy.*!” Some research suggests that 
rhabdomyolysis in this case is caused by two elements. 
First, fibrates strongly induce pyruvate dehydrogenase 
kinase 4 (PDK4) messenger RNA in muscle. Second, 
there is a reduction in serum triglyceride and fatty acid 
levels, which myocytes rely on for energy.*!® Another 
theory relates the adverse myotonic effects to inhibition 
of chloride ion channels in muscle.’ Rhabdomyolysis 
has been seen to occur in acute overdose as well as 
chronic therapeutic dosing.*”° 

Elevations in liver function tests have been seen in 
patients on fibrate therapy. Clofibrate has been found to 
induce peroxisomal enzymes and glutathione peroxidase 
activity. Reactive oxygen species are thus generated. It is 
unclear whether this is the pathophysiology which causes 
liver function test elevation.*?! 

Mild creatinine elevations occur in about 10% of 
patients on fibrates.*** This increase is on the order 
of 40%.” One study suggests that this is the result of 
increased creatinine production rather than develop- 
ment of renal insufficiency.*** 

Elevated homocysteine levels are well known to be 
caused by statin therapy, with the possible exception of 
gemfibrozil. Hyperhomocysteinemia is an independent 
risk factor for cardiovascular disease.**? Elevations range 
from 20% to 50%. The mechanism by which this 
occurs is not known. 

White blood cell counts may drop in patients on fibric 
acid derivative medications. Using a chemoluminescence 
assay, one group of researchers determined that a single 
therapeutic dose of gemfibrozil strongly increases the 
production of reactive oxygen species in blood phagocytes. 
This may explain the leukopenia phenomenon.*”’ 

Other adverse effects common to the fibric acid 
derivatives include fatigue, dizziness, headache, nausea, 
vomiting, diarrhea, and constipation. 

HMG-CoA reductase inhibitors, as their name implies, 
impede the enzyme involved in the rate-limiting step in 
cholesterol synthesis. Differences in the side chains of 
these otherwise similar molecules affects their lipophilic- 
ity. They are metabolized by CYP3A4, and primarily 
excreted in the bile. Total serum cholesterol and LDL 
cholesterol are both reduced. In some studies, but not in 
others, serum ubiquinone levels have been shown to 
decrease significantly.°*°°*? Ubiquinone, also known as 
coenzyme Q10, is an antioxidant and membrane stabilizer 
necessary for mitochondrial respiration. Mevalonic acid 


is a precursor for ubiquinone as well as for cholesterol.*°” 


Treatment with an HMG-CoA reductase inhibitor would 
therefore theoretically inhibit the production of 
ubiquinone as well as cholesterol. Its deficiency has 
been proposed as a cause for the adverse effects of the 
statins.”! However, muscle ubiquinone levels were 
actually elevated.”* Another proposed mechanism for 
the adverse effects of the statins is the reduction in 
cholesterol, which is itself necessary for many 
biochemical functions.” 

Myalgias, myopathy, and rhabdomyolysis, with the 
possibility of renal failure and hyperkalemia, are the 
most significant adverse effects. The risk for this 
occurring is greater if the patient is taking a fibric acid 
derivative or nicotinic acid, which can also have this 
effect. One medication in this class, cerivastatin, was 
withdrawn from the market due to concerns about a 
high incidence of rhabdomyolysis. However, the overall 
incidence of myopathy is only 1.2 per 10,000 patient- 
years.*** Elevations in liver function tests occur in a 
minority of patients. The incidence is approximately 2% 
to 3%, and may be dose dependent. Hepatotoxicity 
is extremely rare.” Nervous system changes, including 
stocking-glove neuropathy, confusion, memory impair- 
ment, and headache, have been reported.**® The relative 
risk for definite cases of polyneuropathy has been 
estimated at 14.2 in a case control study. For patients on 
a statin for more than 2 years, the relative risk rises to 
26.2.3837 The cause of these effects has not been 
elucidated, although some in vitro research suggests that 
simvastatin is neurotoxic.*’® Colitis has been associated 
with HMG-CoA reductase inhibitors in extremely rare 
cases. It is thought that up-regulation of nitric oxide 
synthase and cytokine production may be the cause, but 
further study is necessary to establish a causal link.°*? In 
acute overdose, up to 6 g has been taken without adverse 
effect.’ No toxic overdoses have been reported in the 
literature. 

Nicotinic acid therapy lowers the level of triglycerides, 
LDL and total cholesterol, and increases the HDL 
cholesterol level. The mechanism of action has not been 
completely elucidated. Proposed modes of action 
include inhibition of synthesis of apolipoprotein B- 
100,°**° up-regulation of lipoprotein lipase activity,**! and 
reduction of free fatty acid release.*** Niacin is a com- 
ponent of coenzymes NAD and _ nicotinamide-adenine 
dinucleotide phosphate (NADP) which are essential 
for redox reactions in numerous tissues.>** 

Adverse effects include atrial arrhythmia, with an 
incidence of 4.7%, compared with 2.9% in a group 
receiving placebo.?*** Glucose control becomes more 
difficult in diabetics.**° Niacin also causes flushing of the 
skin through vasodilation (niacin flush), especially when 
the patient is exposed to large initial doses, until plateau 
serum levels are reached.**° Nausea, vomiting, diarrhea, 
and peptic ulcer disease are fairly common. Pruritus can 
be disabling. Elevations of liver function tests, including 
some cases of fulminant hepatic necrosis, have been 
documented.**’ Three preparations are currently avail- 
able: immediate release (IR), extended release (ER), 
and sustained release (SR). Hepatotoxicity is more 
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common with the SR preparation, while flushing 
symptoms and GI distress are less frequent.” ER 
preparations offer less flushing than the IR and fewer 
hepatic complications than the SR preparations.**? The 
differences in adverse effects among the preparations 
are a function of the drug metabolism. The IR 
preparation is primarily conjugated; the SR is mostly 
metabolized through the nicotinamide pathway; the ER 
is a balance between the two.” The presentation of 
hepatotoxicity is one of hepatocellular death, and can 
even mimic hepatobiliary neoplasia.°?! Dose-related and 
reversible visual changes, such as decreased vision or 
paracentral scotoma, have been noted in a few cases. 
Cystoid macular edema can be seen on examination.*°*°* 
In the SR formulation, niacin administration has been 
associated with a small decrease in platelet count and 
increase in prothrombin time.* 

Acute overdose data are limited, but toxicity includes 
flushing, rash, pruritus, hepatotoxicity, and lactic and 
anion-gap acidoses.?°4° 

Ezetimibe is a novel lipid-lowering agent known as a 
selective cholesterol absorption inhibitor. It impedes the 
absorption of dietary and biliary cholesterol across the 
brush border of the intestine.”® It appears to have no 
significant effect on the absorption of nutrients or 
vitamins. It is glucuronidated in the intestinal wall, and 
the parent and metabolite undergo enterohepatic 
recirculation.*°’ Varied adverse effects, such as fatigue, 
headache, sinusitis, diarrhea, viral infections, variations 
in taste, and elevations in transaminases have been 
reported in clinical trials. However, the frequency of 
these effects in the placebo group was almost identical.*°® 
No data on acute overdose are available. The expected 
toxicity is low, based on the mechanism of action and 
metabolism. 


Specific Agents and Their Mechanisms 
of Toxicity 


Cholestyramine is a quaternary ammonium anion 
exchange resin with a high molecular weight. In case 
reports, it has been associated with platelet gigantism in 
a 9-year-old boy with hypercholesterolemia. The drug 
was given on three separate occasions, with recurrence of 
the finding each time.” 

Colesevelam is a cross-linked hydrogel polymer bile 
acid sequestrant. It has been associated with asthenia and 
myalgias in small numbers of patients.* Incidence of 
adverse GI side effects appears lower. Serum levels of 
fat soluble vitamins were unaffected by colesevelam 
administration, and coadministration with a variety of 
other medications showed no significant impairment of 
absorption.°°?°° 

Colestipol is a basic anion exchange resin, which is 
composed of amine groups. Occasional reports of chest 
pain and shortness of breath have been made by patients 
taking this medication.* Reversible elevations in liver 
function tests have been seen.?® Some patients reported 
a decrease in visual acuity, but ocular examination of 
10 patients who had been taking colestipol for 1 year 
showed no changes.°°42 
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Fenofibrate has been associated with one case report 
of allergic reaction characterized by asthemia, hyper- 
thermia, and muscular pain. Laboratory abnormalities 
included pancytopenia and elevated creatine kinase. The 
patient survived.°”° 


Treatment Principles 
GENERAL PRINCIPLES 


Activated charcoal will bind these agents if administered 
promptly. Either because of large volume of distribution 
or high protein binding, hemodialysis is not thought 
to be helpful in enhancing elimination. Laboratory 
studies should include a metabolic panel, liver and renal 
function tests, urinalysis, and creatine kinase or 
myoglobin to assess for rhabdomyolysis. Care should be 
supportive and tailored to the toxic manifestations. 


BILE ACID SEQUESTRANTS 

An agent should be given to prevent constipation. Psyllium 
has been studied and found to provide significant relief.>° 
Fat-soluble vitamins should be replenished. If hyper- 
chloremic acidosis occurs, treatment should include 
intravenous sodium bicarbonate and replenishment of 
potassium, if it is low.?"! 


FIBRIC ACID DERIVATIVES 

Treatment with folic acid and vitamins Bẹ and By» 
significantly limit the hyperhomocysteinemia seen with 
fibrate therapy.**?°*° Care should be taken to identify 
drug interactions as described above. Fibric acid-statin 
combination therapy should be avoided if possible. 


HMG-CoA REDUCTASE INHIBITORS 

Most of these medications are extensively metabolized by 
CYP3A4. Xenobiotics that inhibit this liver enzyme 
should therefore not be used in patients on a statin. 


NICOTINIC ACID 

Administration of 325 mg of aspirin 1 hour prior to the 
dose of niacin may help lessen the degree of skin 
flushing. In cases of acute overdose, the same treatment 
may be given postingestion. 


SELECTIVE CHOLESTEROL ABSORPTION 
INHIBITOR 


Provide supportive care. 
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Management Principles of Overdose in 


Pregnancy 
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INTRODUCTION AND EPIDEMIOLOGY 


The obstetric patient can suffer from various toxicities 
presenting as acute intentional drug overdose, recreational 
drug abuse, unintentional exposure from industrial or 
environmental toxins, and, finally, through iatrogenic 
causes. Suicide attempts during pregnancy frequently 
present as intentional drug overdoses, representing a 
more common means than self-mutilation, gunshot 
wounds, or jumping from high places.! Although an 
uncommon cause of maternal mortality as a whole (1% 
to 5%), suicide attempts and gestures can account for 
significant obstetric morbidity. According to one study, 
the incidence of attempted suicide for pregnant women 
ranged from 1% to 22%. Of women who actually com- 
mitted suicide, 2% to 12% were pregnant.’ The suicide 
rate was reported as | for every 88,000 to 400,000 live 
births before abortion became legalized, and is now felt 
to be much less common.! Suicidal gestures are typically 
impulsive, as a result of untimely pregnancies, inter- 
personal conflicts, or broken homes. In addition, pregnant 
women may take overdoses of an abortifacient with no 
intent of self-harm. Attempts are most common during 
the early stages of pregnancy and during the early third 
trimester, and half are by primigravid mothers. 
Personality disorders are often present, but true mental 
illness is infrequent, with neurotic depression being the 
most common psychiatric disorder diagnosed.' 

Unless routinely screened or tested, early stages of 
pregnancy can go unrecognized in the overdose patient.’ 
Pregnant women also have significant access to multiple 
medications. According to one study of prescription use 
in a Medicaid population, pregnant women received 
an average of 3.1 prescriptions, excluding vitamins.* 
Another study of drug utilization found a median of 4.7 
drugs taken by pregnant females, most commonly 
vitamins, iron preparations, analgesics, antipyretics, anti- 
inflammatory agents, antiemetics, antacids, and antibiotics.° 


Illicit drug use is also reported to have an incidence from 
10% to 25% among pregnant patients. The rate of 
herbals/alternative remedy use among pregnant women 
is unestablished. It is the opinion of some that substance 
abuse during pregnancy is the most frequently missed 
diagnosis in perinatal medicine.°® 

The obstetric patient risks toxic exposure from an 
unprecedented number of chemicals and drugs. The 
Food and Drug Administration has assigned a risk 
classification (A, B, C, D, X) for all drugs based on the 
level of potential risk to the fetus (Table 17-1). These 
classifications must be interpreted with caution. 
Category A simply means that controlled studies in 
women fail to demonstrate a risk to the fetus. Category 
B means either animal studies have or have not demon- 


FDA Fetal Risk Classification 


CATEGORIES 


A Controlled studies in pregnant women fail to 
demonstrate a risk to the fetus in the first trimester with 
no evidence of risk in later trimesters. The possibility of 
fetal harm appears remote. 

B Either animal reproduction studies have not 
demonstrated a fetal risk but there are no controlled 
studies in pregnant women, or animal reproduction 
studies have shown an adverse effect (other than a 
decrease in fertility) that was not confirmed in controlled 
studies in women in the first trimester and there is no 
evidence of a risk in later trimesters. 

C Either studies in animals have revealed adverse effects on 
the fetus (teratogenic or embryocidal effects or other) 
and only if the potential benefits justify the potential risk 
to the fetus. 

D There is positive evidence of human fetal risk, but the 
benefits from use in pregnant women may be acceptable 
despite the potential risk to the patient. 

X Studies in animals or human beings have demonstrated 
fetal abnormalities, or there is evidence of fetal risk. 
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strated a risk to the fetus, and there are no controlled 
studies in women. Category C means either adverse 
effects have been discovered in animals and there are no 
controlled studies in humans, or there are no studies in 
women or animals. A majority of pharmaceuticals fall 
into this classification. The “safety” of category C may be 
based more on the absence of data, rather than the 
absence of proven teratogenic effects. Category D states 
there is a risk for teratogenicity to the human fetus, but 
if the therapeutic benefits of the drug to the pregnant 
woman outweigh the risks for teratogenicity to the fetus, 
its use is acceptable. Category X clearly states these drugs 
are contraindicated in pregnancy due to demonstrated 
fetal abnormalities in humans. 

The potential for teratogenicity is often a concern 
even in a one-time exposure to a drug. When 1400 acute 
overdoses in pregnant women were followed over 30 
years, there was no increase in congenital abnormalities 
when compared with women who did not overdose. 
If the fetus is exposed at 18 to 60 days of gestation, it 
will either spontaneously abort or survive without 
abnormalities.”!° Therefore, an acute insult by a toxin to 
the fetus will most likely result in demise of the fetus or 
survival without congenital malformations. 

It is beyond the scope of this text to cover all 
poisonings and their teratogenicity. Instead, this chapter 
will focus on the more common toxins pregnant patients 
may be exposed to and those that have special con- 
siderations in the obstetric setting. Additionally, altered 
physiology, pharmacokinetics, and general management 
issues regarding poisoning in pregnancy will be discussed. 

As with obstetric care in general, the same holds true 
for the poisoned patient: if you optimally treat the 
mother, you will also be treating the fetus. Conversely, if 
treatment is delayed or withheld over concern of inducing 
fetal harm, and the mother’s care is compromised, both 
maternal and fetal outcome can be jeopardized. 
Therefore, the well-being of the mother should be of 
foremost concern in the treatment of a toxic exposure in 
a pregnant patient. 


RELEVANT ANATOMY, PHYSIOLOGY, 
AND PHARMACOLOGY OF PREGNANCY 


There are many physical and physiologic changes that 
occur during pregnancy that alter the pharmacokinetics 
of drugs and therefore affect the maternal exposure and 
toxic response.!!!* These physiologic changes of pregnancy 
are summarized by organ system in Box 17-1. 


Absorption 


Gastrointestinal (GI) absorption is altered secondary to 
delayed gastric emptying, decreased GI motility, and 
prolonged transit time through the GI tract. During 
pregnancy, there is delayed but more complete GI 
absorption of drugs. Pulmonary changes may increase 
absorption of inhaled substances because of increased 
minute ventilation, increased tidal volume, and 
decreased residual lung volume. Dermal absorption may 


be enhanced because of increased total surface area and 
increased blood flow to the skin. 


Distribution 


The apparent volume of distribution (Vd) of drugs may 
be increased because of increases in mean plasma 
volume, extracellular fluid volume, and body fat stores. 
This Vd is variable in pregnancy because these physi- 
ologic changes are dynamic throughout the gestational 
period. An increase in serum concentrations of many 
drugs has been documented. Decreases in plasma 
albumin, protein binding, increased binding competition, 
and decreased hepatic biotransformation may all increase 
free drug concentration. This increased unbound or free 
drug results in larger volumes of distribution as the 
unbound drug is free to move into tissues. Free fractions 
of drug may also account for increased clearance rates as 
it is available for metabolism or elimination. 


Metabolism 


Hepatic alterations during pregnancy may include hepatic 
blood flow, bile excretion, and enzyme induction. There 
appears to be no clinically significant change in hepatic 
blood flow or bile excretion. Enzyme induction can be 
variable. Overall hepatic elimination patterns are incon- 
sistent and difficult to predict in the pregnant woman. 


Renal Excretion 


Increased renal blood flow and glomerular filtration may 
result in increased renal elimination. Drugs excreted by 
the kidney are more rapidly excreted during pregnancy. 


Placental-Fetal Blood Flow 


The maternal-fetal unit is complex in terms of drug 
disposition and pharmacokinetics. 

Increased lipid solubility and low molecular weight 
promote the transplacental passage of specific com- 
pounds. Additionally, drugs that are highly ionized tend 
to be more protein bound, limiting their transport across 
the placenta. As a result, with certain drugs, the placenta 
can act as a barrier protecting the fetus from a toxic 
insult. Conversely, it may prevent the passage of a 
beneficial antidote in an overdose setting. For certain 
toxins (e.g., lead), the placenta seems to provide no 
barrier to its free transmission to the fetus. 


TREATMENT PRINCIPLES 


Supportive Measures 


The general management principles for a poisoned 
pregnant patient are the same as for a nonpregnant 
patient, with the exception of concern for fetal well- 
being. As with all overdose patients, initial stabilization 
measures should be addressed regarding ventilatory and 
hemodynamic status. If the patient is hypotensive, as with 


OEFA EE Physiologi 


Overall Physiologic Changes 


T body mass 25% by term 
T body water 7-8 L 

T body fat 3—4 kg; 21% 

T body temperature 0.5°C 


Specific Organ Physiologic Changes 
Renal 
J Urine concentration (5 days) 
Ureteral dilation due to 
hormonal relaxation, 
mechanical compression 
T Aldosterone secretion 
T Antidiuretic hormone secretion 
T Plasma volume 45%—50% with 
70% increase in volume of extracellular 
fluid space 
T Renal plasma flow 25%-85% 
J Serum creatinine; blood urea 
nitrogen 


Gastrointestinal 

T Nausea and vomiting 
Relaxed cardiac sphincter 

T Gastrointestinal reflux 

ļ Gastric acidity 30%-50% (0—4 mo) 

J Mucus secretion 

ļ Gastric motility 

J Small bowel motility 

T Stomach emptying time 0-160% 
Hepatic metabolism T or J 


Neurologic 
J Plasma cholinesterases 20% 


T increase; J, decrease. 


CHAPTER 17 Management Principles of Overdose in Pregnancy 349 


Cardiovascular 

T Cardiac output (6 wk) 
35% by 10 wk 
48% by 25 wk 


T Heart rate 20% or 15 bpm 
T Stroke volume 10%-32% or 17 mL 
J Peripheral vascular resistance 
due to low resistance 
placental circulatory shunt 
T Peripheral blood flow 
T Perfusion of skin, mucosa, 
epidural space 


J Oxygen extraction 
T Oxygen consumption 15%—-20% 


Urogenital 

T Weight of uterus 
400% by 10 wk 
2000% by term 








Pulmonary 

T Ventilatory response to CO, 

T Arterial Po, 10 mm Hg 

J Arterial Pco, 10 mm Hg 

T Minute ventilation 40%—50% 

T Alveolar ventilation 

J Vital capacity 

T Respiratory rate 0-15% 

T Tidal volume 40% 

ļ Functional residual 
capacity 20% 

J Expiratory reserve 
volume 20% 

J Residual volume 20% 

J Subjective dyspnea 

J Airway resistance 36% 
Pulmonary blood flow 


Blood 

T Blood volume 35%—40% 

T Plasma volume 50% 

T Red blood cell volume 
18%—-20% 300—400 mL 

J Hematocrit 15% 

J Serum hemoglobin 

J Serum iron 

T White blood count 66% 

J Total serum proteins 
18% (3rd trimester) 


| Serum albumin 14%-30% 

T o œ globulins 0-20% 

T Serum fibrinogen 40%-200% 
T Phospholipids 

T Cholesterol 

T Free fatty acids 


traumatic injury, the patient should be placed in the left 
lateral decubitus position with aggressive intravenous 
fluid administration. A thorough history and physical 
examination should be performed addressing the time 
of and reason for exposure, type and quantity of the 
toxin, stage of pregnancy, and symptomatology. The 
physical examination should include fetal monitoring if 
gestation is at an appropriate level of development. If the 
mother is experiencing altered mental status, assessment 
of her glucose status is indicated, and if hypoglycemic, 
50% dextrose solution should be administrated. In the 
setting of coma, the benefit of giving naloxone to a 
suspected opioid-intoxicated mother with respiratory 
compromise outweighs the potential risks of inducing 
narcotic withdrawal in mother and fetus.’® 


Decontamination Principles 


Decontamination principles in the pregnant patient 
should be practiced in a similar fashion to those used in 
general overdosed patients, with a few caveats. The 
emetic agent syrup of ipecac is strongly discouraged 
from use in pregnancy, keeping with the most recent 
trends in the poison decontamination literature.!+!” 
Syrup of ipecac can induce protracted emesis, resulting 
in increased abdominal and thoracic pressure. This 
agent is absolutely contraindicated if the patient has 
altered mental status, seizures, and toxin-induced 
vomiting. Additionally, there are potential teratogenic 
concerns over the chronic use of ipecac.'® Although 
there are currently no studies addressing the utility and 
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safety of gastric lavage in the pregnant patient, it may be 
indicated following a very recent ingestion of a poten- 
tially life-threatening or fetal toxic drug.'* Additionally, 
since the pregnant patient has physiologic delayed 
gastric emptying and decreased gut motility, delayed 
lavage may be considered following massive ingestions. 
The literature is unclear as to the timing and indications 
for evacuation of drugs that slow gut motility (anti- 
cholinergics and opioids), or those toxins that are known 
to form concretions (salicylates and iron). Activated 
charcoal, the most efficacious and safe gastric decontam- 
ination modality, is not systemically absorbed from the 
GI tract and is considered safe (low risk of adverse side 
effects) in the pregnant patient, with no reports of fetal 
toxicity. 

The usefulness of cathartics for GI decontamination 
has never been well documented; therefore, their addi- 
tion to general decontamination measures in the 
pregnant patient is not mandatory. The general use of 
cathartic agents such as magnesium citrate or sorbitol 
in the pregnant patient should be used with extreme 
caution, particularly in later stages of pregnancy. 
Overzealous use of these agents may stimulate preterm 
labor, cause dehydration, or produce electrolyte 
imbalance.'? Whole bowel irrigation is an osmotically 
safe, high-molecular-weight, polyethylene glycol solution. 
This decontamination modality has been shown to be 
efficacious and safely administered in iron, cocaine 
packet, lead, and sustained-released product ingestions.*” 
Although reported cases are anecdotal, it has been safely 
used in overdosed pregnant patients.7)7" 

Multiple-dose activated charcoal is indicated for the 
same toxic overdoses as in the nonpregnant patient: 
theophylline, phenobarbital, carbamazepine, dapsone, 
and quinine. Enhanced elimination of these drugs occurs 
because their physical properties or enterohepatic 
circulation allow for gut dialysis of the drug from the 
circulatory system into the GI tract, where it is adsorbed 
to the charcoal. 


Antidotes 


Literature on the use of antidotes in the pregnant 
overdosed patient is limited largely to animal studies and 
isolated case reports or retrospective case series. There 
have been no adequate or well-controlled clinical trials. 
Thus, definitive conclusions regarding their use with 
obstetric patients are inconclusive.'! In general, the use 
of antidote therapy in pregnancy is indicated if needed 
to reverse the toxic manifestations in the mother. Several 
cases in the literature have reported both maternal and 
fetal death when a potentially life-saving antidote was 
withheld because of fear of harming the fetus.**** As with 
general poison management, if you appropriately treat 
the mother, you will be treating the fetus (Table 17-2). 


Enhanced Elimination 


Literature regarding the use of hemodialysis and 
hemoperfusion in poisoned pregnant patients is limited. 
However, if indicated, their implementation is recom- 
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PLACENTAL PERMEABILITY 


YES NO 

Acetaminophen X 

N-acetylcysteine X 

Iron X (receptor-mediated 

endocytosis) 

Deferoxamine X 
Lead x 

Carbon monoxide X 

Oxygen X 

Organophosphate X 

Atropine X 

Cyanide X 

Sodium thiosulfate X 





mended as there have been few adverse effects reported 
in women who required these treatments in the acute 
overdose setting.*?”° In addition, routine use of 
hemodialysis in pregnant patients with chronic renal 
failure is reported as relatively safe. However, premature 
labor and growth retardation have been described but 
have been attributed to the chronic disease state and not 
a consequence of dialysis.?”?8 


Disposition 


Specific disposition of the poisoned pregnant patient 
depends on the type of toxin, symptomatology, stage of 
pregnancy, and intent of exposure. Unstable overdosed 
patients should be closely monitored in an intensive 
care setting. There are reports of complete maternal and 
fetal recovery after maternal cardiac arrest justifying 
aggressive, prolonged resuscitation attempts." Under 
certain circumstances, emergent delivery of a mature or 
full-term fetus may prove beneficial for the specific 
treatment of both mother and newborn. When the toxic 
mother is deemed stable, admission to a general obstetric, 
labor and delivery, or medical ward is appropriate with 
close fetal monitoring. If the toxic exposure is inten- 
tional, once medically stabilized, a psychiatric consultation 
should be obtained. If the patient is medically stable and 
not psychiatrically impaired, she may be discharged 
home with close outpatient prenatal care. 


ABORTIFACIENTS 


An abortifacient is any substance that is used to 
terminate a pregnancy (Box 17-2). Historically, lead and 
quinine have been used as abortifacients, but now over- 
the-counter preparations such as acetaminophen, 
aspirin, iron, and herbal preparations are more 
commonly used to induce abortion. The greatest dangers 
of abortifacients are the effect of the toxin on the 
mother and the potential teratogenic effect on the fetus. 
Most attempts to chemically abort a fetus are made in the 
first trimester. Acetaminophen and multidrug ingestions 
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BOX 17-2 


Angelica root (Angelica archangelica) 

Black cohosh (Cimicifuga racemosa) 

Blue cohosh (Caulophyllum thalictroides) 

Buckthorn bark (Rhamnus cathartica, frangula, alnifolia) 

Diethylcarbamazine 

Ergotamine 

Mandrake (Podophyllum peltatum) 

Mifepristone (approved in France as an abortifacient in 1988) 

Misopristol 

Mistletoe (Phoradendron falvescens, macrophyllum rubrum, 
serotinum, tomentosum; Viscum album) 

Pennyroyal (Mentha pulegium/Hedeoma pulegioides) 

Poison hemlock (Conium maculatum) 

Quinine 

Rue (Ruta graveolens) 

Savun/juniper Juniperus sabina) 

Sodium chloride 20% by transabdominal intra-amniotic injection 

Tansy (Tanacetum/Chrysanthenum vulgare) 

Windflower (Anemone pulsatilla) 


are the most common exposures, with minor maternal 
toxicity reported in most cases. 

As a result of the serious nature of an abortion attempt 
and the often nonspecific clinical manifestation of the 
ingestion, a high index of suspicion is required to 
discover if this has occurred in gravid patients. ‘Therefore, 
every female overdose patient of childbearing age should 
have a pregnancy test performed. In addition, women 
who present with significant vaginal bleeding should be 
questioned about possible abortifacient use.*”*! 


ACETAMINOPHEN 


Acetaminophen or paracetamol is readily available to 
pregnant patients since numerous over-the-counter 
preparations such as cold remedies, antipyretics, and 
analgesics contain this compound. It has been cited as 
the drug most frequently taken in an acute overdose by 
pregnant patients! 

In an acute overdose, sulfonation and glucuronida- 
tion metabolic pathways become saturated, causing an 
increased shift to the cytochrome P-450 pathway. As a 
result, glutathione stores are depleted, leading to 
hepatotoxicity via central lobular necrosis. Since 
acetaminophen crosses the placental barrier, the fetus is 
at risk for poisoning.**** Evidence of placental transfer 
has been documented in both animals** and humans.” 
The cytochrome P-450 system is present in the fetus by 
14 weeks’ gestation.” Early in fetal development, the 
cytochrome P-450 activity is only 10% of adult activity 
and develops in a linear fashion throughout gestation.'® 
As a result, in later stages of pregnancy, the fetus is 
more susceptible to toxicity since it is able to form the 
toxic metabolite of acetaminophen, Macetyl-p-benzo- 
quinone imine. This finding has been observed clinically 
in selected studies in which the fetal outcome was worse 
if the overdose occurred during the third trimester, 
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particularly if the mother demonstrated concomitant 
signs of hepatotoxicity. 183538 

In an acute ingestion, an acetaminophen level should 
be drawn and plotted on the Rumack-Matthew nomo- 
gram to assess the risk for hepatotoxicity. Peak serum 
levels and pharmacokinetics of acetaminophen in the 
pregnant patient are unchanged in standard doses but 
are as yet undetermined in the overdose setting.” In 
addition, baseline liver function tests and coagulation 
profiles should be drawn and followed in a serial manner 
as indicated. 

If the time of ingestion is unknown, or is chronic in 
nature, a serum level is still recommended in order to 
document the exposure. Subsequent levels should be 
followed as hepatic damage will prolong the half-life of 
the drug. The mean half-life of acetaminophen during 
pregnancy in therapeutic doses has been shown to be 
3.7 hours versus 3.1 hours in the nonpregnant patient.” 

In the acute acetaminophen overdose, general 
stabilization and decontamination measures should be 
implemented. If the acetaminophen level is hepatotoxic 
on the nomogram or if over 140 mg/kg is acutely 
ingested, administration of the antidote N-acetylcysteine 
is indicated. N-acetylcysteine (NAC) acts by replenishing 
hepatic glutathione stores and is most effective if given 
within 8 hours postingestion.*”” 

Whether NAC administration is protective or toxic to 
the fetus is unknown. However, Riggs and colleagues, in 
a study of 60 pregnant patients, demonstrated a 
significant positive correlation between the time to initial 
administration of NAC and pregnancy outcome. There 
was an increase in the incidence of spontaneous abortion 
or fetal demise when the treatment was delayed.* In a 
large series describing 48 cases, the researchers observed 
no birth defects associated with first-trimester NAC 
therapy.*! 

There has been controversy over the ability of NAC to 
cross the placenta in humans. One ovine study 
examining whether NAC crossed the placenta docu- 
mented negligible transfer.** Another study in a rodent 
model clearly demonstrated placental transfer of NAC.*° 
NAC has been measured in fetal cord blood from human 
neonates born to mothers who received NAC as 
treatment for acetaminophen overdose. The level found 
in the cord blood was in the therapeutic range. A 
possible explanation for the discrepancy between animal 
species could be the number of layers present in the 
different placentas. The human and rat placenta are 
composed of three layers while the ewe placenta is made 
up of five layers. 

If deemed hepatotoxic by history, the nomogram, or 
liver function tests, the standard oral loading dose of 
140 mg/kg followed by 70 mg/kg every 4 hours for 
17 doses should be administered. Some sources advocate 
the recently approved intravenous form of NAC in 
pregnant patients since the oral form produces lower 
plasma levels, may induce vomiting, and undergoes 
maternal first-pass hepatic metabolism, lessening its 
availability to the fetus.!°!***-4+ The latest literature also 
supports treatment with NAC in chronic or delayed 
acetaminophen-induced hepatotoxicity because it may 
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rescue the hepatocytes by acting as a free radical scavenger 
or through other hepatoprotective mechanisms.*?*° 

Any pregnant patient presenting with a potentially 
hepatotoxic ingestion of acetaminophen should be 
admitted for both maternal observation and fetal 
monitoring. In general, the maternal-fetal outcome is 
good following an acetaminophen overdose.354147-49 
Thus, acetaminophen poisoning in and of itself should 
not be an indication for termination of a pregnancy.””! 
In third-trimester acetaminophen toxicity, a greater risk 
for infratentorial hemorrhage, fetal demise, and 
maternal death has been reported when compared with 
other stages of pregnancy. For this reason, emergent 
delivery of the fetus by vaginal or cesarean section for 
extrauterine NAC therapy has been advocated in the 
third trimester in mothers suffering from fulminant 
hepatic failure secondary to acetaminophen overdose.!® 
If the mother demonstrates signs of hepatic failure or 
hepatic encephalopathy, she should be admitted to an 
intensive care unit. In this setting, consultation with a 
gastroenterologist or hepatologist is recommended for 
potential maternal liver transplantation. 


IRON 


As a result of their widely prescribed use in prenatal care, 
iron preparations are readily available to the obstetric 
patient and are documented as the second most common 
drug overdose during pregnancy.' Iron normally does 
not diffuse through the placenta but is actively trans- 
ported against a gradient into the fetal circulation.'®”! 
Iron apparently crosses the placenta by receptor- 
mediated endocytosis. However, these receptors can 
become saturated, limiting the rate of transport. As a 
result, the placenta acts as a barrier to protect the fetus 
from iron toxicity. Animal studies have demonstrated 
that acutely elevated maternal serum iron concentrations 
are not accompanied by significant elevations in fetal 
serum iron levels.°! In general, the mother suffers more 
from the insult of iron than does the fetus. Fetal 
compromise probably results from maternal instability 
rather than the direct toxic effects of iron. Although 
elevated iron levels in the fetus may be detrimental, 
there are no known reports of anomalies or adverse 
outcomes in the neonate in cases of maternal toxicity if 
the mother survives the overdose.°* However, an 
increased risk for neonatal infection by bacteria from the 
Yersinia or Listeria species (both of which have fastidious 
iron requirements) has been reported. 

In pregnancy, peak serum iron levels have been 
reported to appear within 2 to 4 hours after ingestion, 
similar to nonpregnant patients.’ Historically, the 
laboratory hallmark of toxicity was when the serum iron 
levels exceeded the measured total iron-binding capacity 
(TIBC) of serum. However, these laboratory findings 
have been inconsistently observed in the poisoned 
pregnant patient. In one reported case, iron levels in a 
toxic third-trimester patient did not exceed the TIBC, 
nor did they correlate with the severity of the 
poisoning.’°** As a result, TIBC measurement should not 
be used to assess iron toxicity in the pregnant patient. 


Therapeutic interventions in iron toxicity begin with 
general decontamination principles. Specifically, gastric 
decontamination with lavage may be indicated in any 
potentially toxic overdose presenting with a very recent 
ingestion. Syrup of ipecac use is discouraged and 
absolutely contraindicated if the patient has already 
vomited or has altered mental status. Activated charcoal, 
although considered safe in the pregnant patient, is not 
efficacious in iron poisoning due to the drug’s small 
ionic size.” However, charcoal may be administered if 
multiple drugs were ingested or the history is unclear. 
Whole bowel irrigation may be indicated in the setting of 
an iron overdose, particularly if multiple radio-dense 
pills are noted on an abdominal flat plate radiograph** 
(Fig. 17-1). The amount of radiation risk the fetus is 
exposed to from a single radiograph to document the 
presence of iron tablets is minimal compared with 
the potential toxicity of a maternal iron overdose. 
Alternatively, ultrasonography can be utilized to detect 
the presence of pill fragments in the GI tract while 
additionally assessing the status of the fetus.” 

Deferoxamine (DFO) is the specific chelating anti- 
dote for iron poisoning, capable of binding the free 
circulating iron. Unlike elemental iron, the DFO-iron 
complex can be excreted through the kidneys. 
Hypotension, metabolic acidosis, GI bleeding, shock, 
and an iron level of more than 500 Ug/dL are all signs of 
severe iron poisoning and are indications for DFO 
administration. Some believe that the threshold for 
treatment with DFO in the pregnant patient should be 
lowered to an iron level of 350 ug/dL or with ingestions 
greater than 30 mg/kg of elemental iron.°” As with the 





FIGURE 17-1 Radiograph demonstrating radiopaque iron tablets 
following an overdose in a third-trimester pregnant patient. 
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nonpregnant patient, the traditional dose of DFO is 
15 mg/kg/hr intravenously, not to exceed a daily dose 
of 6g.°%°° Although some sources have historically 
recommended chelation therapy until after the urine 
clears of its “vin rosé” color, more recent literature 
suggests continued therapy until the acidosis and 
symptoms resolve. At present, a specific end point of 
therapy remains controversial. 

Chelation is critical in significant maternal iron 
toxicity and should always override theoretical concerns 
of fetal teratogenicity.”>°’°? Cases of maternal death have 
been reported when DFO was withheld over this 
concern.”*?* Two animal studies documented skeletal 
abnormalities during exposure to high-dose DFO during 
early gestation.°®°’ However, limited case reports suggest 
that DFO can be administered to a pregnant patient 
suffering from iron toxicity without concern for 
producing adverse fetal effects.°*°*°? A more recent 
animal study in an ovine model demonstrated that 
maternal infusion of DFO resulted in a rapid decrease in 
maternal serum iron concentrations but had minimal 
effect on fetal serum iron levels, supporting the theory 
that DFO does not cross the placenta.°! To date, infants 
delivered after DFO therapy appear to have tolerated 
this antidote well.°*°’ Therefore, pregnancy should not 
be considered a contraindication to the use of DFO if its 
administration is indicated in the mother.?*°® 

The largest known study to address the effect on the 
outcome of pregnancy in iron overdose was a retro- 
spective investigation involving 49 pregnant patients with 
mild to moderate iron overdoses. Twenty-five of these 
patients (51%) were treated with DFO. Of these, 21 had 
normal outcomes, and the investigators found no 
evidence to suggest that DFO given for iron overdose 
caused toxicity in either the mother or the baby. Any 
malformations were not considered by the researchers to 
be directly related to the DFO administration since all 
were treated after their first trimester. 

Any pregnant patient who presents following a serious 
acute iron ingestion should be aggressively treated, 
chelated with DFO, and admitted to the intensive care 
unit for both maternal and fetal monitoring. If the 
patient is medically stable and only has a potentially toxic 
ingestion, admission to a general medical or obstetric 
ward is appropriate with close observation of serial iron 
levels and possible chelation. If the mother receives 
chelation therapy with DFO, particularly in later stages of 
pregnancy, pediatric postpartum monitoring of the 
infant’s serum iron levels is recommended.5?5657 Finally, 
when the mother recovers from a significant iron 
ingestion, gastroenterology consultation is recommended 
to diagnose any subsequent GI scarring weeks after 
ingestion. 


SALICYLATES 


Salicylate usage is extremely common in pregnancy due 
to the ubiquitous nature of the drug in over-the-counter 
preparations. It has been reported in numerous studies 
as one of the most common drugs taken during 
pregnancy.*°°* Many of the mothers took these 





medications both with and without medical supervision.” 


In therapeutic doses, salicylates appear to be safe in early 
pregnancy but should be avoided in the third trimester 
because they may affect neonatal coagulation and cause 
premature closure of the ductus arteriosus. !! 

Maternally ingested salicylates freely cross the 
placenta and can be detected in fetal serum. The toxicity 
of salicylates stems from the parent compound and not 
its toxic metabolites, unlike acetaminophen.'® Particularly 
in later stages of pregnancy, the fetus appears to be at 
greater risk of toxicity than the mother for several 
reasons. Salicylate concentrations at a given maternal 
level are higher in the fetus.° There is a greater 
proportion of salicylates that enters the fetal central 
nervous system (CNS). The fetus has less buffering 
capacity for the ensuing acidosis. Finally, the fetus has 
reduced metabolism and excretion as compared with the 
mother.!®*°’ Several studies have documented the charac- 
teristic platelet abnormality caused by salicylates, namely, 
a loss of the secondary phase of platelet aggregation in 
babies born to mothers ingesting salicylates just prior to 
delivery.® There have been several reports of petechiae, 
purpura, cephalhematoma, and severe GI and intra- 
cranial bleeding in infants whose mothers had taken 
salicylates late in the third trimester.°*” Salicylates also 
have been found to displace bilirubin from albumin- 
binding sites and may lead to hyperbilirubinemia in the 
neonatal period. One study of 144 infants chronically 
exposed to salicylates in utero found significantly lower 
birth weights and increased perinatal mortality but no 
significant difference in rate of congenital anomalies.” 
These infants were found to have elevated cord-blood 
salicylate levels, but they had no clinical evidence of 
bleeding or hypoglycemia. In comparison with children, 
neonatal hypoglycemia has not been commonly 
observed.®*”! Pregnant women who ingest salicylates on 
a frequent basis are reported to have longer gestational 
periods, prolonged labor, more hemorrhage, and a 
higher frequency of cesarean section.® All of these are 
believed to be attributed to the antiprostaglandin 
properties of salicylates.” 

Treatment guidelines for salicylate poisoning in the 
pregnant mother are deficient in the literature. Current 
recommendations are to treat the mother in the same 
fashion as the nonpregnant patient. Initial stabilization, 
supportive care, fluid management, and electrolyte and 
glucose monitoring are essential. Gastric lavage and 
activated charcoal should be administered when 
indicated. Although unproven, since salicylates may form 
gastric concretions, late GI decontamination may prove 
beneficial. Additionally, because of delayed absorption, 
serial serum salicylate levels are essential until peak and 
declining levels have been documented. Enhanced 
elimination with sodium bicarbonate alkalinization 
appears to be safe and efficacious in the pregnant 
patient, particularly if the mother is acidotic. As with any 
salicylate overdose, the effectiveness of alkalinization is 
dependent on an adequate potassium supplementation. 
Hemodialysis is indicated in the toxic mother using the 
same inclusion criteria as in the nonpregnant patient. 
However, these treatment methods may not be as 
effective in the fetus as the mother. As a result, prompt 
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delivery of a mature fetus should be considered for its 
optimal treatment.'® 

The obstetric patient manifesting signs of severe 
salicylism (metabolic acidosis, altered mental status, 
pulmonary edema, or seizures) should be admitted to 
the intensive care unit with close maternal and fetal 
monitoring. In this setting, the nephrologist should be 
consulted for emergent hemodialysis. In the stable maternal 
patient with a potentially toxic ingestion, admission to an 
obstetric or medical ward is recommended for serial 
salicylate levels. If the overdose occurs in later stages of 
gestation, the pediatrician should be alerted regarding 
potential bleeding complications in the newborn. 


COCAINE 


Cocaine use is reported to be increasing in women of all 
socioeconomic levels in the United States. Cocaine abuse 
by women is most widespread during the childbearing 
years, and this age group has shown the greatest increase 
in recreational use over the past decade.!!-” In fact, 20% 
of all women between the ages of 26 and 34 have used 
cocaine at least once.” Additionally, cocaine use is on 
the increase among pregnant women. In one study, 17% 
of urban women enrolled in prenatal care were found to 
have used cocaine at least once during pregnancy.” It is 
estimated that as many as | fetus out of every 10 is 
exposed to cocaine via maternal use.” Smoking of crack 
cocaine has become the predominant route of exposure 
in pregnant women.” Unfortunately, an estimated 60% 
of pregnant women who use crack cocaine receive no 
prenatal care.” Many addicted women do not discover 
they are pregnant until well into gestation. Although 
some seek treatment, others assume that the fetus has 
already been harmed and therefore continue to abuse.” 
There also exists a false perception in the lay population 
that cocaine speeds up the labor and delivery process, 
when in fact it may actually intensify the awareness of 
pain and prolong delivery time.” Finally, one recent 
study showed that infants of 66 mothers who reported 
heavy cocaine use during pregnancy already had 
evidence of delays in auditory comprehension and 
language development by 1 year of age.*° 

Symptoms and adverse effects of cocaine toxicity in 
the mother can include agitation, tachycardia, hyper- 
thermia, hypertension, seizures, myocardial ischemia, 
cerebral vascular accidents, and intracranial bleeds 
resulting in significant morbidity and mortality.” 
Maternal concentrations of serum cholinesterases are 
diminished during pregnancy, resulting in more sustained 
cocaine blood levels than in nonpregnant users.® Fetal 
cholinesterase is relatively deficient compared with adult 
levels. Cocaine readily crosses the placental barrier, 
placing the fetus at risk following maternal use of 
cocaine by any route. Cocaine is biotransformed by the 
human placenta, presumably by cholinesterase activity. 
Therefore, the placenta may provide a moderate degree 
of protection from cocaine-induced morbidity by 
converting the cocaine into less active metabolites.” 
Cocaine administration in a pregnant ovine model 


increased uterine vascular resistance, decreased uterine 
blood flow, increased fetal heart rate and arterial blood 
pressure, and decreased fetal oxygen content.®!®’ This 
animal study also showed that pregnancy in and of itself 
increased the cardiovascular toxicity to cocaine, thought 
to be mediated by progesterone.” Maternal exposure 
can cause preterm labor, placenta abruptio, decreased 
fetal growth, prematurity, urinary congenital anomalies, 
neonatal neurobehavioral deficits, and fetal death.8486 
However, assessing maternal and fetal risks of cocaine 
use is difficult because this patient population may abuse 
other illicit drugs, alcohol, and cigarettes. In addition, 
these studies are limited by inconsistent cocaine 
detection methods, confounding socioeconomic factors, 
and reporting bias.®° 

Any pregnant patient with suspicion for cocaine toxicity 
should have a toxicology screen sent for confirmation. 
Urinary toxicology screens detect cocaine metabolites 
for only 48 to 72 hours; therefore, an accurate prenatal 
history may prove more reliable. However, in one urban- 
based study, 24% of pregnant women denied use of 
cocaine at the time of their interview but were identified 
as positive by urinary screens.’* More recent studies have 
advocated the use of neonatal hair®’ or meconium tests 
to measure cumulative intrauterine exposure.*® 

Numerous studies exist in the medical literature 
addressing the epidemiology, maternal-neonatal out- 
come, and detoxification efforts of the cocaine-abusing 
pregnant patient. However, specific treatment recom- 
mendations in the acutely intoxicated pregnant patient 
are lacking. As with other poisonings, optimal treatment 
of the mother will ultimately benefit the fetus. Agitation, 
hypertension, tachycardia, and myocardial ischemia 
experienced by the acutely cocaine-intoxicated mother 
can often be controlled by the administration of 
benzodiazepines alone. Clinical experience supports 
their use as a first-line treatment for cocaine-intoxicated 
patients. Benzodiazepines have effective anxiolytic 
properties; they also reduce blood pressure, heart rate, 
and myocardial oxygen demand in the face of myocardial 
ischemia.” Although controversial, according to one 
authority, no specific fetal malformations have been 
attributed to benzodiazepines administered during 
pregnancy.''! However, late in gestation or soon after 
delivery, the newborn can have transient CNS and 
respiratory sedation. In this setting, the benefit of giving 
benzodiazepines to a pregnant patient with acute 
cocaine toxicity may outweigh the potential fetal risks. 
When presenting with chest pain, the mother should 
have a baseline electrocardiogram with continuous 
maternal and fetal monitoring. Cardiac ischemia may 
also require the administration of nitroglycerin.” 
Cocaine-induced seizures should be treated with intra- 
venous benzodiazepines. If seizure activity is refractory, 
phenobarbital loading may be an alternative therapy."! 
Phenytoin should be avoided due to its well-documented 
fetal neurotoxicity.'' With seizures occurring during the 
third trimester of pregnancy, the diagnosis of eclampsia 
should also be entertained and traditional doses of 
intravenous magnesium administered as indicated. One 
of the most critical treatment interventions is the rapid 
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cooling of the acutely hyperthermic patient, because 
temperature duration and level can have a negative 
effect on both maternal and fetal mortality.’ Finally, in a 
patient presenting with ingestion of cocaine packets (i.e., 
body packers and stuffers), activated charcoal admin- 
istration and whole bowel irrigation are recommended. 
In general, both modalities have been shown to be safe 
and efficacious in the pregnant patient. 

Any pregnant patient presenting with severe cocaine 
toxicity should be monitored in the intensive care 
setting. If manifesting cardiotoxicity, a cardiologist 
should be consulted. If the mother and fetus survive the 
acute intoxication, prenatal care should be focused on 
drug rehabilitation and education. If the cocaine 
exposure occurred throughout the prenatal period, the 
pediatrician should be aware that the newborn may 
manifest signs of cocaine withdrawal. 


HEROIN 


Heroin overdose presents with the triad of respiratory 
depression, CNS depression, and miosis.” Neonates can 
experience lethargy at birth if there was recent maternal 
opioid use, or if large doses of an opioid agent were 
therapeutically administered to the mother during labor. 
The specific antidote naloxone can be administered to 
the pregnant patient with an opioid overdose in standard 
2-mg doses.”! Concern over the possibility of fetal and 
neonatal withdrawal syndrome in heroin-dependent 
mothers given naloxone is outweighed by the benefit 
from reversing maternal and fetal hypoxia. The neonate 
is prone to withdrawal symptoms if the mother had 
chronic dependency during her later prenatal stages. If 
acute maternal withdrawal is a concern, smaller doses 
of naloxone can be administered to lessen the severity 
of maternal and fetal withdrawal. Withdrawal seizures 
have been documented in neonates born to opioid- 
dependent mothers.’*”? 


CARBON MONOXIDE 


Carbon monoxide (CQO) is a leading cause of poison- 
induced deaths in the United States.°* The clinical 
presentation of CO poisoning can be subtle in pregnant 
patients, resulting in misdiagnosis and significant 
maternal-fetal morbidity if not approached with a high 
index of suspicion. During pregnancy, endogenous CO 
levels increase about 20% above normal nonpregnant 
values secondary to increased fetal production and an 
increase in maternal red cell mass, and from the action 
of progesterone on hepatic microsomal enzymes.” In 
addition, at a given CO exposure, pregnant patients are 
more susceptible to toxicity because of her increased 
minute ventilation. Cigarette smoking also results in 
higher than normal maternal and fetal CO levels. 

In the mother, CO possesses 240 times the binding 
affinity to hemoglobin than oxygen, resulting in cellular 
hypoxia. CO decreases the capacity of blood to transport 
oxygen. CO shifts the oxyhemoglobin saturation curve 





to the left and alters the shape of the curve to a more 
hyperbolic form (Fig. 17-2).°° Fetal carboxyhemoglobin 
(COHb) is associated with an exaggerated shift to the 
left, impairing the release of oxygen to the tissues. Under 
normal circumstances, the fetal COHb is approximately 
10% to 15% greater than that of the mother.” With 
maternal exposure, the fetal COHb level rises more 
slowly than the maternal COHb level but will continue to 
rise for several hours after acute exposure until it reaches 
an equilibrium.** Fetal hemoglobin appears to falsely 
elevate COHb concentration.”° 

CO readily crosses the placenta by simple diffusion, 
and fetal hemoglobin has a higher affinity for CO than 
adult hemoglobin.” As a result, unlike the majority of 
poisonings, the fetus is at greater risk for toxicity and 
mortality than the mother.” This has been documented 
in several case reports where the mother has survived a 
significant CO exposure but fetal demise ensued.9*9?! 
As with the general population, maternal blood CO 
levels often do not correlate with the severity of 
symptoms. Maternal symptoms at the scene of exposure 
are a better predictor of fetal toxicity than CO 
levels.°4°710! These symptoms may include altered 
mental status, neurologic deficits, seizures, and coma. 

The result of fetal CO exposure can lead to different 
effects on the fetus depending on the stage at which it is 
exposed. In the embryonic stage, neurologic, skeletal, 
and cleft palate deformities can be seen. In the fetal 
stage, anoxic encephalopathy and growth restriction may 
result. In the third trimester, premature delivery, 
decreased immunity, right-sided cardiomegaly, sodium 
channel, and myelin defects have been reported.'” 

Apart from removing the patient from the site of 
exposure, oxygen therapy is paramount. Oxygen acts by 
competing with the CO for hemoglobin binding sites. 
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FIGURE 17-2 Oxygen dissociation curve of maternal and fetal 
hemoglobin demonstrating effects of carbon monoxide exposure. 
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On room air, the half-life of CO is 5 to 6 hours; on 100% 
oxygen, the half-life is 90 minutes; and with hyperbaric 
oxygenation (HBO), the half-life falls to 20 minutes. 
Because the fetal hemoglobin binds CO much more 
readily than maternal hemoglobin, it is recommended 
that pregnant patients receive 100% oxygen five times 
longer than do normal adults to ensure adequate 
reduction of CO in the fetus.94°7!°! In the past, contro- 
versy existed in treating the pregnant patient with HBO 
because of adverse effects of high partial pressures of 
oxygen on the fetus observed in animal investigations.!” 
However, several human studies, the majority of which 
are case reports,2°!91103.10% advocate the use of HBO in 
pregnant patients exposed to CO.!5-103,105.106 Although no 
definitive guidelines have been established, it has been 
recommended that more liberal HBO treatment be 
initiated in pregnant patients because of the enhanced 
vulnerability of the fetus to CO, hypoxia, and permanent 
brain damage. Additional HBO therapy may also be 
needed if fetal signs of distress are demonstrated after 
initial HBO therapy. One source suggests that if cesarean 
delivery of the fetus is being considered, delivery of the 
fetus before HBO therapy can lead to a greater prob- 
ability of fetal death. This opinion is not a result of 
clinical trials. Despite studies in animals linking HBO 
therapy with retinopathy, cardiovascular defects, and 
premature closure of the ductus arteriosus, human case 
reports and a prospective study have not shown 
morbidity or mortality in the mother or the fetus after 
HBO therapy. 

The safety of HBO was documented in a prospective 
study where 44 pregnant patients with CO poisoning 
tolerated HBO without any fetal or obstetric morbidity.!” 
Human clinical experience indicates that the short 
duration of high-dose oxygen attained during HBO therapy 
can be tolerated by the fetus in all stages of pregnancy 
and can reduce the risk for death or deformity to the 
mother and fetus.!” Indications for HBO in pregnancy 
are indicated in (Box 17-2). 

All pregnant patients with suspected CO poisoning 
should be removed from the source of exposure and 
transported to an emergency facility for evaluation, fetal 
monitoring, CO level measurement, and oxygen therapy. 
If symptoms or levels indicate the need for HBO, the 
patient should be transported to a facility with hyper- 
baric capabilities.’ With exposures occurring in early 
Stages of pregnancy, consultation should be obtained 
regarding potential fetal neurotoxicity. However, one 
case showed significant first-trimester CO exposure with 
subsequent normal outcome in the newborn."! If the 
mother presents in late stage pregnancy and delivery is 
eminent, the pediatric intensivist should be advised of 
the need for aggressive oxygen delivery to the neonate. 


LEAD 


Lead poisoning is a major public health problem and a 
significant paradigm of maternal-fetal toxicity. It is well 
documented that the fetus is at risk from maternal lead 
exposure. In fact, lead has been used historically as an 


BOX 17-2 


COHb level > 20% 
Mental status depression 


Seizures 

Metabolic acidosis 

Fetal distress 

Cardiotoxicity 

Any neurologic findings in the mother 





abortifacient.!!! Pregnant women can suffer from 
environmental!!* or occupational lead exposure.!!3-114 

Removal of lead from gasoline has caused a dramatic 
reduction in the average blood lead level of children in 
the United States, from 15 ug/dL in 1978 to 2 ug/dL in 
2004. Despite this advancement, lead poisoning is still a 
major health concern for children. The mother also may 
unknowingly ingest lead from containers coated with 
lead glaze!’ or herbal products,!! or may demonstrate 
increased pica behavior during the prenatal period.!!7!° 

There are limited case reports that describe lead 
poisoning in the pregnant patient. Most involve the 
mother exhibiting pica behavior.'!!7° A study of lead 
exposure of pregnant women in their first trimester in 
New York City found that blood lead levels were inversely 
related to maternal age and length of time in the United 
States, and directly related to gestational age and pica 
behavior.'*! Another study found that endogenous lead 
sources in bone continues to influence blood lead levels 
of immigrants in the United States during and after 
pregnancy. Due to hormonal changes during pregnancy, 
chronic maternal lead stores may be mobilized from the 
bone and transferred to the fetus.!?7!*4 

Placental transfer of lead has been demonstrated in 
the human fetus at 12 to 14 weeks’ gestation along with 
increasing fetal tissue lead stores with advancing 
gestational age.!!* This heavy metal has been shown to 
induce spontaneous abortion, teratogenesis, and neuro- 
developmental delays in the newborn.*”'*° One study 
measured umbilical cord blood lead levels in over 5000 
consecutive deliveries of over 20 weeks’ gestation. Lead 
was found to be associated in a dose-related fashion with 
an increased risk for minor congenital anomalies such as 
hemangiomas, lymphangiomas, hydrocele, skin tags, and 
undescended testicles. This study controlled for other 
covariables and found no characteristic anatomic 
defect.!*° An epidemiologic study performed in Turkey 
found that umbilical cord lead levels that correlated 
significantly with maternal levels were approximately 
70% of the latter.!?” A case report describing the radio- 
graphic findings seen in congenital lead poisoning 
described a dense cranial vault, lead lines in the distal 
ends of long bones, and delayed emergence of dentition. 
The investigators recommend using these findings as a 
screen for subtle presentations of congenital lead 
poisoning.'*8 

Although currently under debate, the highest accept- 
able lead level in young children is 10 ug/dL.'*? How- 
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ever, according to one investigation, the fetus appears to 
be adversely affected at low blood lead concentrations, 
cautioning against the application of this level toward 
the fetus.'!°° The primary treatment of maternal and 
congenital lead poisoning is discovery and removal of 
the mother from the source of exposure. 

Data on chelating obstetric patients with elevated 
blood lead levels are limited. As a result of their 
nonspecific action on metal binding and subsequent 
excretion, prior concern existed that chelating agents 
may be teratogenic or toxic to the fetus.’* According to 
one leading authority, maternal toxicity should be the 
primary reason for initiating lead chelation during 
pregnancy.'® Calcium ethylenediaminetetraacetic acid 
(EDTA) has been used with some success in the later 
stages of third-trimester pregnancy.!!*!!” In one case, a 
maternal blood level of 86 Ug/dL was documented and 
the mother was given a 3-day chelation course of calcium 
EDTA. Eight days later, at delivery, her level had fallen to 
26 ug/dL, but the cord blood level remained elevated 
at 79 ug/dL.''” Based on this and other studies, it is 
unlikely that EDTA crosses the placenta and would there- 
fore be an ineffective fetal chelator.'* EDTA chelates 
calcium and zinc and is a known teratogenic agent when 
administered in pregnant rats. In two case reports, 
pregnant women received EDTA, 2 g/day intravenously 
and 75mg/kg/day intravenously, respectively. Both 
mothers delivered a normal fetus post-therapy.'*! 

Since intramuscular dimercaprol or bronchoalveolar 
lavage (BAL) penetrates into the central nervous system 
tissues, it theoretically should cross into fetal tissues, 
although little data exist describing its use in pregnant 
humans with lead poisoning. However, this drug may be 
of limited value in the pregnant patient due to its known 
adverse side effects such as hypertension, febrile 
reactions, tachycardia, and nephrotoxicity. BAL is known 
to cause skeletal abnormalities in mice at doses greater 
than 125 mg/kg/day when given subcutaneously. 
Newborn infants have required continued chelation 
therapy with calcium EDTA or dimercaprol weeks after 
delivery since lead levels have been noted to rebound.!!5!"7 
This demonstrates that a short intrauterine course of 
chelation therapy with these agents may not be adequate 
to fully treat congenital lead toxicity. 

The newer oral lead chelator, dimercaptosuccinic acid 
(DMSA, succimer), is structurally related to BAL with less 
severe side effects and may be the treatment of choice 
for maternal lead toxicity.'* Animal studies have docu- 
mented that DMSA is not toxic to fetal development.'*? 
In one investigation, DMSA was administered to preg- 
nant rodents. On day 20 of gestation, no gross external 
abnormalities, visceral/skeletal abnormalities, or terato- 
genicity at any dosage level was noted in the fetal rats.'*° 

DMSA has been shown to cause prenatal deaths, 
reduction in body weight, soft tissue abnormalities, and 
skeletal anomalies in mice when administered subcu- 
taneously at dosages greater than 410 mg/kg/day. The 
no observed effect level of fetal-maternal toxicity after 
oral DMSA is less than 100 mg/kg/day, and no 
teratogenicity has been seen at levels greater than 
1000 mg/kg/day.!** Because DMSA has not been studied 





in humans in controlled trials, it is category C in preg- 
nancy. It has been used during pregnancy at the 
maximum human dose of 30 mg/kg/day without 
fetal abnormalities. Nevertheless, in one case report the 
blood lead level remained essentially unchanged from 
44.0 ug/dL to 43.9 ug/dL after 18 days of chelation.'** 

Penicillamine has been found to be a teratogen in 
both humans and animals. It has been implicated as the 
cause of congenital connective tissue and other abnor- 
malities in neonates born from women chelated during 
pregnancy for cystinuria, rheumatoid arthritis, and 
Wilson’s disease. The dosage used in pregnant women is 
0.25 to 0.50 g/day. Because safer chelators such as DMSA 
are available, penicillamine should be avoided when 
chelating the pregnant patient.!*° 

It is unknown if chelation during pregnancy is 
effective at decreasing the fetal or maternal body lead 
burden, or improving the outcome of the fetus exposed 
to lead. The small amount of data on the risk of chelators 
to the fetus and the mother is provided in animal studies 
and human case reports. !°° In the literature, a few case 
reports have documented maternal chelation therapy for 
lead poisoning during pregnancy. The chelators used 
were EDTA, BAL, and DMSA. After birth, the blood lead 
levels were consistently higher in the neonate than the 
mother. None of these children were born with birth 
defects.'*° At this time, nutritional supplementation along 
with analysis of the risk versus benefit of a chelation 
agent appears to be a sound approach for treatment of 
gestational lead poisoning. 

Nutritional supplementation is a safe adjunct for 
treatment of lead toxicity. Many lead-toxic patients are 
deficient in iron, zinc, and calcium. Women taking iron 
and folic acid have been found to have lower lead levels 
than matched cohorts.'°° Alcohol and tobacco use have 
been found to correlate with higher lead levels, so 
abstinence from their use has multiple benefits. 

In a pregnant patient exhibiting signs of acute lead 
intoxication with encephalopathy, admission is rec- 
ommended with institution of chelation therapy and 
close fetal monitoring. When the blood lead levels are 
elevated yet the mother is asymptomatic, removal from 
the source is essential with monitoring of serial levels and 
possible institution of outpatient chelation therapy. If 
maternal toxicity is documented at any time during the 
prenatal period, the newborn should be monitored for 
initial and rebounding lead levels. 


ORGANOPHOSPHATES 


Insecticide ingestions are uncommon in pregnancy 
per se, but these chemicals are widely available to an 
expectant mother with suicidal intentions. Pregnant 
women may also be occupationally or environmentally 
exposed to pesticides (organophosphate, carbamates, and 
pyrethrins). A study of an Ontario farm population!*’ 
exposed to a variety of pesticides found that the timing 
of the exposure during gestation could predict the 
toxicity of a pesticide, including organophosphates. 
There is a significant risk for morbidity and mortality in 
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the mother and the fetus exposed to organophosphates, 
but the relationship between chronic exposure and risk 
for effects is still uncertain. 

A case report documented the use of an organophos- 
phate in conjunction with substance abuse. Because of 
“street knowledge” that lowering one’s cholinesterase 
activity may prolong the euphoric effects of cocaine, a 
nearly full-term pregnant woman took an organophos- 
phate with her cocaine and presented in both cholin- 
ergic and sympathomimetic crisis.'°* In general, acute 
organophosphate poisoning can present with maternal 
cholinergic crisis (diarrhea, urination, miosis, bradycardia, 
bronchosecretions, emesis, lacrimation, and salivation) 
along with nicotinic symptoms of central nervous system 
depression and muscle fasciculations.'°? 

Access of terrorists to chemical weapons opens the 
possibility of pregnant women being exposed to “nerve 
gas” agents like sarin, soman, tabun, and VX. All of these 
agents inhibit acetylcholinesterase, causing cholinergic 
signs of toxicity such as bronchospasm, bradycardia, 
bronchorrhea, salivation, lacrimation, urinary and fecal 
incontinence, abdominal pain, and miosis. They may 
also cause nicotinic signs because of inhibition of the 
metabolism of acetylcholine at these receptors. Nicotinic 
symptoms include tachycardia, hypertension, muscle 
fasciculations, weakness, and mydriasis. In 1995 a 
Japanese terrorist group released sarin gas into a subway 
system. Five toxic pregnant women were treated with 
atropine only. No fetal malformations were reported 
1 month and 1 year after the attack.'40'*! 

There exist little data accounting for the transplacental 
passage of specific organophosphate compounds.!*!* 
Fetal organophosphate levels have been detected on 
autopsy of fatalities from organophosphate poisoning.'” 
In a case report describing both maternal and fetal fatali- 
ties from an organophosphate ingestion, the investigators 
documented fetal levels of the insecticide on autopsy, 
indicating that these agents cross the placental barrier.'*° 
Regarding cholinesterase enzyme levels, studies have 
noted 50% to 70% decreases in activity of red blood cell 
cholinesterase in normal neonatal plasma.'**+'* This 
would intuitively make the fetus more susceptible to the 
effects of anticholinesterase insecticides.'® 

As with any organophosphate poisoning, the mother 
should be managed with gastric and skin decontamination 
when indicated, along with aggressive airway control to 
maintain adequate maternal and fetal oxygenation. 
There have been cases where organophosphate poisonings 
in second- and third-trimester pregnancy have been 
successfully treated with appropriate doses of atropine 
for the cholinergic effects and pralidoxime (2-PAM) for 
the nicotinic manifestations.!*° In two of the cases, both 
women delivered normal, full-term infants. In one 
investigation using a chick embryo model, supplemental 
use of oxime cholinesterase reactivators such as 2-PAM 
reduced the incidence and severity of developmental 
defects to specific organophosphate teratogens such as 
parathion and dicrotophos (bidrin). The protective 
effect noted was dose related.!“” 

Another case report described a woman at 35 weeks’ 
gestation who presented with an unknown overdose in 


cholinergic crisis.'** Organophosphate toxicity was 
presumed and confirmed by markedly depressed serum 
and erythrocyte cholinesterase levels. Moderate doses of 
atropine in the mother demonstrated maternal improve- 
ment, but profound fetal tachycardia forced the treating 
physicians to stop the infusion, resulting in worsening of 
the mother’s condition. An emergent cesarean section 
was performed, with the delivery of a hypotonic infant 
with low Apgar scores. The mother went on to require 
8 days of assisted ventilation and 11 days of atropine 
infusion. The newborn required mechanical ventilation 
for 2 days and atropine therapy for 8 days. Neither 
patient received 2-PAM. Compared with the baby, it took 
longer for the mother’s cholinesterase activity to recover 
to normal. Interestingly, the mother presented with 
more serious symptoms of poisoning requiring doses of 
atropine that proved toxic or intolerable to the fetus. 
However, it is difficult to ascribe the cause of the fetal 
distress based on this one case. Several factors may have 
contributed to both maternal and fetal distress, such as 
fetal hypoxia secondary to maternal respiratory distress 
or the direct transplacental fetal action of the atropine. 
The atropine serum level in the fetus is half the maternal 
level in 20 minutes in early pregnancy. In late pregnancy, 
fetal serum atropine reaches 93% of the maternal level 
in 5 minutes.'*° 

Any pregnant patient with an organophosphate 
poisoning manifesting acute cholinergic or nicotinic 
manifestations should be managed in an intensive care 
setting with close maternal-fetal monitoring and appro- 
priate doses of atropine and 2-PAM.'*” Additionally, it 
may prove efficacious to deliver a mature or full-term 
fetus in distress for initiation of extrauterine therapy.!® 


CONCLUSION 


Pregnant women have significant risk for toxic exposures 
and may present as a diagnostic and therapeutic 
dilemma. Unfortunately, few adequate or well-controlled 
studies are available in the medical literature regarding 
treatment guidelines for the poisoned obstetric patient. 
The most critical issue in managing the pregnant patient 
suffering from any toxin is the stabilization and 
treatment of the mother, since this will have a beneficial 
effect on maternal and fetal outcome. If questions arise 
concerning potential toxins and exposure to the 
pregnant patient, regional poison control centers and 
teratogen resources are available. 
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1 3 Toxicologic Issues in the Neonate 


JAMES G. LINAKIS, PHD, MD m SARA SKARBEK-BOROWSKA, MD 


INTRODUCTION AND EPIDEMIOLOGY 


In the past few decades, technology has advanced to such 
a degree that premature and critically ill neonates, who 
would have previously had no hope for survival, can be 
saved, often with remarkably good outcomes. With the 
advent of neonatal intensive care facilities, aggressive 
pharmacologic intervention has become the norm. Not 
surprisingly, the increasing use of potent pharma- 
ceuticals in neonates has increased the likelihood of 
adverse drug reactions occurring in this age group. 
During the past 50 years, this has been demonstrated on 
several occasions. In 1956, an increased incidence of 
kernicterus and associated mortality were reported in 
premature infants receiving a sulfonamide antibiotic.! 
In 1959, high-dose chloramphenicol was implicated in 
the cardiovascular collapse of three neonates.* Similar 
outbreaks have been associated with the use of benzyl 
alcohol as a preservative in bacteriostatic saline’ and 
intravenous O-tocopherol*® in newborns. In addition, 
the escalating ubiquity of toxins in everyday life has also 
placed the neonate at risk for inadvertent exposure to 
environmental toxins. 

This chapter reviews the current understanding of the 
pathophysiology of certain toxic reactions in the neonate 
and discusses those toxins that are most commonly 
responsible for neonatal toxic emergencies. It is not a 
comprehensive summary of all the toxic drug reactions 
reported in neonates. A more complete listing of 
neonatal drug toxicity is shown in Table 18-1. 

Neonatal toxicology is not a simple extension of the 
established knowledge of clinical toxicology as it pertains 
to other patient groups. The physiology of the newborn 
is unique, and organs that play an important role in 
susceptibility to and moderation of toxic reactions, such 
as the liver and kidney, are immature in their function. 
As a result, the manner in which the neonate handles 
a toxic exposure is frequently quite different from the 
response of an older child or adult. A working 
knowledge of neonatal physiology and pharmacokinetic 
differences from older children and adults is essential for 
understanding neonatal drug toxicity. 


RELEVANT ANATOMY, PHYSIOLOGY, 
AND PHARMACOLOGY 


Neonatal Pharmacokinetics 


Pharmacokinetics describes the various processes through 
which drugs are absorbed, distributed, metabolized, 
and/or excreted. Several of these processes are markedly 
different in the neonate than in the adult or even the 
older child (Table 18-2). In many cases, the peculiarity of 


these processes in the neonate predisposes to the 
development of toxicity. This, combined with the fact that 
many infants in the neonatal intensive care unit suffer 
from diseases that may also alter the disposition of 
medications, places these infants at high risk for drug 
toxicity.’ 


ABSORPTION 

Drug absorption differences in the neonate enhance 
neonates’ susceptibility to toxicity. The neonate has a 
higher gastric pH due to decreased gastric acid 
secretion. Since gastrointestinal absorption of many 
drugs is pH dependent, the continuous changes that 
occur in gastric pH from birth through the second year 
of life complicate predictions of drug absorption.’® In 
addition, the more alkaline gastric environment of infants 
coupled with their lack of mature mucosal immunologic 
defenses allows growth of Clostridium botulinum and 
makes them susceptible to botulism (see Chapter 26). As 
compared with older patient groups, gastric emptying is 
slower in the neonate and infant. Thus, absorption of 
drugs may be delayed considerably, leading to a delay in 
the time to peak serum concentration and a decrease in 
peak serum concentration. If these factors are not taken 
into account when initially dosing medications in the 
neonate, supplemental dosing may be necessary with the 
consequent increase in potential toxicity. 

Absorption of drugs administered by the intramus- 
cular route is also altered in the neonate. Since the 
relative blood flow of the various muscle groups changes 
dramatically, particularly in the first 2 weeks of postnatal 
life, and muscle activity may also undergo alterations, 
intramuscular administration of medications may 
produce inconsistent and unreliable absorption in both 
premature and full-term infants.” 

Transdermal absorption of drugs may also lead to 
toxicity in the neonate. The comparatively reduced 
thickness of the stratum corneum, particularly in the 
premature infant, permits more effective absorption by 
the cutaneous route.” Indeed, the literature contains 
several reports of toxicity in neonates resulting from 
percutaneous absorption (see Dermatologic Exposures 
below) 1°! 


DISTRIBUTION 

Drug distribution varies considerably in the neonatal 
period from that which occurs in later life. The 
differences are due largely to age-related variations in 
protein binding, body fat, and total body water.®” 
Overall, protein binding of drugs is reduced and body fat 
and total body water are increased in the neonate. This 
may result in an increase in the apparent volume of 
distribution of drug and consequent increase in the 
elimination half-life of the drug. Furthermore, the 
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POISONING IN SPECIAL POPULATIONS 


Commonly Used Drugs and Their Potential Toxicity in Neonates 


DRUG 


Amikacin 
Aminophylline 
Amoxicillin 
Ampicillin 
Atropine sulfate 


Belladonna, tincture of 


Bicarbonate 
Caffeine citrate 
Calcium gluconate 
Carbenicillin 
Cephalothin 


Cefazolin 


Chloral hydrate 
Chloramphenicol 


Chlorothiazide 
Cholestyramine 
Diazepam 


Diazoxide 
Digoxin 
Epinephrine 
Furosemide 


Gentamicin 
Glucagon 
Hydralazine HCl 
Indomethacin 


Isoproterenol 
Kanamycin 
Lidocaine HCl 
Magnesium sulfate 
Mannitol 
Moxalactam 
Naloxone HCI 
Nitroprusside 
Oxacillin 
Paraldehyde 
Phenobarbital 
Phenytoin 
Prostigmine 


Streptomycin sulfate 


Thorazine 
Ticarcillin 
Tobramycin sulfate 
Vancomycin 


TOXICITY 


Nephrotoxicity, ototoxicity 

Tachycardia, abdominal distention, GI hemorrhage, jitteriness, or seizures 

Nephrotoxicity, vitamin K depletion, distal renal tubular acidosis 

Rare; increased, transaminase; eosinophilia; irritability 

Tachycardia, urine retention, hyperthermia 

Hyperthermia, dry secretions, flushing 

Transient hyperosmolarity, alkalosis, hypernatremia 

Tachycardia, seizures, abdominal distention 

Bradycardia, sloughing and calcification with IV infiltration; potentiates digitalis effect 

Hypernatremia, sloughing with IV infiltration; transaminase elevation, platelet dysfunction 

Nephrotoxicity, neutropenia, false-positive Coombs’ test results, allergic rash, poor passage 
through blood-brain barrier 

Neutropenia, thrombocytopenia, false-positive Coombs’ test results, transient transaminase 
elevation 

Gastric irritation, paradoxic excitement 

May cause “gray baby syndrome” with toxic level; potentiates phenytoin effect, reversible bone 
marrow depression 

Hyperglycemia, hypokalemia, hyponatremia, alkalosis 

Steatorrhea, GI dysfunction, malabsorption of fat-soluble vitamins; metabolic acidosis 

Sodium benzoate diluent, competes with bilirubin for albumin binding sites; respiratory 
depression, hypotension 

Hypotension, hyperglycemia, sodium and water retention 

Bradycardia, vomiting, arrhythmias, poor feeding 

Tachycardia, arrhythmia 

Hypokalemia, hyponatremia, hypochloremia, alkalosis, dehydration, ototoxicity with 
aminoglycosides, renal calcifications; enhances nephrotoxicity of cephaloridine 

Nephrotoxicity, ototoxicity 

Rebound hyperglycemia 

May cause hypotension or tachycardia 

Transient renal and liver dysfunction, decreased platelet aggregation, hyponatremia, 
hypoglycemia 

Marked inotropic effect, hypotension, arrhythmia 

Nephrotoxicity, ototoxicity 

Hypotension, seizures, respiratory arrest, asystole 

Hypotension, CNS depression 

Rebound edema and/or circulatory overload 

Thrombocytopenia, platelet dysfunction, hypothrombinemia 

Tachycardia, hypertension, tremors, seizures 

Hypotension, tachyphylaxis, thiocyanate toxicity with long-term use 

Penicillin sensitivity, nephrotoxicity 

Cardiopulmonary depression, CNS depression, pulmonary edema 

CNS depression with respiratory arrest with overdose 

Bone marrow depression, nystagmus 

Respiratory failure, cardiovascular collapse 

Nephrotoxicity, ototoxicity, cardiovascular collapse 

Hypotension, hypothermia rare, liver disease and bone marrow depression 

Bleeding problems, hypernatremia 

Nephrotoxicity, ototoxicity 

Nephrotoxicity, ototoxicity, histamine-like response 


GI, gastrointestinal; IV, intravenous; CNS, central nervous system. 
Modified from Harper RG, Jing JY: Handbook of Neonatology, 2nd ed. Chicago, Year Book Medical Publishers, 1987. 





reduction in protein binding may result in an increased 
concentration of free (unbound, and therefore, active) 
drug with a potentially augmented pharmacologic 
response for a given drug concentration in the plasma. 
For a premature infant, the body fat may be much lower, 
complicating the pharmacokinetic estimates further. 


METABOLISM 

Neonates have a decreased capacity to metabolize drugs 
in the liver. The activity of the enzymes that catalyze the 
nonsynthetic, phase I metabolic functions of the liver 


(e.g., cytochrome P-450-dependent mixed-function 
oxidases) is markedly lower than that of adults. 
Postnatally, these systems appear to mature at varying 
rates, and several may increase to levels greater than 
those observed in adults by a few months of age. The 
synthetic, phase II reactions are also thought to be 
reduced at birth and to evolve more slowly (often over 
several years) postnatally. 

Renal clearance of drugs is also reduced in the 
neonate. Consequently, renally excreted drugs such as 
the aminoglycoside antibiotics will have significantly 
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Differences in Specific Pharmacokinetic Processes Between the Neonate and Adult 


NEONATE 


VARIABLE 


Absorption 


Stomach acidity 
Gastric emptying time 
Gastrointestinal motility 


Percutaneous absorption Increased in neonate 


Premature: pH, 4.7; Full-term: pH, 2.3-3.6 
Prolonged; depends on maturity and gestational age 
Irregular and unpredictable 


ADULT 


pH, 1.4-2.0 
Adult levels at about 6 mo 


Distribution 

Fat content Premature: 3%-12%; Full-term: 12% 18% 
Skeletal muscle content 25% 43% 
Extracellular water 60% 20% 
Total body water 75% 50% 


Plasma protein binding 


Metabolism 


Microsomal tissue 
NADPH-cytochrome c reductase 
Cytochrome P-450 
Glucuronidation 


26 mg/g of liver 
49% of adult activity 


Low at birth 


Excretion 


Glomerular filtration rate 
Full-term: 2—4 mL/min 
Tubular secretion 


Decreased binding due to decreased plasma proteins 


25%-50% of adult activity 


Premature: 0.7-2 mL/min 


20%-30% of adult function 


Adult levels at about 1 yr 


35 mg/g of liver 


Adult level at 3 yr 


130 mL/min 


Adult level at 5-7 mo 


From Warner A: Drug use in the neonate: interrelationships of pharmacokinetics, toxicity, and biochemical maturity. Clin Chem 1986;32:722. 





prolonged elimination and greater potential for 
producing toxicity. Furthermore, the various renal 
functions (e.g., glomerular filtration, tubular secretion, 
etc.) appear to develop at different rates.®!4 


TREATMENT PRINCIPLES 


Toxic Exposures through Breast Milk 


Although breast milk offers a nearly ideal source of 
nutrients for the newborn, there is now considerable 
evidence that, under certain circumstances, human milk 
may also become a route of exposure to potentially toxic 
substances.! Neubert has listed three circumstances by 
which “undesired chemicals” might be transferred to a 
neonate via the mother’s milk: (1) when the nursing 
mother uses particular medications, (2) when the 
nursing mother uses “recreational” drugs or drugs of 
abuse, and (3) when certain environmental toxins have 
been stored within maternal adipose tissue.'® 

There are a number of routes by which toxins might 
be transported into breast milk from maternal tissues. 
According to Berlin, the most probable of these are 
transcellular diffusion, intercellular diffusion, passive 
diffusion, and ionophore diffusion.!’ Because diffusion 
represents the primary mechanism by which drugs enter 
breast milk, factors such as pH, pK,, protein binding, and 
lipid solubility of the substance will play an important 
role in the final concentration of the drug or toxin in 
breast milk. 

For most substances, the concentration of the drug or 
toxin in breast milk is considerably lower than in the 


maternal serum!® (Table 18-3). However, some med- 


ications have been shown to be concentrated in breast 
milk above the concentration in maternal serum. These 
include iodine 131, propylthiouracil, erythromycin, and 
gentamicin.!® 

In addition to medications, several environmental 
substances have been found to accumulate in breast 
milk. Indeed, there has been increasing concern that for 
lipophilic toxins such as the organochlorine insecticides, 
polychlorinated biphenyls, and polybrominated biphenyls, 
milk may be the only significant path of elimination from 
the human body.'” Due to significant exposure variability 
and uncertainty about the the degree of toxicity pro- 
duced by these substances, it has been suggested that breast 
milk should be tested prior to the initiation of breast- 
feeding for women exposed to these substances.’ 

Box 18-1 lists a number of maternal drug and environ- 
mental agent exposures that are thought to be contra- 
indications to breast-feeding. 


Toxic Effects of Maternal Drug 
Dependence 


The maternal use and abuse of drugs during pregnancy 
may have lasting implications for the neonate. For 
instance, the fetal alcohol syndrome that results from 
maternal prenatal alcohol abuse has been well docu- 
mented.“ The fetal alcohol syndrome is characterized by 
growth retardation, mental retardation, and facial 
dysmorphogenesis (i.e., microcephaly, short palpebral 
fissures, epicanthal folds, maxillary hypoplasia, cleft 
palate, hypoplastic philtrum, and micrognathia). In 
addition to teratogenic effects, the maternal use of 
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BOX 18-1 


Antimetabolites (cancer 
chemotherapy drugs, including 
amethopterin, cyclophospha- 
mide, doxorubicin, and 
methotrexate) 

Androgens (e.g., testosterone) 

Bromides (high dose)* 

Bromocriptine’ 

Chloramphenicol 

Cimetidine* 

Clemastine” 

Cocaine 

Ergot alkaloid (high dose) 

Gold salt 

Heroin 

Indomethacin” 

lodides 

Lead (if mother intoxicated) 


Marijuana? 

Mercury, methylmercury§ 
Methimazole* 
Metronidazole 

Nalidixic acid 
Nitrofurantoin 
Phencyclidine (PCP)* 
Phenelzine’ 

Phenindione* 

Pesticides® 

Polybrominated biphenyls® 
Polychlorinated biphenyls$ 
Polychlorinated terphenyls$ 
Radiopharmaceuticals 
Strontium 89, strontium 90$ 
Sulfonamides (for neonates) 
Tetrachloroethylene® 
Thiouracil* 
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Lithium 


*Although use of these agents during nursing should not result in excessive 
infant exposure (at usual doses), alternative therapeutic agents exist that do 
not share the same risk of serious adverse effects or case reports of adverse 
occurrences. 

tMay suppress lactation. 

*Use of these substances as drugs of abuse results in uncontrolled infant 
exposure because of unknown quality and purity of street drugs. Abstinence 
should be encouraged. 

‘Testing of milk indicated if mother is known to be exposed in excess to 
environmental chemicals for which infant sensitivity is not defined. 





numerous drugs during pregnancy has been found to 
result in neonatal abstinence syndromes, and, occasion- 
ally, to long-term neurodevelopmental effects. Opiates, 
cocaine, barbiturates, benzodiazepines, phencyclidine, 
and selective serotonin reuptake inhibitors (SSRIs) have 
all been associated with neonatal withdrawal symptoms. 
Because of the large number of users, opiates and 
cocaine represent the largest contributors to neonatal 
toxicity resulting from in utero exposure. 


OPIOIDS 

An estimated 10,000 women who are addicted to opioids 
give birth each year.” Of these neonates, as many as 90% 
may show evidence of opioid withdrawal. Methadone 
and heroin represent the most commonly implicated 
opiates, although chronic use of virtually all opioids risks 
perinatal addiction, including codeine-containing cough 
preparations. 

The time of abstinence syndrome onset is related to 
the half-life of the narcotic, such that drugs with shorter 
elimination half-lives will have more rapid onset of 
symptoms. Withdrawal symptoms are commonly first 
noted between 24 and 72 hours after delivery in heroin- 
addicted neonates, dissipating within about 2 weeks. For 
methadone-addicted infants, withdrawal symptoms 
typically begin between 3 and 7 days after birth, but delay 


of symptoms for as long as 32 days postpartum has been 
reported.** Signs of neonatal opioid withdrawal include 
irritability, hypertonia, tremors, tachypnea, tachycardia, 
high-pitched cry, diarrhea, yawning, sneezing, nasal 
congestion, poor feeding, and occasionally low-grade 
fever and vomiting. In rare instances, seizures have been 
reported. Jitteriness and hypertonicity may persist for 
several months postpartum. 

Early diagnosis of neonatal abstinence syndromes is 
important not only for determining the need for 
pharmacologic intervention, but also so that appropriate 
steps can be taken to institute proper monitoring and 
social services. Opiate-addicted neonates are more com- 
monly born prematurely and are small for gestational 
age. Monitoring and supportive care must be directed at 
the provision of ample fluid and calories as well as at the 
correction of possible hypoglycemia, polycythemia, and 
other problems ensuing from prematurity. 

Determination of the need for pharmacologic inter- 
vention in the neonate undergoing opiate withdrawal is 
frequently a difficult process. Many nurseries use scoring 
systems similar to those suggested by Kahn and 
colleagues” to dictate therapeutic interventions. In that 
system, newborns with grade I (symptoms that are mild 
but obviously abnormal) and grade II (the neonate is 
symptomatic only when disturbed) effects are treated 
nonpharmacologically with environmental interventions 
such as gentle handling, demand feeding, and 
swaddling. The newborn who is symptomatic even when 
undisturbed (grade III) is eligible for pharmacologic 
intervention. These infants typically manifest constant 
crying, significant diarrhea or tremors, and poor 
feeding. 

There are presently several pharmacologic agents 
used for the management of opioid withdrawal in 
neonates.** The more common regimens are listed in 
Table 18-5. When pharmacologic intervention is required, 
medication is started at the smallest recommended dose 
and titrated upward as required to achieve the desired 
level of well-being in the neonate. Once the infant has 
been asymptomatic for 2 to 3 days, the drug dose is 
tapered, first by lowering the dose, and subsequently by 
increasing the dosing interval. This process is continued 
every 2 to 3 days until symptoms of withdrawal have been 
completely ameliorated. The total duration of treatment 
is dependent on a number of factors, including the 
specific opioid to which the mother is addicted, the 
severity of maternal addiction, and the medication used 
for treating withdrawal in the neonate. 


COCAINE 

Cocaine readily crosses the placenta and the blood-brain 
barrier. Its use prenatally has been associated with 
preterm labor and delivery, strokes, abruptio placentae, 
and poor fetal growth.** Intrauterine cocaine exposure 
has been associated with several postnatal neurobehavioral 
abnormalities as measured by the Neonatal Behavioral 
Assessment Scale.” These abnormalities include altered 
interactive behavior in the cocaine-exposed neonate and 
an abnormal response to environmental stimuli.*° 
Hypertonia and coarse tremor have been described 
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Medications Used to Treat Neonatal Opiate Withdrawal 





DRUG DOSE 


Paregoric 0.05-0.1 mL/kg per dose, PO 

Tincture of opium, USP 
(diluted 25-fold) 

Phenobarbital 


0.05-0.1 mL/kg per dose, PO 

1-2 mg/kg per dose, PO or IM 
Chlorpromazine 0.4-0.7 mg/kg per dose, IM or 
Clonidine ar ug/kg per dose, PO 


CNS, central nervous system; IM, intramuscularly; PO, orally. 


DOSING INTERVAL COMMENTS 

q4h Constituents can cause local mucosal 
irritation and CNS stimulation 

q4th No irritating CNS stimulating 
constituents 

q6h Dose not control diarrhea, may result 
in poor suck 

q6h May cause extrapyramidal symptoms 

q6h Experience is limited in neonates 





postnatally.” In addition, these infants may manifest a 
syndrome composed of jitteriness, sleep difficulties, poor 
suck, and behavioral lability. There is disagreement as 
to the extent that these abnormal behaviors represent 
an abstinence syndrome versus a direct effect of 
cocaine.**°? Lester and colleagues have suggested that 
many of the observed cocaine effects can be categorized 
into two neurobehavioral syndromes, excitable and 
depressed.*! They suggest that these two syndromes are 
the result of direct neurotoxic (excitable) effects of 
cocaine and indirect or consequent (depressed) effects, 
such as poor fetal growth. Evidence exists that cocaine 
metabolites, which can continue to be eliminated for 
more than a week in the neonate, may additionally con- 
tribute to the neonatal cocaine withdrawal syndrome.” 
Fortunately, postnatal effects of intrauterine cocaine 
exposure infrequently require pharmacologic intervention. 

Cocaine also readily passes into breast milk, and 
maternal use of cocaine in the breast-fed infant has been 
reported to result in signs and symptoms of cocaine 
intoxication, including tachycardia, hypertension, 
irritability, and tremulousness.*® 


SELECTIVE SEROTONIN REUPTAKE INHIBITORS 

SSRIs are commonly used in the treatment of depres- 
sion, panic disorder, and obsessive-compulsive disorder. 
While in utero exposure to SSRIs does not appear to 
increase the risk for major fetal malformations,**** 
exposure to these agents in the third trimester of 
pregnancy has been associated with a higher rate of 
neonatal complications, including a neonatal withdrawal 
syndrome.*33537 


Toxic Environmental Exposures in the 
Neonate 


HEAVY METALS 

Although acute neonatal exposure to heavy metals is 
rare, such exposures have been reported for both lead 
and mercury. A more common mechanism for heavy 
metal intoxication in the neonate is from prenatal 
placental transfer of the metal. This has been reported 
for a number of heavy metals including lead, mercury, 
and cadmium.***? Mercury and lead are also secreted 
into the breast milk of exposed mothers."° 


Until recently, it was believed that the consequences 
of prenatal exposure to lead were primarily limited to an 
increased risk for minor anomalies.®*! Cases have now 
been reported of serious neurodevelopmental injury 
postnatally in infants whose mothers had high blood lead 
levels during pregnancy (see Chapter 73).*-* Further- 
more, there is also significant evidence that low-level 
fetal lead exposure (maternal levels less than or equal to 
25 ug/dL) may lead to mild developmental delay for at 
least the first few years of life.“* Although this delay 
appears to be reversible for many by school age, it is not 
yet clear whether this is universally true. It is known that 
infants of mothers with the potential for high-level 
exposures are at greatest risk. These include pregnant 
women residing near industrial point sources of lead 
(e.g., smelters), women with lead-related hobbies (e.g., 
manufacture of jewelry, stained glass, fishing sinkers), 
and those involved in construction, particularly the 
rehabilitation of older, lead-based paint—containing 
dwellings. Chelation therapy for maternal lead poisoning 
during pregnancy is controversial partly because of the 
apparent teratogenic potential of such therapy.” 
Similarly, the blood lead level at which a newborn should 
be chelated is also undecided, although most authorities 
agree that chelation is appropriate for levels greater than 
40 to 45 pg/dL, with some recommending chelation at 
even lower levels.*°*” Further discussion of the treatment 
of lead poisoning can be found in Chapter 73. 

Mercury also readily crosses the placental barrier, 
particularly organic mercury compounds, such as 
methylmercury. There have been numerous reported 
cases of fetal toxicity secondary to maternal exposure to 
methylmercury (see Chapter 71).*° It is believed that all 
forms of mercury are capable of producing fetal toxicity, 
but that methylmercury is the most toxic. Of the reported 
cases of fetal mercury poisoning, most have been the 
result of maternal occupational exposure to mercury 
compounds or substantial ingestion of contaminated 
fish.® Two epidemics of methylmercury poisoning due to 
consumption of seafood contaminated by industrial 
waste occurred in Japan (Minamata Bay in 1956 and 
Niigata in 1965).°° Approximately 64 cases of infants with 
intrauterine methylmercury poisoning, 13 of which 
resulted in death, have been identified.°?! Clinical 
manifestations of methylmercury poisoning in these 
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infants included mental retardation, ataxia, dysarthria, 
abnormalities of posture, chorea, and other nonspecific 
neurologic findings.” 

Postnatal exposure to toxic doses of mercury is much 
less common, although reports of acrodynia in neonates 
occurred as early as the 1920s.°? In 1981, several hundred 
infants in Argentina were poisoned when their 
commercially laundered diapers were contaminated with 
mercury.°* Mercury thermometers in infant incubators 
have been shown to liberate unacceptably high levels of 
mercury vapor,** although few, if any, cases of serious 
toxicity from this source have been reported. The topical 
application of merbromin (mercurochrome [no longer 
manufactured in the United States]) to omphaloceles in 
neonates has resulted in mercury toxicity,°°>’ including 
several fatalities.°*°! Toxic exposure to mercury from 
breast-feeding has also been well documented, being 
responsible for an epidemic of methylmercury poisoning 
in Iraq in 1971 and 1972. In this incident, grain 
contaminated with methylmercury was used to make 
bread, and resulted in more than 6500 hospitalizations 
and over 450 deaths due to mercury poisoning. 
Numerous infants developed severe toxicity from breast 
milk exposure alone. Toxic manifestations included 
mental retardation; impaired motor, sensory, and auto- 
nomic function; delayed motor development; and pro- 
gressively worsening hyperreflexia in several infants.°* 
Other sources of mercury poisoning in infants have been 
reported®° but generally represent rare occurrences. 

In 1999, an initiative to remove thimerosal, a mercury- 
containing preservative, from all childhood vaccines was 
launched following the recognition that the exposure to 
ethylmercury from a single vaccination could exceed the 
Environmental Protection Agency’s guideline for 
maximum mercury exposure of 0.1 ug/kg/day.*” 

Results of the Tagum studies conducted in the 
Philippines suggest that fetal trapping of mercury occurs 
during pregnancy” and that prenatal mercury exposure 
may result in lower scores on neurodevelopmental 
screening tests at 2 years of age. 

Treatment of mercury poisoning depends on a 
number of factors, such as the duration of exposure and 
the form of mercury responsible for the poisoning 
(metallic, organic, inorganic). Management of mercury 
poisoning, particularly chelation therapy, is discussed in 
Chapter 71. 


HALOGENATED HYDROCARBONS 
Polychlorinated biphenyls (PCBs), dioxins, and furans 
have been postulated to produce a wide range of toxic 
effects (see Chapter 93). Due to their persistence in the 
environment and secretion in breast milk, these 
compounds have raised concerns as potential toxins to 
the neonate.”””? To date, however, there have been few, 
if any, reports of acute toxicity due to these substances in 
newborns. Toxic effects from these compounds are likely 
to occur only after chronic exposure. Studies are 
currently being conducted to determine whether such 
toxicity does occur in infancy.’*”° 

Concern has also been expressed about the potential 
toxicity of chlorinated hydrocarbon pesticides to neonates. 





These compounds, which include dichlorodiphenyl- 
tricholoroethane (DDT), have well-described toxicities, 
persist indefinitely in human tissues, and are secreted in 
the milk of exposed mothers. As with PCBs and dioxin, it 
is clear that neonates are being exposed to chlorinated 
hydrocarbon pesticides.” The consequences of such 
exposures, however, are presently unknown. Carbamate 
pesticides have also been shown to be transmitted 
transplacentally’® and could prove toxic to the fetus. 


latrogenic Poisoning In the Neonate 
DERMATOLOGIC EXPOSURES 


The newborn infant may be exposed to a large number 
of chemicals and drugs through topical exposure.!? Low- 
molecular-weight substances are particularly well absorbed, 
and the skin of the premature infant is especially 
vulnerable.” Over the past 100 years, there have been 
abundant accounts of toxicity caused by transcutaneous 
absorption of drugs and chemicals in the neonate. 
Exposure through contamination of diapers has led to 
outbreaks of methemoglobinemia due to the aniline 
dyes previously used to mark new cloth diapers.°°*! 

Hexachlorophene is a trichlorophenol antiseptic that 
was formerly used in nurseries to prevent Staphylococcus 
infections. Frequently, it was used for total-body bathing 
of newborns. However, after having been considered safe 
for nearly 20 years, hexachlorophene was implicated as 
the cause of central nervous system (CNS) depression, 
seizures, and death in several infants in France. A distinct 
histologic brain lesion was subsequently found to be 
present in both animal models of hexachlorophene 
poisoning and at autopsy in preterm infants regularly 
bathed in hexachlorophene solutions.'* Iodine has also 
been shown to be absorbed systemically when repeatedly 
administered topically in neonates, with reports of 
associated goiter and hypothyroidism.* 

Alcohols are also frequently used topically in 
newborns, primarily as antiseptic agents. Hemorrhagic 
necrosis of the skin in preterm infants who have been 
lying in alcohol-soaked bedding is well described.'? In 
addition, isopropyl alcohol has been reported to have 
systemic effects when used topically as part of umbilical 
cord care. Similarly, methanol poisoning leading to 
metabolic acidosis and visual changes has been reported 
after the use of topical methanol.* A cluster of six infant 
deaths that occurred in Egypt in 1999 was attributed to 
prolonged exposure to methanol (“red alcohol”) com- 
presses at vaccination injection sites.®° It is also believed 
that isopropyl alcohol can cause systemic toxicity when 
used for sponging for fever reduction, although toxicity 
is thought to occur from inhalation of the isopropyl 
vapor. A case of fatal inhalational isopropyl alcohol 
poisoning in a newborn infant following the accidental 
placement of 70% isopropyl alcohol in the humidifier of 
a ventilator has also been described.*” 

Adhesive tape remover pads, which often contain 
solvents such as methylchloroform, have been used in 
numerous intensive care nurseries. Although systemic 
toxicity has been rare, cases of toxic epidermal necrolysis 
associated with their use has occurred more frequently.°® 
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One study has shown that use of these pads produces 
detectable levels of methylchloroform in incubator air.® 

Topical corticosteroids have been associated with the 
development of Cushing’s syndrome in the neonate.” In 
addition, there is concern that extended administration 
may lead to depression of the hypothalamic-pituitary- 
adrenal axis. Under such circumstances, withdrawal of 
the topical steroid should occur slowly, by gradually 
tapering the dosage. 

Topical application of over-the-counter products 
containing camphor has resulted in seizures in a 
neonate”! and hepatotoxicity in a 2-month-old infant.” 
While ingestion is the most common route of toxic 
exposure, toxicity via percutaneous absorption and 
inhalation has been described.?* Camphor, which is used 
in a multitude of cold remedies (e.g., Vicks VapoRub, 
Vicks VapoSteam, Procter & Gamble, Cincinnati, OH) 
and in topical anesthetic preparations (e.g., Campho- 
phenique, Bayer Consumer Care, Morristown, NJ), may 
produce gastrointestinal and CNS toxicity as well as 
hepatotoxicity in overdose (see Chapter 99).%° 


METHEMOGLOBINEMIA 
Neonates are susceptible to the same methemoglobin- 
producing toxins as older children and adults (see 
Chapter 14). The risk of methemoglobinemia, however, 
is increased in neonates due to the immaturity of the 
methemoglobin reductase pathway in this population.” 
There is additional evidence that neonates may be more 
sensitive to the oxidizing effects of toxins than older age 
groups. The problem is further complicated by the high 
concentration of fetal hemoglobin in the neonate, which 
further restricts oxygen delivery to tissues. Toxin- 
induced methemoglobinemia has been reported after 
inhalational exposures to aniline vapors’? and nitric 
oxide,?*°98 as well as after administration of local 
anesthetic agents.°%"!° Since local anesthetics are known 
to cross the placenta, their use in the mother during 
labor and delivery may result in methemoglobinemia in 
the newborn infant.”™!®? Methemoglobinemia secondary 
to injection of local anesthetic agents in neonates has 
also been reported.'°?! Cases of methemoglobinemia 
related to the use of topical anesthetics, including EMLA 
(AstraZeneca LP, Wilmington, DE)%*!°! and benzo- 
caine,!!° have also been described. EMLA cream is a 
eutectic mixture of 2.5% lidocaine and 2.5% prilocaine. 
In its product insert, the manufacturer of EMLA 
recommends that it not be used in neonates younger 
than 37 weeks’ gestational age, in infants younger than 
12 months of age who are receiving treatment with 
methemoglobin-inducing agents, or in patients with con- 
genital or idiopathic methemoglobinemia. In addition to 
methemoglobinemia, intoxication with local anesthetics 
may result in hypotonia, bradycardia, apnea, and 
seizures (see Chapter 63).° 

Neonatal methemoglobinemia is relatively uncom- 
mon, but when it occurs its treatment must be under- 
taken with caution. It has been shown that the antidote, 
methylene blue, is toxic to the neonate at doses only 
slightly higher than those recommended to treat 
methemoglobinemia.'"! 


ALCOHOLS 

In addition to the transcutaneous and inhalational 
exposures discussed above, ethyl alcohol exposures 
occasionally occur in infants by accidental or intentional 
means and may result in severe intoxication (see Chapter 
31). Associated hypoglycemia may be particularly prob- 
lematic in this age group. Similarly, accidental admin- 
istration of methanol in infant formula has resulted in 
systemic toxicity.''* In the early 1980s, administration of 
intravascular flush solutions containing the preservative 
benzyl alcohol was noted to produce metabolic acidosis, 
gasping respirations, CNS depression, seizures, hypo- 
tension, renal failure, and occasionally death. This 
“gasping-baby syndrome” was attributed to large blood 
concentrations of benzyl alcohol and its metabolite, 
benzoic acid. In the neonate, immature hepatic metab- 
olism of benzoic acid leads to its bioaccumulation. 
Benzoic acid was also used as a preservative in a number 
of parenteral medications frequently administered in 
neonatal intensive care units.° Subsequently, use of intra- 
vascular fluids containing benzyl alcohol was discontinued 
in this setting. 


ANTIBIOTICS 

Antimicrobials are among the most commonly used 
medications in neonates and are frequently associated 
with adverse effects in this age group. Perhaps the best 
described of the antibiotic-induced toxicities is that 
produced by chloramphenicol. During the first 2 weeks 
of life, hepatic glucuronidation of chloramphenicol is 
significantly less than in later life. Consequently, 
chloramphenicol may bioaccumulate and lead to the 
“gray baby syndrome.” This syndrome is manifested by 
lethargy, abdominal distention, hypotension, hypoxemia, 
and acidosis.* Careful attention to dosing and monitoring 
of chloramphenicol drug levels will minimize this 
complication. When it occurs, exchange transfusion 
appears to be the treatment of choice.!!’ 

Several other antibiotics pose a potential threat to the 
newborn, particularly the premature infant. As noted 
earlier, sulfonamide therapy has been associated with an 
increased incidence of kernicterus! and tetracycline 
treatment with calcification disturbances. In addition, 
aminoglycoside antibiotics are associated with an 
augmented risk for nephrotoxicity and ototoxicity to the 
neonate. Although not unique to infants, neonates are at 
greater risk for these adverse events since they have 
impaired renal clearance of aminoglycosides, which 
results in a prolonged elimination half-life and increased 
risk for drug accumulation during treatment. 
Vancomycin administration has also been associated with 
adverse effects in neonates. Rash and shock occur most 
commonly,''* but cardiac arrest has also occurred in a 
neonate following rapid intravenous injection of 
vancomycin.!!* As with chloramphenicol, it appears that 
mindful attention to dose considerations and drug levels 
will generally prevent these toxic effects. 


ANTIFUNGALS 
Amphotericin B is frequently used for the treatment of 
systemic fungal infections in infants. Adverse effects 


CHAPTER 18 Toxicologic Issues in the Neonate 371 


associated with its use include nephrotoxicity, hepato- 
toxicity, leukopenia, thrombocytopenia, chills, and 
death.''® Cardiac toxicity, manifested as frequent 
premature ventricular contractions (PVCs), was reported 
in a 6-week-old full-term infant after receiving a 
cumulative dose of 8.5 mg/kg of amphotericin B. The 
PVCs ceased on discontinuation of therapy.!!” Two 
premature infants, who received a 50-fold overdose 
of amphotericin B, suffered cardiopulmonary collapse 
and death.'!® Another very-low-birth-weight infant, who 
received 50-fold overdosing for 3 days, survived.'!® The 
only adverse effect noted in this neonate was 
hypokalemia. 


ANTIRETROVIRALS 

Administering zidovudine (ZDV) antepartum and intra- 
partum to pregnant women with HIV disease and to the 
neonate for the first 6 weeks of life reduced the risk for 
maternal-infant HIV transmission by approximately two 
thirds in the Pediatric AIDS Clinical Trials Group 076 
study.'!? The only toxic effect noted among infants in the 
ZDV group was a significantly higher incidence of 
anemia. Hemoglobin values of neonates in the ZDV 
group and the placebo group were similar by 12 weeks of 
age. While the HIV transmission rate in the Agence 
Nationale de Recherches sur le SIDA 075 study was only 
1.6%, infants exposed to perinatal lamivudine-ZDV in 
this study had more adverse effects, including neu- 
tropenia, anemia, abnormal liver function tests, elevated 
lipase, and death in two children from neurologic 
complications related to mitochondrial dysfunction.'*° 
Additional cases of mitochondrial dysfunction associated 
with ZDV alone or in combination with lamivudine in 
the perinatal period have been reported.'*''** Severe 
lactic acidosis in an uninfected neonate who received 
prophylactic ZDV therapy has also been described.'** 


METHYLXANTHINES 

The methylxanthines (e.g., theophylline and caffeine) 
are commonly used for the treatment of apnea of 
prematurity. While theophylline is still extensively used, 
caffeine may emerge as the preferred pharmacologic 
agent due to its comparable therapeutic efficacy, longer 
half-life, fewer side effects, and wide therapeutic 
index.'** Disadvantages of theophylline administration 
include fluctuating plasma concentrations that require 
frequent monitoring and a low therapeutic index for the 
drug.'** In addition, theophylline is metabolized to 
caffeine by methylation, which may result in accumu- 
lation of caffeine in the neonate. Manifestations of 
methylxanthine toxicity generally include agitation, tachy- 
cardia, tachypnea, diuresis, hyponatremia, hypokalemia, 
metabolic acidosis, hyperglycemia, and seizures (see 
Chapter 65).'*° Other reported manifestations include 
jitteriness, vomiting, feeding intolerance, hypertonia, 
diaphoresis, opisthotonus, and tremors.!*+!%6127 Numerous 
cases of neonatal theophylline toxicity!**!*° and caffeine 
toxicity!?*127136-138 have been reported in the literature. 
Management of infants with methylxanthine intoxication 





should include fluid and electrolyte replacement as 
necessary and close monitoring of blood glucose. 
Dysrhythmias and seizures should be managed in the 
standard fashion. While most infants with methylxan- 
thine toxicity are managed with supportive care alone, 
selected cases of severe intoxication may require more 
invasive therapy. Although charcoal hemoperfusion is 
the recommended therapy for older children and adults, 
it has not been tested in infants for this indication. 
Hemodialysis is an effective and safer alternative to 
hemoperfusion but may be technically difficult to 
implement due to the small size and blood volume of 
certain neonates. Exchange transfusion has been utilized 
in the setting of both caffeine toxicity'*® and theo- 
phylline intoxication.'** The successful treatment of 
severe theophylline toxicity in a preterm neonate with 
hemodialysis'** and peritoneal dialysis!’ has also been 
described. In addition, three reports have suggested a 
role for the administration of activated charcoal.!8°!91189 


SEDATIVE-HYPNOTICS 
Chloral hydrate is a sedative-hypnotic agent that has 
been widely used in the past for conscious sedation of 
children and for maintenance sedation of ventilated 
infants. Use of this medication has decreased in recent 
years due to numerous reports of toxicity and death, 
including cases involving both preterm!*? and full-term 
infants.'*!!4° Manifestations of toxicity in the neonate 
include CNS depression, paradoxical excitation, dysrhyth- 
mias, hypotension, hyperbilirubinemia, renal failure, 
and apnea (see Chapter 34) .'*4 

Fentanyl is a potent opioid that is commonly used for 
sedation and analgesia in neonates. One well-described 
adverse effect is generalized muscle and/or chest wall 
rigidity. A number of cases of chest wall rigidity have 
been reported following low to moderate dose infusions 
of fentanyl in infants.!4°!*” Chest wall rigidity has also 
occurred in neonates following maternal fentanyl 
administration during cesarean section.'**!*9 Chest wall 
rigidity is treated with either an opiate antagonist (e.g., 
naloxone) or neuromuscular blockade.!*’ 


OPHTHALMIC DROPS 
Because of the risk for retinopathy of prematurity in low- 
birth-weight infants who have required oxygen therapy, 
frequent funduscopic examinations are often necessary. 
To facilitate these examinations, mydriatic and cyclo- 
plegic agents must be instilled into the infants’ eyes. The 
potential toxicities of these agents include hypertension, 
tachycardia, ventricular dysrhythmias, and subarachnoid 
hemorrhage.’”? Premature infants are especially sensitive 
to these side effects, and a fatal outcome has been 
reported.'°° Consequently, current recommendations 
are to dilate the eyes of infants with a single drop of 0.5% 
cyclopentolate, one drop of 2.5% phenylephrine, and one 
drop of 1% tropicamide. Further dilution to 1% phenyle- 
phrine and 0.2% cyclopentolate is recommended for 
premature infants. 

In addition to the commonly used mydriatic and 
cycloplegic agents, toxicity following topical adminis- 
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tration of an O% agonist for the treatment of glaucoma 
in infants has also been described.!°! Cases of CNS 
depression ranging from lethargy to coma in infants 
following a single drop of brimonidine tartrate 0.2% 
ophthalmic solution have been reported.!5115? Infants 
receiving brimonidine have also been noted to develop 
hypotonia, hypothermia, apnea, bradycardia, and 
hypotension.'?! The manufacturer currently recommends 
that this medication not be given to children younger 
than 2 years. 


Therapy for Neonatal Poisonings 


The priorities for management of the poisoned neonate 
are similar to those for patients of any age with a 
suspected poisoning: supportive care, decontamination, 
enhancement of elimination, and administration of any 
available antidote.'* Not surprisingly, little research has 
been conducted to examine the latter three issues in the 
newborn population. Supportive care is the first priority, 
and cardiorespiratory status of the infant should be 
considered particularly fragile in the face of a toxic 
insult. Once airway, breathing, and circulation have been 
stabilized, decontamination should be performed 
whenever acute exposures have occurred. The route of 
exposure determines the type of decontamination. 
Bathing may be the only decontamination required when 
topical exposure has occurred. After gastrointestinal 
exposure to toxins, decontamination must be carried out 
carefully due to the frailty of the neonate. Little data 
exist on the safety of syrup of ipecac in this age group; 
thus, its routine use cannot be advocated. Nasogastric 
tubes can be inserted in even the premature neonate 
with relative ease, although lavage should be conducted 
with normal saline rather than water, and in aliquots of 
approximately 15 to 25 mL to avoid fluid and electrolyte 
shifts. Furthermore, cathartics may represent a risk to 
the neonate’s osmotic balance and therefore should be 
avoided. The use of activated charcoal is somewhat 
controversial in the newborn because of the vulnerability 
of the infant’s gastrointestinal tract. Nevertheless, it has 
been used successfully in this age group.'’? Con- 
sequently, the use of activated charcoal may represent a 
viable treatment option under certain conditions. 

Enhancement of the elimination of toxins in neonates 
is also relatively untested. The use of forced diuresis, a 
technique more commonly used in older children and 
adults, may represent a serious risk to even the healthy 
neonate, since renal function is immature. Furthermore, 
when the infant has pulmonary or cardiac disease, the 
risks of this technique are obvious, and thus it is not 
commonly used. Similarly, hemodialysis and hemo- 
perfusion are technically complex in even full-term 
infants and can be carried out only in a few specialized 
centers. Exchange transfusion may be used for eliminating 
certain toxins in the neonate; it can be performed with 
relative ease. Its use is restricted to instances in which the 
toxin is primarily confined to the vascular space (low 
volume of distribution). This method of treatment is 
particularly attractive for severe cases of methemoglo- 
binemia and methylxanthine toxicity. 


CONCLUSION 


The physiologic and pharmacokinetic characteristics of 
neonates make them particularly vulnerable to 
poisoning. Toxic exposures in the neonate may be 
particularly difficult to diagnose, particularly since the 
signs and symptoms are frequently similar to those that 
occur with other neonatal ailments, such as sepsis or 
cardiac disease. While the incidence of toxic exposures is 
presumably low, it is imperative that all of those caring 
for newborns maintain a high index of suspicion for 
poisoning.''? Due to the possibility of accidental 
iatrogenic poisoning, a thorough review of administered 
medications should occur during the initial evaluation of 
all sick neonates. In instances when a toxic exposure is 
suspected, the clinical toxicologist must work in concert 
with the neonatologist or pediatrician, using his or her 
knowledge of the unique aspects of neonatal physiology to 
obtain a diagnosis and institute the appropriate therapy. 
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1 9 Toxicologic Issues in the Geriatric Patient 


WENDY KLEIN-SCHWARTZ, PHARMD, MPH 


INTRODUCTION AND EPIDEMIOLOGY 


The elderly are the fastest growing segment of the 
population of the United States. Twelve percent of the 
population is 65 years of age or older, and this figure is 
projected to almost double by the year 2040.’ Older 
adults are a heterogeneous group, with marked differ- 
ences in physiologic aging and disease states. With 
advancing age, pharmacodynamic and pharmacokinetic 
responses to drugs and toxins are altered, usually 
increasing susceptibility to toxicity.* Physiologic changes 
as well as concurrent diseases and medications have an 
impact on the ability of older adults to compensate for 
the physiologic stress of an overdose. 

Of 2,438,644 human exposure cases reported to the 
American Association of Poison Control Centers Toxic 
Exposure Surveillance System in 2004, only 115,232 
(4.7%) cases occurred in persons 60 years of age and 
older.’ Fatalities occur at a disproportionately high rate, 
with 157 of the 1183 fatalities (13.3%) occurring in persons 
60 years of age and older. Suicide and therapeutic 
error/unintentional misuse were responsible for 943 
and 27 deaths, respectively. Drugs were the primary sub- 
stance in 73% of deaths. Higher death rates have been 
reported from poisonings for men 70 years of age and 
older and for women 60 years of age and older than for 
younger people.’ 


Unintentional Poisoning 


Poison centers report that the majority of potentially 
toxic exposures in older adults are unintentional.>’ Of 
237 older patients prospectively evaluated by a poison 
center, 66% were women; reasons were 83.1% un- 
intentional, 14.9% suicide or attempted suicide, and 1.7% 
drug abuse. Older patients who require emergency 
department management are more likely to be admitted 
than are younger patients.*’ The geriatric patient may be 
less able to cope with acute injury and, therefore, be less 
likely to improve rapidly while being evaluated and 
treated in the emergency department. Possible reasons 
include increased sensitivity to drugs, exaggerated or 
unusual responses to drugs, and impaired elimination of 
drugs resulting in prolonged symptomatology. 


Adverse Drug Events 


As a group, older adults consume more drugs than any 
other age segment of the population, taking on average 
2 to 6 prescription drugs and 1 to 3.4 nonprescription 
drugs. Older adults account for 25% of total drug 
expenditures, which is projected to be 40% in 2030.9 A 
consequence of age and disease-related effects on drug 
action and disposition as well as polypharmacy is a high 


incidence of adverse drug events (ADEs). Of 1523 ADEs 
during 1 year in ambulatory older adults, 578 (38.0%) 
were considered serious, life threatening, or fatal, and 
244 of these were considered preventable.'° Most 
common preventable ADEs were electrolyte/renal, 
gastrointestinal, hemorrhagic, metabolic/endocrine, 
and neuropsychiatric. Most commonly implicated drug 
categories associated with preventable ADEs were 
cardiovascular drugs, diuretics, nonopioid analgesics, 
hypoglycemics, and anticoagulants. The severity of ADEs 
increases with age, and older patients are at higher risk 
for ADE-related admissions. ADEs are responsible for 
approximately 10% of hospital admissions in older 
patients."! 

Older adults are vulnerable to drug-drug interactions, 
with important risk factors including number of drugs 
prescribed and number of physicians treating the 
patient.!* Serious interactions most frequently involve 
drugs commonly used in older adults that have narrow 
therapeutic indices such as digoxin, calcium channel 
blockers, antiarrhythmics, oral hypoglycemics, cyclic 
antidepressants, warfarin, salicylates, centrally acting 
analgesics, phenytoin, and theophylline. Risk increases 
when older patients take combinations of drugs that 
interact to cause additive hypotension, sedation, or anti- 
cholinergic effects. 

Alcohol, drug misuse, and drug abuse are common, 
yet frequently underdiagnosed.'*'!* Abuse of legal 
substances such as sedative-hypnotics, antipsychotics, 
antidepressants, antianxiety agents, stimulants, and 
analgesics is more common in older adults than abuse 
of illicit substances. The incidence of alcohol abuse is 2% 
to 10%. Psychosocial factors such as inability to deal with 
loss as well as perceived loss of independence or control 
of one’s life contribute to drug and alcohol abuse. 


Suicide 


Depression is common among older persons, and 
suicide rates are higher for older adults than for other 
age groups.’ Possible explanations for the higher rate 
of completed suicides in older adults include greater 
intention to die, social isolation (which decreases chance 
of early discovery), use of more lethal means, and poorer 
recuperative powers (e.g., due to chronic disease or 
impaired drug elimination).!” Although firearms are 
most often used in completing suicides, overdose is 
common in attempting suicide.!? In women, drug 
overdose is responsible for suicides almost as frequently 
as firearms.'? Drugs commonly used in suicides in older 
patients include acetaminophen, benzodiazepines, 
antidepressants, and opiates.*° 

Although suicide attempts by acute overdoses are easy 
to recognize, purposeful mixing of drugs or failure to 
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take life-sustaining drugs with the intention of ending 
one’s life may be much less obvious. Underdetection of 
poisoning is an issue in determining the magnitude of 
the problem in the older patient. A study of the fatal 
overdose rates for cyclic antidepressants concluded that 
lower apparent fatality rates with age were most likely an 
artifact of underreporting of deaths in older patients. 
Deaths from poisoning cannot always be easily identified 
and may be attributed to natural causes in the elderly.” 


RELEVANT ANATOMY, PHYSIOLOGY, 
AND PHARMACOLOGY 


Table 19-1 summarizes age-related physiologic changes 
that alter the pharmacodynamics and pharmacokinetics 
of drugs and toxins.'! These factors, coupled with pre- 
existing diseases and poor nutritional status, can increase 
the likelihood of toxicity, alter toxic manifestations and 
time course, and affect the geriatric patient’s ability to 
cope with a toxic exposure. 


Physiologic and Pharmacodynamic 
Features 


Although deterioration of physiologic functions of all 
organs occurs with age, there is wide interindividual 
variability in the extent. Older adults experience changes 
in neurologic, cardiovascular, pulmonary, hepatic, renal, 
immunologic, and endocrine function.'’ Older persons 
have a reduced physiologic reserve, increasing the 
possibility of decompensation under stress. Older 
patients are less able to regulate body temperature, 
blood pH, blood glucose, blood pressure, heart rate, and 
oxygen consumption. Age-related changes in receptor 
density and sensitivity have been documented for 
drugs (e.g., opioids, benzodiazepines), hormones (e.g., 
androgens, estrogens, gonadotropin, thyroid), and 
neurotransmitters (e.g., cholinergic, dopaminergic, B- 
adrenergic, serotonergic receptors, y-aminobutyric acid 
[GABA]). 14433 

Geriatric patients are more sensitive to centrally 
acting drugs such as benzodiazepines, B blockers, central 


Age-related Physiologic Changes 


SYSTEM AGE-RELATED CHANGE 


Neurologic Reduced brain weight 
Loss of neurons 
Increased conduction time 


Decreased cerebral blood flow 


Altered permeability of blood-brain barrier 


Cardiovascular Hypertrophy 

Decreased cardiac output 
Prolonged contraction 

Decreased resting heart rate 
Increased systolic blood pressure 
Increased vessel thickness 
Increased total vascular resistance 


Decreased baroreceptor sensitivity 


Liver Decreased mass 
Decreased blood flow 
Decreased number of hepatocytes 
Reduced phase | drug metabolism 

GI tract Decreased gastric acid secretion 
Decreased intestinal epithelium surface 
Decreased splanchnic blood flow 
Decreased gut motility 

Kidneys Decreased mass 


Decreased blood flow 

Decreased glomerular filtration rate 
Decreased creatinine clearance 
Decreased tubular secretion 
Decreased total body water 
Decreased lean body mass 
Increased adipose tissue 

Decreased plasma albumin 
Increased «,-acid glycoprotein 
Decreased estrogens 

Impaired insulin release 

Decreased number of insulin receptors 
Decreased thyroid hormone 


Body composition 


Endocrine 


EXAMPLES OF DRUG-RELATED EFFECTS 


Enhanced sensitivity to drugs 
Decreased coordination and prolonged reaction 
time leading to increased risk of falls 


Decreased response to stress, including overdose 
Decreased perfusion of organs 
Increased symptomatic orthostasis 


Increased bioavailability of drugs with first pass 
metabolism 
Altered drug metabolism (usually diminished) 


Minimal effects on drug absorption 


Decreased drug excretion 


Decreased volume of distribution and increased 
plasma concentration of hydrophilic drugs 
Decreased clearance of lipophilic basic drugs 


Increased susceptibility to drug-induced 
hypoglycemia 

Increased risk of drug-induced hypothermia 

Increased sensitivity to drug effects (e.g., digoxin) 


Decreased response of hypothalamic-pituitary axis 


to glucocorticoids 
Receptors 
and neurotransmitter receptors 


Altered density and/or sensitivity of drug, hormone, 


Altered drug response (usually increased sensitivity 
to drugs) 
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Q-agonists, cyclic antidepressants, barbiturates, and opiates 
than are younger adults.**** Altered thermoregulation 
can be exacerbated by phenothiazines. Postural hypo- 
tension is more likely in older patients taking nitroglycerin, 
phenothiazines, diuretics, nifedipine, methyldopa, and 
prazosin because of diminished baroreceptor sensitivity 
and responsiveness.** As a result of reduced postural 
stability, older adults are more prone to falls and 
fractures, especially when taking central nervous system 
(CNS) active drugs. 

Geriatric patients are vulnerable to peptic ulcer disease 
and congestive heart failure associated with nonsteroidal 
anti-inflammatory drug (NSAID) therapy.” Salicylates 
can exacerbate gastritis, resulting in grastrointestinal (GI) 
bleeding. Older patients with alcoholism, preexisting 
liver disease, or poor nutritional status are at risk for 
chronic acetaminophen toxicity. Preexisting alteration in 
grastrointestinal motility predisposes elderly patients to 
constipation with therapeutic use of opioids and drugs 
with anticholinergic properties. 

Interplay between organs with diminished function is 
evident in older persons and may affect drug pharmaco- 
kinetics or response. For example, the responsiveness of 
the cardiovascular system decreases with age. Changes in 
cardiac output, contractility, total vascular resistance, 
heart rate, and blood pressure may lead to decreased 
perfusion of the kidneys and liver, which in turn 
decreases drug metabolism and excretion. Delivery of 
drugs to other tissues, such as the CNS, may be reduced. 
Alternatively, drug-induced changes in blood flow may 
have adverse consequences in an older person because 
perfusion of vital organs already is diminished. 


Pharmacokinetics 


ABSORPTION 

Although aging is associated with altered physiology and 
function of the GI tract, drug absorption is generally 
unchanged.!'*? Some drugs (e.g., antihistamines, cyclic 
antidepressants, opioids) may slow drug absorption by 
inhibiting GI motility. Reduced first pass metabolism in 
older adults may increase bioavailability of drugs such as 
propranolol, verapamil, nifedipine, and nefazodone."! 


DISTRIBUTION 

With aging, intracellular and extracellular water and 
lean body mass decrease while adipose tissue increases.** 
The increased ratio of fat to lean body mass results in 
reduced volumes of distribution and increased plasma 
concentrations for hydrophilic drugs and the reverse for 
lipophilic drugs. Examples of drugs with reduced volume 
of distribution in older adults include cimetidine, 
acebutolol, digoxin, levodopa, lithium, and morphine."! 
Reduced plasma protein binding associated with a 
decline in plasma albumin may be important for drugs 
with low volumes of distribution such as oral anti- 
coagulants and sulfonylureas. o,-Acid glycoprotein, 
which binds to lipophilic basic drugs such as lidocaine, 
propranolol, imipramine, and morphine, increases with 
age, which decreases drug clearance. 








METABOLISM 

With age, changes in liver mass, blood flow, and hepato- 
cytes alter phase I metabolism (oxidation and reduction) 
while having little effect on phase II metabolism 
(conjugation).!!?” Despite declines in hepatic function, 
drug metabolism is not significantly diminished, possibly 
because interindividual variation in metabolism exceeds 
the effect of age.!)*4 


RENAL EXCRETION 

Decrease in drug elimination due to decreased renal 
function is the most important pharmacokinetic change 
with age. Serum creatinine does not predictably increase 
with reduced creatinine clearance, owing to diminished 
muscle mass, so it is an unreliable guide to renal 
excretory capacity. Chronic therapeutic intoxications 
resulting from decreased renal clearance have been 
reported with drugs such as lithium, digoxin, and 
salicylates. Impaired renal function may also prolong the 
course of an overdose for drugs primarily excreted by the 
kidneys. 


High-risk Drugs 


Box 19-1 lists drugs with high risk of toxicity as a result 
of high prevalence of use in older adults and low 
therapeutic index. Additional detail on drugs of 
particular concern follows. 


SALICYLATES 
Older adults have a higher mortality rate following acute 
salicylate overdoses.“ Patients with chronic salicylate 


BOX 19-1 


Analgesic 
Acetaminophen 
NSAIDs 

Opioids 
Salicylates 


Anticholinergic 


Antihistamines 
Cyclic antidepressants 
Neuroleptics 


Anticoagulant 
Warfarin 


Cardiovascular 


Antiarrhythmics 
B-Adrenergic blockers 
Calcium channel blockers 
Digoxin 


Oral Hypoglycemic 


Metformin 
Oral sulfonylureas 


Psychotherapeutic 


Cyclic antidepressants 

Lithium 

Neuroleptics (e.g., phenothiazines) 
Sedative-hypnotics (e.g., benzodiazepines) 


Theophylline 
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intoxications are older, have associated medical problems, 
and experience more serious symptomatology, especially 
CNS effects and pulmonary edema.” Factors that 
predispose older patients to salicylate intoxication 
include impaired renal function and dehydration. 
Salicylate poisoning can mimic other illnesses, such as 
diabetic ketoacidosis, cerebrovascular accidents, car- 
diopulmonary disease, encephalopathy, and alcohol 
withdrawal, and should be considered whenever an older 
patient presents with recent deterioration in activities of 
daily living with no known cause, with delirium or 
dementia, or with unexplained acid-base disorders.*930 


ANTICHOLINERGICS 

Diminished cholinergic transmission may increase sensi- 
tivity of geriatric patients to drugs having anticholinergic 
effects (e.g., antihistamines, cyclic antidepressants, 
phenothiazines) .°' Polypharmacy with more than one 
drug with anticholinergic properties is contributory. 
These drugs may worsen medical conditions such as 
angina, constipation, glaucoma, and urinary dysfunction.”! 
Control of bladder function is lessened with advancing 
age and may be further reduced by anticholinergic drugs 
with sedating properties.°' Older patients are more 
susceptible to anticholinergic-induced cognitive impair- 
ment, including disorientation, confusion, delirium, 
memory impairment, and obtundation.** Pupillary 
dilatation and inability to accommodate may increase 
the risk of falls. 


PSYCHOTHERAPEUTIC DRUGS 

Plasma concentrations of cyclic antidepressants and long- 
acting benzodiazepines (e.g., diazepam, flurazepam, 
chlordiazepoxide) are higher because of reduced hepatic 
clearance with aging.°*°* ADEs include confusion, 
delirium, memory impairment, daytime sedation, and 
ataxia as well as increased risk for falls.**°° Older adults 
with preexisting ischemic heart disease or conduction 
disturbances may be at greater risk for myocardial in- 
farction, cerebrovascular accident, or congestive heart 
failure (CHF) following a cyclic antidepressant overdose. 
Lithium’s volume of distribution and renal clearance are 
reduced with age. Other drugs (e.g., thiazide, angio- 
tensin-converting enzyme [ACE] inhibitors, NSAIDs) 
and medical conditions (e.g., CHF, renal failure) 
can also decrease lithium clearance and increase the risk 
of toxicity in the geriatric patient. 


CARDIOVASCULAR DRUGS 

Older adults are more likely to experience digoxin 
toxicity because of high prevalence of use, decreased 
renal function, lower volume of distribution, increased 
number of comorbid conditions and concurrent 
interacting medications, and more frequent occurrence 
of electrolyte abnormalities (usually related to diuretic 
therapy).°” Calcium channel blockers and B blockers are 
available at high doses as extended-release products and 
so only a few extra tablets can cause prolonged toxicity. 
For some drugs, higher blood concentrations result from 
either increased bioavailability (e.g., propranolol, 
verapamil, nifedipine) or decreased clearance (e.g., 


verapamil, nifedipine). Older patients with nodal disease 
may be at increased risk for bradycardia with therapeutic 
doses. Older adults are more sensitive to confusion and 
cognitive impairment associated with B blockers as well 
as bronchospasm in those with chronic obstructive 
pulmonary disease (COPD). Hypotension is a potential 
adverse effect in older patients taking a calcium channel 
blocker or B blocker while concurrently receiving a drug 
that lowers blood pressure (e.g., cyclic antidepressant, 
phenothiazine, nitrate, ACE inhibitor).* 


ORAL HYPOGLYCEMICS 

Oral sulfonylureas, including acetohexamide, tolbutamide, 
glipizide, and glyburide, can cause hypoglycemia from 
therapeutic use with inadequate food intake or following 
an overdose. Risk of hypoglycemia is increased in 
patients with liver or renal impairment; poor nutrition 
and living alone compound the potential for severe 
hypoglycemic episodes in older patients. Prolonged 
hypoglycemia after small doses of glyburide have been 
reported in older adults.#*39 The risk of lactic acidosis 
from metformin increases with impaired renal function, 
advancing age, or concomitant use of drugs that affect 
creatinine clearance or renal tubular secretion of 
metformin. 


TREATMENT PRINCIPLES 


Patient Evaluation 


History includes information regarding the toxin, 
patient’s condition, and circumstances of the exposure 
as well as past medical history, including preexisting 
medical conditions and medications. For older patients 
with cognitive impairment querying family members or 
caregivers is necessary. 

Older patients treated for toxic exposures in the 
emergency department are more likely to be admitted. 
Because of greater susceptibility to toxicity, aggressive 
initial treatment of acute overdose or chronic intoxi- 
cation may be required. Recognition of poisoning may 
be problematic because of atypical manifestations of 
toxic ingestions in older adults, further compounded by 
the fact that many diseases present with similar features. 
Toxicologic syndromes must be diagnosed with caution 
in the geriatric patient, because normal aging, chronic 
disease, and polypharmacy may obscure expected 
findings and lead to misdiagnosis. Toxicity may occur at 
blood concentrations considered therapeutic in younger 
adults, further confusing the diagnosis. 


Treatment 


The principles of management in older patients are 
similar to those for younger ones (see Chapter 2). 
Treatment of the ingestion should not exacerbate 
concomitant disease. Preexisting medical conditions may 
alter the older patient’s response to the overdose and 
can necessitate additional treatment considerations. 
Another potential factor complicating management is 
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Considerations in Managing Poisoning in Geriatric Patients 





ASSESSMENT/TREATMENT 


History 


MANAGEMENT CONSIDERATIONS 


Need detailed past medical history and medication history 


Query relatives if patient is confused or demented 


Seizure management 


Greater sensitivity to benzodiazepines and barbiturates may increase need for subsequent 


intubation and respiratory support 


GI decontamination 
Ipecac syrup 
Activated charcoal 
Cathartic 
Whole-bowel irrigation 
Elimination Enhancement 
Multiple-dose activated charcoal 
Hemodialysis/hemoperfusion 
Antidote 


Avoid 


If aspirated, preexisting pulmonary disease may lead to more significant deterioration 
Greater susceptibility to fluid and electrolyte problems 
Greater susceptibility to fluid and electrolyte problems 


Use cautiously in patients with poor GI motility 
Consider at lower blood concentrations (e.g., salicylates, theophylline, lithium) 
Adverse effects more likely (e.g., precipitation of heart failure by digoxin-immune Fab in 


patients who require digoxin’s intropic effect to maintain cardiac output; hypernatremia 
with hyperosmolarity from administration of sodium bicarbonate to alkalinize the blood 
for cardiotoxic drugs affecting the sodium channel or for salicylate overdose can lead to 
fluid overload and pulmonary edema, especially in patients with diminished cardiac or 


renal function) 


Need for dose modifications (e.g., additional Fab dosing if impaired renal function leads to 


rebound in free digoxin) 





the effect of concurrent medications as well as the 
increased risk of ADEs and drug-drug interactions that 
the superimposed acute overdose poses during treat- 
ment of the overdose. ‘Table 19-2 describes special consid- 
erations for managing overdoses in older adults. 


PREVENTION 


Psychiatric evaluation is imperative in cases of inten- 
tional ingestion. In addition to referral for psychiatric 
care, prevention strategies in older suicidal patients 
include recognizing and managing depression, treating 
alcohol abuse, limiting the number of doses dispensed 
per prescription, and decreasing social isolation.*” 

ADEs can be minimized by evaluating the need for 
drug therapy and by using the safest drug, starting with 
low doses and adjusting doses by small increments over 
long intervals.°* Drug—drug interactions can be prevented 
by avoiding or limiting polypharmacy, adjusting drug 
dosages when interacting drugs are prescribed, and 
regularly monitoring drug regimens for continued benefit 
(and possibly eliminating drugs) as well as evidence of 
toxicity.) 

Many unintentional poison exposures are prevent- 
able. Physiologic changes in older adults (e.g., decreased 
vision, hearing, memory) contribute to therapeutic 
errors and unintentional misuse of household products. 
Examination of unintentional exposures in older adults 
discloses four types of contributing factors?: (1) 
dementia and confusion (e.g., eating substance for no 
reason; repeating doses after forgetting earlier dosing), 
(2) improper use of the product (e.g., topical or 
inhalation exposures during product use), (3) improper 
storage of the product (e.g., consuming nonfood products 
stored in food containers), (4) mistaken identities (e.g., 
cleaning product mistaken for mouthwash). Using 


medication calendars or compliance packaging for 
ambulatory older patients can reduce confusion 
regarding dosing schedule. Providing written infor- 
mation for the hearing impaired and larger type size on 
labels for the visually impaired older adult can aid in 
proper use of medications and household products. For 
older adults who are unable to care for themselves or are 
confused about their medication regimen, help from 
family members or caregivers is essential. For demented 
patients, prevention strategies include limiting access to 
drugs, personal care products, and cleaning products by 
storing these products so that they are inaccessible.” 
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Prevention of Childhood Poisonings 


ALAN DAVID WOOLF, MD, MPH 


During the past 30 years, childhood morbidity and 
mortality due to poisoning have decreased as a result of 
new prevention strategies, along with improved triage 
and management techniques. Poisoning nevertheless 
remains a threat to the health of young children. More 
than 1.2 million poison exposures in children age 5 years 
and younger were reported by 62 reporting poison 
centers in the United States in 2004.! Although the 
prevention of poisonings might be broadly defined to 
include the prevention of excessive morbidity and 
mortality due to the injury once a poison exposure has 
taken place, in this chapter the definition is restricted to 
those measures that attempt to avert the poisoning 
exposure itself. Indeed, targeted education, improved 
technology, and more effective government regulations 
in the interest of poisoning prevention have served as 
models for efforts to prevent other types of injuries. 


PASSIVE VERSUS ACTIVE STRATEGIES 


Poisoning prevention strategies can be divided concep- 
tually into passive and active interventions. Passive 
interventions are those measures that do not depend on 
behavioral changes by the public for their success. 
Examples include federal regulations prohibiting the 
retail sale of caustic agents in household products in 
concentrations higher than those regarded as safe for 
home use. Since highly concentrated corrosives have 
become less accessible to the public, the probability that 
they will cause poisoning is automatically reduced. 

Another example of a passive safety strategy is 
packaging potentially dangerous medications in child- 
resistant containers. Such packaging limits a young 
child’s chance of exposure to a toxic dose of a drug 
before being discovered by a supervising adult. Because 
the child-resistant cap is automatically part of the 
packaging, a parent does not need to make an active 
decision to implement this safety measure. 

Active poisoning prevention strategies, on the other 
hand, are those that require sustained behavioral change 
in the target population if they are to be effective. For 
example, counseling parents to poison-proof their house- 
hold requires continued vigilance to ensure proper 
handling of potential toxins entering the household and 
a sustained and repeated effort to ensure that those 


household products that might be poisonous to toddlers 
are stored safely. 


THE ETIOLOGY OF POISONING 


Motor and cognitive developmental milestones achieved 
by the infant and toddler increase the risk for a 
poisoning. Children start to walk at about 1 year of age, 
and thereafter they can explore a much expanded 
environment. With well-honed gross motor skills, they 
can climb onto countertops and open cabinets. Fine 
motor skills, including a newly developed pincer grasp, 
allow them to undo the lids of containers and place small 
objects in their mouths. Their oral exploratory 
behaviors, matched with a lack of discriminatory abilities 
for potable versus nonpotable objects, put them at high 
risk for ingesting poisons.* 

Children living in families whose system of supervision 
has broken down are vulnerable to poisoning incidents. 
Some particular stress such as a recent move, family loss, 
or financial hardship can cause parents to relax their 
vigilance. Poisonings often occur when a parent is 
distracted—for example, around mealtime or when 
entertaining guests. Many poisonings occur when the 
parent-child interaction is not in the “business-as-usual” 
routine of everyday life. For example, at holiday time, 
the parents may be distracted from their usual super- 
visory activities by parties and family social gatherings. 
A pregnant woman who already has a toddler at home 
may inadvertently put him at risk for a poisoning by 
leaving an open container of prenatal iron pills on the 
counter. Grandparents may overlook the chore of 
poison-proofing their home before their grandchildren 
visit, leaving potent medications in easy reach on a 
nightstand. Previous studies have suggested that many 
childhood poisonings occur when a product is in use,*4 
and the occurrences reinforce the idea that lack of 
supervision is what places a child at high risk. Another 
common etiology for childhood poisoning is the 
circumstance of medication giving; the child has access 
to an open medicine container, or the parent gives the 
child the wrong dose or the wrong medicine.4 

Considerable evidence shows that complex family 
dynamics sometimes underlie poisoning incidents. 
Families of childhood poisoning repeaters are charac- 
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terized as disorganized, socially isolated, and operating 
under the stress of poor housing, frequent moves, or 
the psychiatric or physical illness of family members.” 
Sobel and Margolis have suggested that children who 
repeatedly poison themselves use such incidents as 
tactics in an ongoing power struggle with their parents.® 
They found that the mothers of such poisoning repeaters 
often came from disorganized households and had poor 
parental role models. The children were often products 
of an unwanted pregnancy and tended to be hyperactive 
and negativistic. The importance of such disordered 
family relationships in poisoning causation is reinforced 
by Baltimore and Meyer’s findings that the poisoning 
recognition and storage habits of parents of 52 poisoned 
children were no different from those of parents of 52 
control children.’ Thus, the environmental hazards 
present seemed to be the same; what differed between 
families that had experienced childhood poisoning 
events and those that had not seemed to involve 
psychosocial and behavioral factors. 

Poisoning prevention strategies that fail to address 
important moderators such as the behavior of the child, 
the organization and structure of the family, and the 
nature of the child-parent interaction have little chance 
for success. Although child-proofing changes in the 
house may remain static, the circumstances in which the 
threshold to a poisoning injury is breached are dynamic 
(e.g., opened household products or medications, poor 
supervision, altered family routines). Modification of 
these circumstances requires patience, counseling, 
increased social supports, and behavioral adaptations by 
both children and parents. These goals are somewhat 
elusive and are part of the challenge in the development 
of new poisoning prevention strategies. 


GENERAL POISONING PREVENTION 
STRATEGIES 


Model poisoning prevention strategies have sought to 
combine improved technologic advances with enlight- 
ened government regulations and effective public 
education to reduce the risk for a poisoning injury. 
Baker and colleagues!” enumerated such general injury 
prevention strategies, when applied to poisonings, as 
follows: 


1. Banning or reducing the manufacture or sale of an 
injurious toxin 

2. Decreasing the concentration of a poison or the 
total amount available to the individual to sub- 
injurious levels 

3. Preventing access to the substance 

4. Creating barriers between the host and agent during 
the use of a potentially hazardous product 

5. Substituting products with less inherent toxicity but 
equal efficacy for more dangerous products 

6. Changing the formulation of a product to make it 
less injurious 

7. Introduction of an aversive (bittering or pungency) 
agent to a household product to discourage ingestion 


Each of these various principles has been successfully 
applied to various causes of poisoning among adults as 
well as children. The banning of dichlorodiphenyl- 
trichloroethane (DDT) exemplifies legislation targeted 
at preventing environmental toxic exposures. Limiting 
the number of baby aspirin to 36 tablets per bottle 
reduces the likelihood that toddlers can ingest an 
injurious dose. Child-resistant containers, blister packs 
for medication, and safe storage of hazardous products 
prevent access or create a barrier between the child and 
an injurious dose of the drug or household product. The 
substitution of acetaminophen for propoxyphene gives 
equal analgesia while avoiding propoxyphene’s con- 
siderable toxicity in the event of overdose. The reform- 
ulation of children’s cough and cold preparations and 
mouthwashes to exclude alcohol removes a potential 
source of toxicity to young children and infants. Model 
legislation in Oregon has required that bittering agents 
such as denatonium benzoate be added to automotive 
products such as ethylene glycol—based antifreeze and 
methanol-based windshield wiper fluid.'' Whether such 
measures can decrease the volume of the products 
swallowed by young children in unintentional exposures 
and thereby reduce the severity of subsequent injury 
remains unclear.!! 

Although a number of excellent poisoning prevention 
Strategies have been implemented to reduce adult 
injuries due to exposure to occupational or environ- 
mental poisons, strategies to prevent injuries to children 
due to environmental toxins are equally compelling if 
not more so. Such measures include regulations on the 
amount of pesticide residues allowed in foods or the 
amounts of contaminants in drinking water. However, 
this chapter addresses only those specific prevention 
Strategies effective in reducing home poisoning among 
young children. The following strategies to prevent 
home poisonings are discussed: 


. Product packaging changes 

. Sticker trials 

. Community-wide programs 

. Clinic-based counseling 

. Growth of poison control centers 
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SPECIFIC POISONING PREVENTION 
STRATEGIES 


Product Packaging Changes 


As early as 1960, the federal government began to take 
regulatory steps to reduce the incidence of poisoning 
in the United States by passing the Federal Hazardous 
Substance Labeling Act. This consumer-oriented 
legislation required proper labeling of products but did 
not attempt to regulate their packaging, sale, or use. !? 
During the next 15 years, better designs of child-resistant 
containers were developed and field tested. The 
rationale for such technology was developmental—that 
children at highest risk for accidental poisoning (i.e., 
those 18 to 36 months old) lacked the ability to combine 


gross motor skills (the palmar exertion of a sufficient 
Straight vector force) simultaneously with fine motor 
skills (the finger-exerted twisting of sufficient torque) to 
easily open products secured by child-resistant containers. 

The technologic advances in the engineering of child- 
resistant containers, combined with enough education of 
the public to convince them of the potential worth of 
such packaging changes, culminated in passage of the 
Poison Prevention Packaging Act in 1970.'° This 
legislation established standards for special packaging of 
household products and pharmaceuticals, defined 
appropriate testing procedures and those products that 
were subject to the regulation, and set a timetable for 
gradually phasing in the regulations during an 8-year 
period. The first products to be regulated were those 
containing aspirin. The products covered and the dates 
of implementation are listed in Table 20A-1. This 
regulation provides that if a consumer product presents 
a serious danger to children and special packaging is 
both technically feasible and practical, then a safety 
closure design must be submitted before the product is 
approved for marketing. Premarketing tests must 
demonstrate that 85% of a panel of 200 children 
younger than 5 years failed to open the package in a 
5-minute period. A panel of adults is also allowed a single 
5-minute period in which 90% must be able to open the 
safety closure after reading the opening instructions on 
the package. The regulations were recently extended to 
require child-resistant packaging for prescription drugs 
that are switched to over-the-counter status.'* 

The purpose of child-resistant containers is to 
separate the child physically from the potential poison by 
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providing a barrier between the two. The intent of the 
regulation was not to poison-proof the container but 
simply to delay children long enough in their attempts to 
get at a poison for an adult to discover and correct the 
hazardous situation. Follow-up studies suggest that the 
effectiveness of child-resistant containers has been 
dramatic.'**! As a result of child-resistant packaging, an 
estimated 86,000 poisoning injuries were averted 
between the years 1974 and 1981." Walton’s study 
during a 6-year period (1972 to 1978) demonstrated a 
decline from 7500 to 2300 ingestions during the first 
6-year period after the regulations took effect, whereas 
ingestions of various unregulated products either 
increased or stayed the same.! A recent modeling study 
estimated a 34% reduction in aspirin-related child 
mortality rates (preventing about 90 deaths) during 1973 
through 1990, attributable to child-resistant packaging.*” 

In one public survey, more than 98% of parents could 
describe safety packaging.*? An overwhelming 85% of 
the 636 families surveyed approved of the idea of safety 
packaging, and 89% had safety packages in the home. 
Only 3% of respondents had discontinued use of a 
product because of difficulty with the package. Vigilance 
concerning enforcement of the law is important. One 
study suggested that only 75% of medications dispensed 
by pharmacists were in compliant child-resistant con- 
tainers.” However, overall the Poison Prevention Pack- 
aging Act is a model of well-crafted legislation brought 
about by successful combination of physician advocacy, 
improved technology, and effective public education. 

The fact that many childhood poisonings occur with 
open products already in use*** tempers the gains 





Products Covered by the Poison Prevention Packaging Act (PPPA) 


PPPA REGULATION EFFECTIVE DATE 


Aspirin 8/14/72 
Furniture polish 9/13/72 
Methylsalicylate 9/21/72 
Controlled drugs 10/24/72 
Sodium and/or potassium hydroxide 4/11/73 
Turpentin 7/1/73 
Kindling and/or illuminating 10/29/73 
preparations 

Methyl alcohol 7/1/73 
Sulfuric acid 8/14/73 
Prescription drugs 4/16/74 
Ethylene glycol 6/1/74 
Paint solvents 4/23/77 
lron-containing drugs 10/17/78 
Dietary supplements 10/17/78 
Acetaminophen 2/27/80 


CHARACTERISTICS OF PRODUCTS REGULATED 


Products for oral human use 

Nonemulsion liquid form, low viscosity, 
containing = 10% mineral seal oil or 
petroleum distillates 

Liquid products containing => 5% by weight 

For oral human use 

Dry form = 10% by weight; other forms = 2% 
by weight 

Liquid from = 10% by weight 

Prepackaged liquid, low viscosity, containing 
> 10% petroleum distillates 

Liquids cotaining => 4% by weight 

Substances containing = 10% by weight 

For oral human use 

Liquids containing = 10% by weight 

Solvents for paints that contain > 10% by 
weight of benzene, toluene, xylene 

Noninjectable animal and human drugs 
containing 250 mg or more elemental iron 
(total package) 

Dietary supplements containing 250 mg or 

more elemental iron (total package) 

Preparations for oral human use with 1 g or 
more acetaminophen (total package) 


From Walton W: An evaluation of the Poison Prevention Packaging Act. Pediatrics 1982;69:364. 
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realized by the implementation of child-resistant 
packaging. Reducing the total number of pills per 
container sold and reducing the concentration of the 
drug in each pill are effective strategies for lowering the 
severity of a poisoning by lowering the attainable total 
dose.” More recent product changes have included the 
use of unit dosing with blister packs. Such dispensers are 
expensive but accomplish the dual purposes of lowering 
the risk for unintentional drug overdoses because of 
misinterpretation of dosing instruction and decreasing 
the risk for an overdose by children, who must spend 
more time unwrapping each individual pill and, thus, it 
is hoped, cannot ingest a harmful quantity before being 
discovered. The advent of tamper-resistant containers 
with protective plastic-wrapped seals has also decreased 
the risk that a product might be intentionally altered 
without being noticed by an unwary consumer. Such an 
outer wrap theoretically imposes yet another barrier to 
children. The success of such tamper-proof packaging in 
preventing poisonings has yet to be fully evaluated. 


Sticker Trials 


Older children can be educated to recognize hazardous 
agents and to avoid them. Such education usually 
includes the use of warning stickers that parents affix to 
hazardous household products to alert children to the 
danger. These stickers, picturing a skull and crossbones, 
angry serpent, or frowning face (Mr. Yuk), are meant to 
evoke psychologically unpleasant or fearsome images in 
a child’s mind so that she or he will be deterred from 
sampling the poisonous contents. Braden found that 
such a method of discriminating hazardous agents 
was necessary; preschool children incorrectly identified 
40% of poisonous products with which they were 
confronted.*® When children were exposed to an 
educational program on products labeled with warning 
stickers, their accuracy of recognition improved to 86%. 
Krenzelok and Garber introduced poison recognition 
teaching aids into a daycare center program serving 3285 
children 30 to 60 months old and tested 195 randomly 
selected children 6 weeks later.” The children showed 
improvements in their recognition of the warning 
symbol, Mr. Yuk, and in their understanding of which 
products were poisonous. However, no decrease in the 
incidence of poisonings has been associated with 
exposure to such a program. When Fergusson’s group 
performed a controlled field trial that distributed labels 
to 583 families with 543 matched controls, no significant 
differences in poisoning rates could be appreciated.*® 
More than 40% of the parents thought Mr. Yuk labels 
were not useful, had misgivings about the program, or 
did not use the warning labels to cover all the poisons in 
the home. Other concerns have been expressed about 
the use of warning stickers on household products. Some 
researchers and parents fear that young children may be 
attracted instead of repulsed by the warning stickers or 
may not be able to understand what a poison means.*9 
Furthermore, many poisons (e.g., plants) cannot be 
labeled with a warning. Finally, those poisoning incidents 
occurring outside the household, which may represent 


as many as 13% of all poisonings in children younger 
than 5 years,” cannot be effectively forestalled by a 
home-centered program. 

While well-intentioned home-based educational pro- 
grams and the teaching of poisoning prevention to 
children continue to be espoused as important poison 
prevention measures,*!** there is no good evidence that 
such strategies can effectively reduce the incidence of 
early childhood poisoning. 


Community-Wide Educational Efforts 


Relatively few programs have attempted to implement 
poisoning prevention on a community-wide basis. The 
health department or a poison control center has usually 
spearheaded such projects with the cooperation of local 
government officials, health professionals, community 
action groups, and even businesses and merchandisers. 
Fisher and colleagues** introduced one such inter- 
vention, which included community outreach seminars, 
school curriculum changes, point-of-purchase education 
efforts by retailers, and mass media and educational 
material distribution activities in Monroe County, New 
York. As a result, the number of poisonings requiring 
emergency department treatment in area hospitals 
declined 66%, and poisoning admissions diminished 
71%, whereas hospitalization rates in comparable 
control communities remained stable. Maisel and 
associates?” organized a poisoning prevention project in 
Charleston County, South Carolina, involving education 
of the public about the recognition of potential poisons 
and techniques for their safe storage. Activities such as 
programs for community groups, poster contests, mass 
media presentations, and group discussions were used. 
Results of preintervention versus postintervention 
surveys suggested that 88% of parents had been reached 
by the educational campaign and had implemented the 
recommendations. Researchers noted that the number 
of children hospitalized in Charleston County for 
poisoning declined. Sumner and associates’ imple- 
mented a similar mass media campaign in North 
Carolina and demonstrated that it significantly increased 
the public’s knowledge of the poison control center’s 
availability and telephone number. Such model pro- 
grams have demonstrated that community awareness 
about poisoning prevention can be increased and can 
perhaps even lower transiently the rate of poisoning. How 
long such educational efforts can be sustained remains 
unclear; whether a more modest but self-perpetuating 
program of education can be a truly effective long-term 
deterrent needs to be tested. 


Clinic-Based Educational Programs 


One strategy for promoting the prevention of poisonings 
among young children is clinic-based education for their 
parents. Such education invariably includes information 
about the recognition of hazardous chemicals in the 
home environment; elimination of the hazard by not 
purchasing the poison, safely storing it in the home, and 
disposing of partially used products; and readiness for a 


poisoning event by the use of telephone stickers with 
emergency telephone numbers and knowledge of the 
appropriate first response (first aid) if a toxic exposure 
occurs in the home. The Injury Prevention Program 
(TIPP), an American Academy of Pediatrics—sponsored 
schedule of safety counseling of families by health care 
practitioners during a child’s primary health care visits, 
includes such poison prevention advice.’ 

The success of such programs has been found to 
depend on a number of factors (see Box 20A-1): 


1. Content: The educational message must be clear, 
readable at the fifth grade level, succinct, and 
targeted at the intended audience in terms of 
sophistication. 

2. Timeliness: Education is most effective when the 
audience is addressed during a window of receptivity 
to such a message, that is, when they recognize its 
importance, are not distracted, and are personally 
motivated enough to take action. 

3. Relevance: The message must be important to the 
audience and perceived as crucial to their well- 
being. They must be motivated by its relevance to 
their own health or that of their family in order to 
take action. 

4. Lack of barriers: The education must give information 
that is practical and for which compliance is not too 
difficult or beset with barriers (interposed tasks the 
parent must complete to make the effort effective). 

5. Repetitiveness: The most effective educational 
modules are repeated to reinforce the message, if it 
is intended for the parent to carry out active safety 
behaviors routinely (e.g., checking labels for toxic 
ingredients and containers for child-resistant caps). 

6. Educator: The professional stature of the educator 
has been found to relate to the success of the 
compliance with educational recommendations. 
Parents are much more likely to value their 
physician’s personal suggestions than they are a 
written summary or slide show, for example. Other 
cultural, ethnic, and social forces may also enhance 
or detract from the educator’s effectiveness in 
delivering the message. 

7. Attention span: The educational program cannot be 
so abbreviated that the parent does not recognize its 
importance. Conversely, the education should not 
be preachy and should not tax the attention or time 
constraints of the audience. A program that engages 
parents in an active and collaborative learning 
experience is more effective. 


BOX 20A-1 


Clear content 
Timeliness 


Relevance 

Recommendations easy to implement 
Repetitive intervention 

Effective educator 

Brief format 
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Previous investigations of clinic-based educational 
programs have been limited by structural or research 
design problems. Dershewitz and Williamson failed to 
show an effect when a safety counseling program to 
child-proof a home was instituted in the clinic setting.” 
Several studies have shown that a more focused message 
directed at a specific population might be more effective. 

Ipecac is no longer routinely recommended as a 
method of oral decontamination for the poisoned 
child,*’ so that its universal home storage seems 
unnecessary. While the storage of activated charcoal in 
the home has been recommended by some,® others are 
skeptical of its value in home-based poisoning 
emergencies.*! However, families can adopt a variety of 
other prevention strategies applicable to home settings, 
such as informed choices of nontoxic household 
products, safe storage of drugs and toxic products, and 
ready access to the emergency number for poison 
control (1-800-222-1222). Physicians and other health 
care providers routinely provide such counseling to 
families with young children, and medical residents are 
routinely taught during their training to give such 
advice.** Poisoning prevention advice given in health 
care settings can substantially improve family safety 
practices and readiness in the event of an emergency.**” 
A meta-analysis of 20 studies of injury prevention 
counseling in primary care settings showed positive 
effects in the majority. 


Poison Control Centers 


Regionalization of poison control centers across the 
United States has contributed to the remarkable 
progress in poisoning prevention and improvements in 
poisoning management.‘” This success is derived from 
the leadership that poison control centers have provided 
in four different areas: 


1. Accuracy of toxicologic information and advice for 
the management of human poisonings 

2. Advocacy as a lead agency in poisoning prevention 
outreach programs 

3. Training for health professionals 

4. Research into the etiology, management, and 
prevention of poisonings 


Access to a regional poison control center undoubtedly 
improves the medical triage and management of a toxic 
exposure, thus preventing excessive morbidity and 
mortality. Studies of the use of health services in states 
with and without poison control centers demonstrate 
remarkable improvements in telephone triage patterns, 
avoidance of excess emergency department visits, and 
improved quality and quantity of pertinent information 
given for those poisonings in states with regional poison 
control centers. 

It is perhaps underappreciated that poison control 
centers also serve a focusing role as the lead agency in the 
community for poisoning prevention programs. They serve 
as valuable resources for providing public and professional 
information about the identification of toxic compounds, 
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acceptable exposure levels, and safe storage and use. Poison 
control centers have expanded their roles to include calls 
requesting information about occupational or environmen- 
tal exposures, and they serve as a highly visible networking 
resource, making referrals to other community facilities 
with more specialized knowledge about teratogenicity, 
public health implications of specific exposures, and plant 
or animal identifications. 

Poison control centers also serve in poisoning preven- 
tion by improving the toxicology training of health 
professionals through tutorials, staff lectures, in-service 
programs, and regional workshops and symposia. In 
addition, poison control centers can alert health 
professionals, through surveillance of adverse drug 
reactions, of changes in prescribing style or precautions 
that must be taken. By pursuing active public education 
goals via newsletters, public service announcements, 
health fairs, and media campaigns (e.g., National Poison 
Prevention Week), poison control centers help to keep 
the public alert to the principles of poisoning prevention. 

Finally, poison control centers often serve as the 
stimulus to develop new techniques in poisoning 
prevention. The centers accumulate a dynamic clinical 
poisoning experience from which epidemiologic trends 
in poisoning types and circumstances can be identified. 
Table 20-2 shows the comparative hazard of common 
drugs and household products as measured by the 
frequency and extent of injury associated with the 
poisonings reported to poison control centers nationally.*® 
Ideally, such an early warning surveillance system 
regarding a community’s specific toxic exposure 
problems can lead to directed programs aimed at 
averting microepidemics of poisoning injuries. Because 
poison control centers are respected by the public and 
by health professionals for possessing a particular type of 
expertise, they can stimulate interest in new research 
and regulations for poisoning prevention. 


THE PHYSICIAN'S RESPONSIBILITY 


Physicians have a dual role in the prevention of 
poisonings, as advocates for their patients’ families and 
as influential and respected community leaders. 
Physicians must recognize those circumstances that pose 
a higher than usual potential risk for a poisoning and 
must take corrective action. This action may include 
diverse recommendations, such as changing or simplifying 
a prescribed drug or recommending or advocating 
daycare, nursing home care, other social supports, 
psychiatric evaluation, or family counseling. Physicians 
must give adequate attention to poisoning prevention 
topics that they discuss with patients as part of their 
routine health care. 

Physicians, in their capacity as community leaders, 
have an obligation to advocate changes necessary to 
decrease the risk for poisoning and to alert the 
community to new or previously unrecognized toxic 
hazards. Such advocacy includes support for the local or 
regional poison control service serving the community 
and for its programs in poisoning prevention. Physicians 


Agents with High Hazard Factors 


Associated with Poisonings of United States Children 
Younger than 6 Years (1985-1989) 





TOTAL PEDIATRIC HAZARD 

SUBSTANCE* EXPOSURES' FACTOR* 
Pharmaceuticals 
Amphetamines 6409 4.5 
Acetaminophen and 2171 4.5 

propoxyphene 
Aspirin 10,002 3.1 
Amitriptyline 2897 22.8 
Antiarrhythmics 1203 4.0 
Anticholinergics 6516 3.2 
Antihypertensives 8099 27.6 
Barbiturates (long acting) 4475 13.3 
Barbiturates (short acting) 1051 6.1 
Carbamazepine 4113 32.5 
Cardiac glycosides 3846 10.9 
Cocaine 546 59.0 
Cyclic antidepressant and 832 19.4 

phenothiazine 
Desipramine 935 27.6 
Diphenoxylate and atropine 2500 12.2 
Doxepin 887 14.5 
Imipramine 2503 20.0 
Iron 11,234 8.5 
Lithium 1054 10.7 
Marijuana 694 7.0 
Oral hypoglycemics 2609 6.8 
Phenothiazines 7451 12.8 
Phenytoin 3619 9.3 
Propoxyphene 514 6.3 
Theophylline 8622 7.7 
Valproic acid 1197 6.7 
Nonpharmaceuticals 
Alkali 10,267 3.8 
Alkali drain cleaners 1474 21.9 
Alkali industrial cleaners 938 29.2 
Alkali oven cleaners 4619 3.5 
Carbon monoxide 3103 31.1 
Chlorinated hydrocarbons 9694 4.8 
Chlorine gas 2208 4.4 
Ethanol 2622 8.0 
Ethylene glycol 2321 3.5 
Hydrochloric acid 784 6.2 
Kerosene 10,751 79 
Lighter fluid 8865 4.4 
Methane, natural gas 700 9.2 
Methanol 1883 5.1 
Mineral seal oil 6564 32 
Organophosphate alone 16,560 5.6 
Organophosphate and 1806 3.6 


other pesticides 


*Specific substances only—broader categories are not all included; 
bites and envenomations are not included. 

tOnly substances with more than 500 exposures included. 

*Only hazard factors > 3.0 included. 

Adapted from Litovitz T, Manoguerra A: Comparison of pediatric 
poisoning hazards: an analysis of 3.8 million exposure incidents. 

A report from the American Association of Poison Control Centers. 
Pediatrics 1992;89:1002-1004. 





might also make use of public forums to change the 
public perceptions of poisoning prevention strategies 
(e.g., the need for child-resistant containers, the 
importance of following directions for the use of 
medications, and the dangers of drug abuse). Physicians 


can also be influential consultants to legislative bodies 
considering new initiatives restricting or regulating the 
use and disposal of drugs and toxins. Internet websites 
with educational content on poisoning prevention (see 
Box 20A-2) can provide physicians with additional 
resources to assist them in their community advocacy 
efforts. 

Dedicated health professionals must make a concerted 
effort to continue the momentum and consolidate the 
gains that have been made in poisoning prevention and 
to advance new aspects of the field. 


POISONING PREVENTION RESOURCES 


See Box 20A-2 for online poisoning prevention resources. 


BOX 20A-2 


American Association of Poison Control Centers (AAPCC): 
WwWw.aapcc.org 

This is the official website of the AAPCC, which inventories 
contact information for all of the poison control centers in the 
United States. It also includes poisoning fact sheets, a 
downloadable poison prevention brochure, prevention tips, a list of 
educators at poison control centers, and information about 
Poisoning Prevention Week. 

American Association of Poison Control Centers’ Toll-Free 
Emergency Number Website: www. 1-800-222-1222. info/ 
poisonhelp.asp 

This website contains information about the AAPCC's toll-free 
telephone number for poisoning emergencies. It also contains public 
education information about poisoning prevention and a module 
targeted to preschool children. 

American Academy of Pediatrics: www.aap.org 

This is the official website of the American Academy of Pediatrics. 
Under the button “You and Your Family,” information is available 
about the Bright Futures project, which includes injury prevention 
objectives. The “You and Your Family” section also includes The 
Injury Prevention Program (TIPP) age-related injury prevention fact 
sheets, which include poisoning prevention information. 

U.S. National Library of Medicine (NLM) and National Institutes 
of Health (NIH): www.n/m.nih.gov/medlineplus/ 
poisoningtoxicologyenvironmentalhealth.html 

This website is cosponsored by the NLM and NIH and it includes 
a variety of poisoning, toxicology, and environmental health topics, 
from anthrax and air pollution, to water and Yersinia. 
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Poisonings in Children with Unique Metabolism 


REBEKAH C. MANNIX, MD m MICHAEL W. SHANNON, MD, MPH 


At a Glance... 


m ach year, newborn screening identifies approximately 3000 
new cases of potentially fatal metabolic disorders, hematologic 
disorders, and endocrinopathies. 

m These patients with unique metabolism are prone to unique 
drug responses. 

m Clinicians should review basic metabolic pathways and 
recognize adverse drug reactions when caring for these patients. 


According to the Center for Disease Control and 
Prevention, approximately 4 million babies in the United 
States have dried blood spots analyzed through newborn 
screening programs.! These screens, which can detect 
metabolic disorders, hematologic disorders, and endo- 
crinopathies, identify an estimated 3000 new cases of 
potentially fatal or debilitating disease each year for 
which outcomes are improved with early identification 
and treatment.! 

Long-term survival of these children poses new 
challenges for clinicians. Previously well-delineated drug 
response in the general population may not apply to this 
subpopulation. Indeed, the toxic effects of drugs in these 
patients are not merely an extension of current clinical 
toxicology. The basis for understanding the idiosyncratic 
drug response of children with unique metabolism 
requires careful attention to the basics of biochemistry 
and physiology. 

This chapter reviews some of the best characterized 
adverse drug reactions in children with unique 
metabolism. It is by no means a complete summary since 
there is a paucity of information available on drug 
physiology in these special circumstances. The chapter is 
intended to act as a guide to clinicians faced with adverse 


drug reactions in children with unique metabolism and 
to assist efforts at preventing these adverse drug 
reactions. 


VALPROATE TOXICITY IN PATIENTS 
WITH DISORDERS OF FATTY ACID 
METABOLISM 


The toxicity of valproic acid (VPA) has been attributed in 
part to its effects on multiple metabolic pathways, most 
notably fatty acid synthesis and degradation. It is 
therefore logical to presume that patients with disorders 
of fatty acid metabolism are at increased risk for VPA 
toxicity. An overview of the pharmacokinetics, drug 
interactions, and manifestations of VPA overdose in the 
general population may be found in Chapter 40, while 
the special considerations in patients with defects in fatty 
acid metabolism are described below. 

VPA (2-propylpentanoic acid) is a simple branched- 
chain carboxylic acid used therapeutically as an 
anticonvulsant, primarily in pediatric populations.* Like 
other fatty acids, VPA undergoes B-oxidation (incomplete) 
and competes for the physiologic substrates coenzyme A 
(CoA) and L-carnitine. This competition does not 
produce clinically significant derangements in healthy 
subjects with therapeutic dosing of VPA. However, 
patients with underlying defects in fatty acid oxidation 
may develop significant toxicity from “therapeutic” doses 
of VPA. A review of fatty acid oxidation is necessary to 
better understand the basis of that toxicity (Fig. 20B-1). 

The metabolism of free fatty acids begins with the 
formation of fatty acid conjugates with CoA to form acyl- 
CoA esters of varying chain lengths. These are trans- 
esterified to acylcarnitines at the mitochondrial mem- 
brane and shuttled across the mitochondrial matrix 
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FIGURE 20B-1. Fatty acid metabolism begins with the formation of fatty acid-CoA conjugates to form acyl CoAs. These acyl CoAs are 
then transesterified to acylcarnitines at the mitochondrial membrane and shuttled across the mitochondrial matrix. Once inside the 
mitochondrion, acyl CoAs are regenerated and ultimately oxidized the acetyl CoA, which generates ATP via the citric acid cycle. Valproic 
acid (VPA) competes for the physiologic substrates CoA and carnitine without producing significant amounts of ATP. 


where the acyl CoAs are regenerated. The fatty acyl CoAs 
undergo B-oxidation, forming acetyl CoA, which either 
enters the citric acid cycle to generate adenosine 
triphosphate (ATP; fatty acid oxidation being the major 
source of the ATP required for gluconeogenesis in times 
of fasting) or becomes the substrate for ketogenesis, 
lipogenesis, or steroidogenesis. 

Regulation of the free and esterified CoA pool of the 
cell is therefore important in a large number of catabolic 
and anabolic biochemical reactions. The total cellular 
CoA pool is small and cannot be increased quickly and 
the cell is dependent on continued turnover of acyl CoAs 
to make CoA available. 

VPA can be activated to the corresponding acyl CoA 
(valproyl CoA or VPA CoA), which can be metabolized 
by mammalian tissues to a variety of energy-poor 
metabolites.*° The overproduction of poorly metabolized 
VPA-CoA thioesters jeopardizes multiple biochemical 
pathways by impeding flux through this entire energy- 
harvesting pathway, particularly in patients in whom fatty 
acid metabolism and synthesis are impaired. 

Valproylcarnitine (VPA-carnitine) can be generated 
from VPA CoA, although this is a quantitatively minor 
pathway of VPA elimination in normal subjects.’ Most 
studies demonstrate that VPA therapy is associated with a 
mild decrease in plasma carnitine concentrations, likely 
through renal excretion of VPA-carnitine esters.* Data 
on tissue carnitine contents during VPA therapy are not 
available. 

Recent data suggest that other conjugation pathways, 
most significantly glutathione, may also play a role in 
VPA toxicity in both children with fatty acid oxidation 
defects and healthy, normal children.'°'! Indeed, it is 
this depletion of glutathione that may produce the 
hepatotoxicity associated with VPA overdose. 


Although not clinically significant in most therapeutic 
situations, the depletion of CoA, carnitine, and reduced 
glutathione by VPA becomes relevant in patients with 
underlying metabolic disorders as well as those who take 
a VPA overdose.'*!* Patients with disorders of fatty acid 
oxidation such as very long chain acyl-CoA dehydro- 
genase deficiency, medium chain acyl-CoA dehydrogenase 
deficiency, long-chain L-3-hydroxyacyl-CoA dehydrogenase 
deficiency, trifunctional protein deficiency, and medium 
and short-chain L-3-hydroxyacyl-CoA dehydrogenase 
deficiency have limited ability to metabolize fatty acids. 
This deficiency results in a restricted ability to harvest the 
requisite energy (stored in fatty acids) for gluconeo- 
genesis. Further restriction of the metabolism of free 
fatty acids (as in the case of the sequestration of CoA by 
VPA) or increased energy demands (fever, fasting) shifts 
the relative deficiency to an absolute deficiency. 
Similarly, patients with relative carnitine deficiency (e.g., 
in familial epilepsies) may be thrown into metabolic 
crisis by the VPA-induced depletion of carnitine. 
Repletion of carnitine and glutathione (in the form of N- 
acetylcysteine) may ameliorate the toxicity associated 
with valproate in patients with fatty acid oxidation 
defects and hereditary carnitine deficiency. 


ANTIDEPRESSANTS IN PATIENTS WITH 
ORNITHINE TRANSCARBAMYLASE 
DEFICIENCY 


Ornithine transcarbamyl transferase (OTC) deficiency is 
the most common of the urea cycle disorders. OTC 
deficiency is an X-linked disorder that occurs primarily 
in males, although it can also manifest itself in females. 
Clinical presentation of OTC can vary from fulminant 
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cerebral edema in the neonate, impulsivity and attention 
deficit in older children, and mood disorders and 
psychosis in adults; mental status changes are a frequent 
presentation in adults. Many clinicians have anecdotally 
noted severe worsening of mood and psychosis in 
patients with OTC who begin to take serotonin and 
norepinephrine reuptake inhibitors. The mechanism of 
this adverse reaction is discussed below. 

Deficiency of OTC leads to the inability of liver to 
condense carbamyl phosphate and ornithine into 
citrulline, the initial ammonia-incorporating step in the 
urea cycle. This impairment leads to reduced ammonia 
incorporation, which, in turn, causes systemic hyperam- 
monemia. Plasma ammonia (NHs) is a weak base in 
equilibrium with the cation ammonium (NH,"), and 
only freely crosses the blood-brain barrier in the 
unionized NH; form. Cerebral uptake of ammonia is 
thus greatly enhanced by alkalemia, which is often 
present in ammonemic patients. 

Elevated levels of NH, in the brain stimulate the 
astrocyte-restricted enzyme glutamine synthetase.'* The 
accumulation of astrocyte glutamine drives heteroex- 
change (the exchange of one amino acid for a different 
one) of neutral (zwitterionic) amino acids across the 
LATI transporter, leading to accumulation of brain 
tyrosine, tryptophan, and other essential amino 
acids.!*!7 The accumulation of tyrosine promotes the 
formation of norepinephrine (NE) and dopamine (DA), 
while the build-up of tryptophan produces increased 


5-hydroxytryptamine (5-HT, or serotonin) (Fig. 20B-2).'® 
High synaptic concentrations of DA, NE, and 5-HT in 
patients with urea cycle defects may contribute to 
psychosis, mood disorders, attention deficits, combative 
temperament, and impulsivity. 

As discussed in Chapter 27, antidepressants (tricyclic 
antidepressants) act by inhibiting the uptake of NE, DA, 
and 5-HT in the synapse. Selective serotonin reuptake 
inhibitors (SSRIs) function primarily by inhibiting the 
reuptake of serotonin; they also possess an ability to inhibit 
reuptake of DA and NE. Use of these antidepressants in 
patients with OTC may worsen symptomatology by 
increasing already high synaptic concentrations of these 
neurotransmitters. It is uncertain whether 5-HT antago- 
nists such as cyproheptadine and methysergide have any 
benefit in this setting. 


BENZODIAZEPINES IN MAPLE SYRUP 
DISEASE 


Maple syrup disease (MSD) is an autosomal-recessive 
disorder caused by decreased activity of branched-chain 
O-ketoacid dehydrogenase, an enzyme in the degradative 
pathway of the branched-chain amino acids leucine, 
isoleucine, and valine.!? The consequence of this 
deficiency is toxic accumulation of these amino acids in 
tissues and plasma. The accumulation of leucine further 
leads to a proportional accumulation of O-ketoisocaproic 


A 
AAN 
S \ 
\ 


| NH3- glutamate \ 


Glutamine — Tyrosine 
Heteroexchange 
Va <— Tryptophan 


| 
| 
\ 


Tyrosine 


\ 


| Tryptophan 





| f 
j f N / 
| A N | 
/ aa 
ly \ | 
f f W 
A | 








Tyrosine 
Tryptophan 


Dopamine 


Serotonin Norepinephrine 


Dopamine 
Norepinephrine 


Serotonin 
Serotonin 


SSRI _SSRF 


FIGURE 20B-2. Elevated ammonia in the brain of patients with OTC leads to increased formation of glutamine. Increased tissue 
glutamine drives heteroexchange of glutamine for tryptophan, tyrosine, and other essential amino acids. The accumulation of tyrosine 
promotes the formation of norepinephrine (NE) and dopamine (DA) while the buildup of tryptophan produces increased serotonin (5-HT). 
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FIGURE 20B-3. Decreased activity of branched-chain o-ketoacid 
dehydrogenase (BCKAD) causes buildup of leucine, isoleucine, and 
valine. The accumulation of leucine further leads to a proportional 
accumulation of o-ketoisocaproic acid, its ketoacid analog. 
Excessive intracerebral levels of a-ketoisocaproic acid drive a 
transamination reaction which depletes glutamate and in turn 
GABA. (Adapted from Strauss KA, Morton DH: Branched-chain 
ketoacyl dehydrogenase deficiency: Maple syrup disease. Curr 
Treat Options Neurol 2003;5:329-341.) 


œ Ketoglutarate 


acid, its ketoacid analog. Excessive intracerebral levels of 
this ketoacid drive a transamination reaction that 
depletes glutamate and in turn yYaminobutyric acid 
(GABA) (Fig. 20B-3) .7°?* 

This relative GABA deficiency may lead to chronic up- 
regulation of GABA receptors and increased sensitivity 
to the effects of benzodiazepenes at this receptor. Clin- 
icians should be aware that patients with MSD may 
display toxic effects at doses used therapeutically in the 
normal population. Reversal with flumazenil should be 
approached warily by the clinician because increased 
receptor sensitivity may lower seizure threshold with 
flumazenil-induced receptor blockade. 


GLUCOSE-6-PHOSPHATE 
DEHYDROGENASE DEFICIENCY AND 
OXIDANTS 


Glucose-6-phosphate dehydrogenase (G6PD) deficiency 
is the most common human enzyme deficiency, with an 
estimated 400 million people worldwide affected by this 
enzymopathy.**** G6PD is the most common hereditary 
cause of “idiopathic” hyperbilirubinemia in newborns, 
and can be associated with significant nonhemolytic 
jaundice in this age group. G6PD catalyzes the first 
reaction in the hexose monophosphate shunt, an 
oxidation/reduction reaction that oxidizes glucose-6- 
phosphate while concomitantly reducing nicotinamide- 
adenine dinucleotide phosphate (NADP). GO6PD is 
responsible for maintaining adequate cellular levels of 
reduced NADP (NADPH). NADPH functions as a 
cofactor in many biosynthetic reactions, including 
maintenance of glutathione in its reduced form. 
Reduced glutathione acts as a scavenger for dangerous 
oxidative metabolites in the cell. While other cells in the 
body have diverse mechanisms for generating NADPH, 
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the red cell is fully dependent on G6PD to generate this 
important molecule.'’ Having only one NADPH- 
producing enzyme to remove oxidants, red blood cells 
are therefore especially sensitive to oxidative stresses. 
Oxidant stress can be precipitated by infection, food, 
and drugs (Chapter 14). As a result of oxidant stress, 
these red cells undergo massive hemolysis, leading to 
hyperbilirubinemia. Removing the cause of oxidative 
stress is first-line treatment for GOPD hemolysis. Vitamin 
E and folic acid have both been suggested for treatment 
of G6PD hemolysis. Treatment for severe cases may 
include exchange transfusion. 


CRIGLER-NAJJAR DISEASE AND 
CEFTRIAXONE 


Crigler-Najjar disease is an autosomal-recessive disorder 
in which bilirubin metabolism is impaired. Patients with 
Crigler-Najjar disease are subject to markedly elevated 
levels of bilirubin that can manifest by icterus, 
kernicterus, and encephalopathy. Drugs that exacerbate 
hyperbilirubinemia (either through displacement of 
bilirubin from albumin or from cholestasis) must be 
avoided in patients with Crigler-Najjar disease. 

Bilirubin is a lipophilic molecule that requires con- 
version to a polar derivative in order to be eliminated. 
This conversion of bilirubin occurs in the liver, where the 
molecule glucuronic acid attaches to bilirubin in a process 
called glucuronidation. Glucuronidation is carried out 
by the enzyme uridine diphosphate glucuronyl transferase 
(UDPGT). Patients with Crigler-Najjar disease have either 
an absolute lack of this enzyme (type 1) or markedly 
decrease activity of this enzyme (type 2), resulting in very 
high levels of unconjugated bilirubin. Importantly, 
treatment with phenobarbital, which can induce the 
expression of UDPGI, is not effective in the setting of 
absolute lack of the enzyme (type 1) but may be effective 
in ameliorating type 2 disease. 

The lipophilic unconjugated bilirubin must be bound 
to carrier protein to be transported in the aqueous 
environment of the serum. Albumin has one primary 
high-affinity binding site for bilirubin and two lower- 
affinity sites. Albumin bound bilirubin cannot pass 
through the blood-brain barrier to exert its toxic effect. 
At physiologic pH, the amount of free bilirubin is very 
low (less than 0.1% of total) and the brain is protected 
from the neurotoxic effects of bilirubin. Decreased 
albumin-binding capacity and/or decreased albumin- 
binding affinity can increase the amount of free serum 
bilirubin. 

The risk of kernicterus in any jaundiced patient 
increases as the serum bilirubin-albumin molar ratio 
exceeds 0.7. Brain injury is imminent when this ratio 
exceeds 1.0. The quantitative effect of any displacing 
drug on the toxic level of free bilirubin depends on four 
major variables: (1) the prevailing bilirubin-albumin 
molar ratio, (2) peak molar concentration of the drug 
after administration, (3) fractional protein binding by 
the drug, and its specific binding affinity for the bilirubin 
binding pocket, and (4) drug half-life. The latter three 
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BOX 20B-1 


Edatrexate 
Erlotinib 
Etoposide 
Flavopiridol 
Ganciclovir 
Hemoglobin 
Indinavir 
Lamivudine/zidovudine 
Lithium 
Menadiol sodium 
diphosphate 
Methenolone 
Methylene blue 
Mezlocillin 


Afelimomab 
Alprostadil 
Atazanavir 
Azacitidine 
Busulfan 
Capecitabine 
Carmustine 
Ceftazidime 
Ceftriaxone 
Clozapine 
Crosfumaril 
Cyclosporine 
Cytarabine 
Dapsone 


Micafungin 
Molgramostim 
Montelukast 
Novobiocin 
Oxytocin 
Pancuronium 
Quinupristin/dalfopristin 
Ribavirin 
Tacrine 
Tasosartan 
Temozolomide 
Trazodone 
Valspodar 





variables can be obtained from standard pharmacology 
texts, while the serum bilirubin-albumin ratio can be 
calculated as: 


Bilirubin in mg/dL x 17 = Bilirubin in mol/L 
Albumin in g/dL x 152 = Albumin in umol/L 


Drugs that raise bilirubin either through cholestasis or 
displacement of bilirubin from albumin should be 
assiduously avoided in patients with Crigler-Najjar (Box 
20B-1).*&8 


METHOTREXATE AND DISORDERS OF 
FOLATE AND VITAMIN B,, METABOLISM 


The enzyme 5,10-methylenetetrahydrofolate reductase 
(MTHFR) catalyzes the conversion of 5,10-methylenete- 
trahydrofolate (5,10-methylfolate) into 5-methyltetrahy- 
drofolate (5-methylfolate), the major circulating and 
bioactive form of folate. It is important to note that total 
circulating folate levels (as measured by standard 
laboratory assays) are normal in these patients, while the 
fraction of 5-methylfolate in the total folate pool is low 
(normally more than 50% of total, typically less than 5% 
of total in patients with severe MTHFR deficiency). 
Folate is used in many vital biochemical pathways, 
including the conversion of homocysteine to methionine 
and the synthesis of nucleotides, and in numerous 
methylation reactions (Fig. 20B-4). 

The effects of abnormal folate metabolism are still 
incompletely understood, although there is ample 
evidence that abnormally low MTHFR activity leads to 
lower circulating levels of the bioavailable forms of 
folate, lower availability of methionine, and higher levels 
of homocysteine. Folic acid and folinic acid supple- 
mentation do not help these patients; both drugs require 
activity of MTHFR to be converted to the bioactive 
5-methyl-THF. 

Similarly, patients with hereditary cobalamin (vitamin 
Bj) disorders are unable to convert homocysteine to 


Purine 
synthesis 


\ a Tetrahydrofolate 


Methionine 


Folinic 
saa > 5, 10 Methylfolate 
av 
Folate ~~ EED 
folic acid 5 Methylfolate Homocysteine 


FIGURE 20B-4. The folate metabolism cycle. The enzyme 5,10 
methylenetetrahydrofolate reductase (MTHFR) catalyzes the 
conversion of 5,10 methylenetetrahydrofolate (5,10-methylfolate) 
into 5-methyltetrahydrofolate (5-methylfolate), the major 
circulating and bioactive form of folate. Abnormally low MTFHR 
activity leads to lower circulating levels of the bioavailable forms 
of folate, lower availability of methionine, and higher levels of 
homocysteine. 


methionine. As in the case of MTHFR deficiency, those 
with elevated levels of homocysteine are at risk for a wide 
array of metabolic derangements, including neuro- 
toxicity, vasculopathy, and thrombosis. 

Dihydrofolate reductase (DHFR) inhibitors, most 
notably methotrexate, decrease cellular 5-methyltetra- 
hydrofolate. Use of DHFR inhibitors in patients with 
MTHFR deficiency can lead to a metabolic crisis and 
significantly increased risk for methotrexate-induced 
neurotoxicity, vasculopathy, and thrombotic events.*9 
Notably, folinic acid (“leucovorin rescue”) is ineffective 
in these patients because folinic acid is not bioavailable 
due to the underlying enzymatic defect. The best 
treatment for patients with MTHFR deficiency is to avoid 
exposure to drugs that disrupt folate metabolism. 

Inhaled nitrous oxide anesthesia should also be 
avoided in patients with disorders of folate and vitamin 
Bio metabolism because nitrous oxide functions as an 
irreversible inhibitor of cerebral methionine synthase. 
Use of nitrous oxide in these patients can produce a 
sudden and lethal neurologic deterioration due to rapid 
intracerebral accumulation of Sadenosylhomocysteine, 
adenosine, homocysteine, and excitatory homocysteine 
metabolites.°?*! 


INHALED ANESTHETICS AND 
MALIGNANT HYPERTHERMIA 


Malignant hyperthermia (MH) is an autosomal-dominant 
pharmacogenetic disorder triggered by exposure of 
susceptible individuals to commonly used inhaled 
anesthetics and depolarizing muscle relaxants.°* Most 
patients are asymptomatic prior to the exposure, 
although MH is associated with central core disease (a 
rare neuromuscular disorder that is most often 
characterized by weakness in the legs), other myopathies, 
and dystonias. Patients with malignant hyperthermia are 
thought to have abnormal regulation of calcium through 
the calcium release channel, known as the ryanodine 
receptor (RYRI), in the sarcoplasmic reticulum of 
skeletal muscle.’ About 50% of familial MH is linked to 
the chromosome 19q13 region, where the RYRI gene is 


located.*4 To date, more than 30 different mutations 
in the RYRI gene have been associated with MH 
susceptibility.” 

Administration of an inhaled anesthetic or depolar- 
izing muscle relaxant in patients with a predisposition to 
MH triggers calcium dysregulation within the muscle 
cell. Excessive intracellular calcium, or interference with 
return to storage of calcium, creates a high intracellular 
calcium level that leads to continuous contractures of 
skeletal muscles, which manifests clinically as muscle 
rigidity and spasm. This hyperaction of skeletal muscles 
increases myocite oxygen consumption, heat production, 
and use of ATP; these produce the signs of lactic acidosis 
and hyperthermia. The mortality rate of malignant 
hyperthermia is as high as 5% to 10%. 

Inhalational anesthetics and depolarizing muscle 
relaxants should be avoided in patients with a known 
prior history of malignant hyperthermia or strong family 
history of malignant hyperthermia. The treatment of 
choice is intravenous dantrolene 2.5 mg/kg per dose to 
a maximum total dosing of 10 mg/kg, which blocks 
calcium release. Adjunctive therapy includes cooling, 
control of acidosis, and 100% O,.?° 

In addition to malignant hyperthermia in patients 
with congenital myopathies, the use of depolarizing 
muscle relaxants can produce severe hyperkalemia, 
rhabdomyolysis, and renal failure. The mechanism of 
this response is likely due to an adaptive increase in 
acetylcholine receptors on denervated muscle, leading 
to massive depolarization. 


ACUTE INTERMITTENT PORPHYRIA 


Acute intermittent porphyria (AIP) is an autosomal- 
dominant disorder resulting from an error in pyrrole 
metabolism due to deficiency of uroporphyrinogen I 
synthetase (Fig. 20B-5). 

AIP is characterized by recurrent attacks of abdominal 
pain, gastrointestinal dysfunction, neurologic disturb- 
ances, and large amounts of aminolevulinic acid and 
porphobilinogen in the urine. Paresthesias and paralysis 
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BOX 20B-2 


Unsafe 
(Strong Evidence) 


Androgens 
Barbiturates 
Estrogens 
Ethanol 
Griseofulvin 
Hydantoins 
Progesterones 
Sulfonamides 


Possibly Unsafe 


Alkylkating agents Methyldopa 
Aminophylline Metroniazole 
Bemegride Metyrapone 
Benzodiazepines Miconazole 
Bromobenzine Nalidixic acid 
Carbamazepine Nifedipine 
Chloramphenicol Nikethamide 
Chlorpropamide Nitrazepam 
Clonidine Nortriptyline 
Chloroquine Pentazocine 
Danazol Phenazone 
Dapsone Phenoxybenzamine 
Disopyramide Phensuxamine 
Enflurane Phenylbutazone 
Ergotamine Primidone 
Etomidate Pyrazinamide 
Eucalyptol Rifampin 
Glutethimide Spironolactone 
Halothane Succinimides 
Hyralazine Theophylline 
Imipramine Tolazemide 
Ketamine Tolbutamide 
Ketocanazole Trimethadone 
Mepivacaine Troxidone 
Meprobamate Valproate 
Methsuximide Verapamil 





can also occur, with death resulting from respiratory 
paralysis.°” 

Multiple drugs have been shown to trigger a por- 
phyric crisis (Box 20B-2). Treatment for acute attacks is 
mostly supportive with dextrose infusions.” Successful 
treatment of acute attacks with hematin, a specific feed- 
back inhibitor of heme synthesis, has been repeatedly 
reported, although this is not a viable strategy at most 
centers due to the unavailability of hematin.” 


Protoporphyrin IX 
HEME 


Protoporphyrinogen IX 


Coproporphyrinogen III 


Succinyl CoA + glycine Hematin 
S| 
2 
z ALA synthase 
© Negative 
2 feedback 
= 

Delta-aminoleuulinic 

acid 

Cytoplasm | 


Porphobilinogen 


—_—eo>  oo»_:—~S—s Uy roporphyrinogen III 


Uroporphyrinogen | synthetase 
(deficient in acute intermittent porphyria) 


FIGURE 20B-5. Heme synthesis pathway. A defect in the enzyme uroporphyrinogen synthetase causes acute intermittent porphyria. 
Hematin, a feedback inhibitor of heme synthesis, may be useful in treating acute attacks. 
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North American Crotalinae Envenomation 
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At a Glance... 


North American vipers belong to the subfamily Crotalinae 


and include rattlesnakes (Crota/us and Sistrurus spp), 
copperheads, and water moccasins (both belonging to the 
genus Agkistrodon). 

Snakebites by North American pit vipers are common, and most 
victims are seen in health care facilities. Morbidity is usual and 
may be significant and persistent. Death is rare. 

Young males are the most frequent victims; ethanol use 
preceding the bite is not uncommon. 

Venoms are composed of multiple polypeptides, designed to 
immobilize, kill, and digest. 

Coagulopathy, rhabdomyolysis, and hypovolemia dominate the 
clinical picture of envenomation, with potentially limb- 
threatening edema of bitten extremities. 

Treatment is based primarily on the history and physical 
examination. A simple scoring system of mild, moderate, and 
severe envenomation is presented. 

First aid measures include immobilization of the injured part 
and prompt transport to an appropriate emergency department 
for evaluation. The practices of packing the wound in ice, 
applying tourniquets, and “cut and suck” techniques have been 
abandoned due to lack of efficacy and potential for harm. 
Crotalidae Polyvalent Immune Fab (CroFab) has largely replaced 
the use of Wyeth-Ayerst Antivenin (Crotalidae) Polyvalent (ACP) 
(equine). Antivenoms and their indications, contraindications, 
and relative efficacies are discussed. 

Fasciotomy is rarely indicated in snakebites and should be 
entertained only in the presence of sustained, elevated 
compartment pressures after the failure of adequate doses of 
antivenom and limb elevation. 

Prophylactic antibiotics are not indicated. 


ETIOLOGY 


North America has two snake families with venomous 
members, the Viperidae (subfamily Crotalinae) and 
Elapidae (subfamily Elapinae).!* North America has three 
genera of Crotalinae (previously known as Crotalidae): 
Crotalus, Sistrurus, and Agkistrodon (Table 21A-1).?° 
Rattlesnakes are members of the genera Crotalus and 
Sistrurus.2* Members of the genus Agkistrodon lack rattles. 
North America has 18 species of Crotalinae and 
numerous subspecies (see Table 21A-1).°° 


EPIDEMIOLOGY 


The 2002 report of the American Association of Poison 
Control Centers documented 2325 indigenous venomous 
snakebites (Table 21A-2) from North American snakes.°® 
Of these, 50% were by rattlesnakes, 38% by copperheads, 
7% by cottonmouths, 4% by coral snakes, and 1% by 
unspecified crotalines (see Table 21A-2). In this case 
series, 87% of victims were treated in health care facilities 
(see Table 21A-2) and 2 patients died (0.1%); 2271 
patients suffered morbidity (98%); and 54 patients had 
no significant health effects (2%). The latter could be 
considered to have had “dry bites” (i.e., bites from 
venomous snakes that do not result in signs or symptoms 
of envenomation) (see Table 21A-2).* This 2% dry bite 
incidence is in contradistinction to the 20% to 25% dry 
bite incidence quoted by many investigators.’ Russell 
estimated that 20% of crotaline bites were dry bites, 
while Parrish found 27% dry bites; however, Wingert and 
Chan found a low incidence of dry bites (1%) .*°" 
Snakebite is most common in school-aged children, 
adolescents, and young adults, with the highest snakebite 
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Some Crotalinae of North America 


GENUS SPECIES SUBSPECIES 
Crotalus adamanteus 
atrox 
cerastes 
helleri 
horridus 
lepidus 
mitchelli 
molossus 
pricei 
ruber 
scutulatus scutulatus 
tigris 
viridis abyssus 
cerberus 
concolor 
lutosus 
nuntius 
oreganus 
viridis 
willardi 
Sistrurus catenatus 
miliarius 
Agkistrodon contortrix 
piscivorus 


COMMON NAME 


Eastern diamondback rattlesnake 
Western diamondback rattlesnake 
Sidewinder 

Southern Pacific rattlesnake 
Timber rattlesnake 

Rock rattlesnake 

Speckled rattlesnake 
Black-tailed rattlesnake 
Twin-spotted rattlesnake 
Red diamond rattlesnake 
Mojave rattlesnake 

Tiger rattlesnake 

Grand Canyon rattlesnake 
Arizona black rattlesnake 
Midget faded rattlesnake 
Great Basin rattlesnake 
Hopi rattlesnake 

Northern Pacific rattlesnake 
Prairie rattlesnake 
Ridge-nosed rattlesnake 
Massasauga 

Pigmy rattlesnake 
Copperhead 

Cottonmouth 


U.S. LOCATION 


Southeast U.S. 
Southwest U.S. 
Southwest U.S. 
California 

North and eastern U.S. 
Southwest U.S. 
Southwest U.S. 
Southwest U.S. 
Southwest U.S. 
California 

Southwest U.S. 
Arizona 

Grand Canyon 
Arizona 

Colorado, Utah 
Western U.S. 

Arizona 

Northwest U.S. 

Rocky Mountains 
Arizona, New Mexico 
Midwest to Southwest 
Southeast U.S. 
Massachusetts to Texas 
Virginia to Texas 





Epidemiology of Bites from Venomous North American Snakes 


NO. (%) OF PATIENTS 


NO. (%) OF TREATED IN HEALTH CARE 

TYPE OF SNAKE PATIENTS FACILITY 

Rattlesnake 1150 (50) 1014 (88) 
Copperhead 889 (38) 784 (88) 
Cottonmouth 173 (7) 138 (80) 
Coral 88 (4) 75 (85) 
Unspecified 25 (1) 19 (76) 

crotaline 
Total 2325 (100) 2030 (87) 


NO. (%) WITH 


NO. (%) WITH NO LIFE-THREATENING 


MORBIDITY MORBIDITY NO. (%) OF DEATHS 
28 (2) 94 (8) 2 (0.2) 
13 (2) 30 (3) 0 (0) 
4 (2) 8 (5) 0 (0) 
5 (6) 1 (1) o (0) 
4 (16) 1 (4) 0 (0) 
54 (2) 134 (6) 2 (0.1) 


From Watson WA, Litovitz TL, Rodgers GC, et al: 2002 annual report of the American Association of Poison Control Centers toxic surveillance system. 


Am J Emerg Med 2003; 21:394. 





rates in 5- to 19-year-olds in two studies.®'° Another study 
found that 55% of victims were 17 to 27 years old, with a 
mean age of 24 years and a median age of 22 years.” 
Tokish and colleagues found a mean age of 29 years for 
snakebite victims.!! 

Most snakebite victims are male. Two studies reported 
2:1 male-to-female ratios.*!° One study reported a 9:1 
male-to-female ratio.2 One study reported 55% males 
and 45% females.'* 

At least one species of indigenous snake is found in 
every state of the United States except Alaska, Hawaii, 
and Maine.’ Snakebites occur most frequently in the 
Southeastern, South Central, and Southwestern United 
States. The 10 states with the highest incidence of 
snakebite are detailed in Table 21A-3.° 

Snakebite varies not only by geographic region, but 
also by anatomic region. In one study, 58% of victims 
were bitten in a lower extremity; 38% in an upper 


extremity; 0.7% in the torso; 0.5% in the head, face, or 
neck; and in 2.8% of bites, the site was not clearly 
specified. This same study also found more victims were 
bitten on the right side of their bodies (55%) than the 
left. In a second study, 55% of snakebites were to upper 
extremities and 51% were to the right side of the victims’ 
bodies.'! In a third study, 87% of victims were bitten in 
an upper extremity, 12% in a lower extremity, and 1% in 
the torso.” In a fourth study, snakebite anatomic region 
was Classified as proximal or distal. Distal was defined as 
distal to the proximal interphalangeal joint of a finger or 
toe, or distal to the interphalangeal joint of the thumb or 
great toe. Distal snakebites occurred in 35% of patients 
and proximal snakebites occurred in 65%. Distal 
snakebites produced less severe clinical manifestations 
than proximal snakebites.'° 

The bite site is related to the victim’s activity at the 
time of the bite. In one study, victims were engaged in 


Geographic Distribution of Snakebite in 


the United States 





STATE INCIDENCE PER 100,000 PEOPLE/YR 
North Carolina 18.79 
Arkansas 17.19 
Texas 14.70 
Georgia 13.44 
West Virginia T29 
Mississippi 10.83 
Louisiana 10.25 
Oklahoma 8.85 
Arizona 7.83 
South Carolina 7.72 


From Parrish HM: Incidence of treated snakebites in the United States. 
Pub Health Rep 1966;81:269. 





the following activities when they were bitten, in 
descending order of frequency: playing, working, or 
walking in their own yards; working on a farm or ranch; 
playing outside of their own yards; hunting or fishing; 
pursuing other outdoor recreational activities; handling 
a venomous snake; walking on or near a highway; working 
or playing inside a barn or henhouse; picking up logs or 
lumber; picking berries; reaching into obscure places; 
and engaging in military maneuvers. Only 4% of patients 
were handling a venomous snake. This correlates with 
more numerous lower extremity bites (63%) and fewer 
upper extremity bites (34%) in this study.!? This is in 
contradistinction to another study in which 57% of 
victims were handling a venomous snake, 28% were 
clinically intoxicated with ethanol, and 87% were bitten 
in an upper extremity.” 

Snakebites occur most commonly during the warmest 
months of the year, when snakes are most active and 
people are more frequently outdoors. In one study, 
94% of snakebites occurred from April through 
October.’ In a second study, 88% of snakebites occurred 
from April through October.'! In a third study, 73% of 
snakebites occurred from April through September.’ 
Snakebites occur most commonly during the morning, 
afternoon, and evening hours when people are most 
active outdoors. The vast majority of victims are bitten 
between 9 AM and 10 pm.®? 


CROTALINAE SNAKEBITE 


Clinical Presentation 
PATHOPHYSIOLOGY 


Crotaline venom has multitudinous chemical constituents 
that act in concert to produce snake venom poisoning in 
a specific victim.* The clinician must always remember to 
treat the patient, not the snake, the venom, or the known 
or suspected venom constituents. 

Venom is 70% water by weight. Lyophilized or desic- 
cated venom is 90% protein and polypeptides by dry 
weight.!+) 
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The main functions of crotaline venom are immobi- 
lization, death, and digestion of prey. Not only do 
crotalines use venom offensively to obtain food, but also 
defensively to protect against predators and aggressors. 
Most crotaline venoms do not produce immobilization 
through neuromuscular blockade. 

Immobilization is usually due to polypeptide, lethal 
venom components that produce hypovolemic shock so 
prey cannot escape. These polypeptide, lethal venom 
components ultimately kill prey due to hypovolemic 
shock.* Digestion is mediated via numerous proteolytic 
and other enzymes.'* This digestive function is critical to 
snakes because they swallow prey whole and do not 
masticate their food. The digestive ability of crotaline 
venom is facilitated by injection into live prey while some 
perfusion continues to distribute venom. The venom’s 
polypeptide, lethal components damage endothelial 
cells and allow plasma to exude and blood to extravasate 
into surrounding tissues, producing hypovolemic shock 
due to third spacing. Leaky capillaries also allow delivery 
of digestive components of snake venom to tissues; this 
speeds digestion. When live prey was fed to the crotaline 
Bothrops jararacussu, digestion time was 4 to 5 days versus 
12 to 14 days for dead prey.’ 

The Mojave rattlesnake Crotalus scutulatus scutulatus, 
with venom A, is the classic exception to the fact that 
most crotalines immobilize prey with polypeptide, lethal 
venom components that produce hypovolemic shock.'°*° 
Mojave rattlesnakes with venom A have Mojave toxin that 
immobilizes prey by neuromuscular blockade.'*** Mojave 
toxin is an acidic protein that consists of a basic phos- 
pholipase A, subunit and an acidic peptide subunit.!°”° 
Some other North American crotaline species (e.g., 
Crotalus tigris, C. viridis concolor, C. horridus, C. atrox) have 
been shown to have some amounts of Mojave toxin in 
their venoms; however, Mojave rattlesnake venom A 
has the most Mojave toxin and the lowest median lethal 
dose (LD;,)) values of any North American crotaline 
venom.!!®?7 Other populations of Mojave rattlesnakes 
with venom B lack Mojave toxin and immobilize prey by 
producing hypovolemic shock from third spacing similar 
to other crotalines.?!*°.°*9 Mojave rattlesnakes with venom 
B are located predominantly in areas surrounding and 
between Phoenix and Tucson, Arizona.?!*? 


CLINICAL MANIFESTATIONS 

Pathophysiologic, clinical manifestations of crotaline 
envenomation can be thought of in a familiar “A,B,C,D,E” 
paradigm.’ The cardiovascular and neuromuscular 
systems are primarily at risk because these primary 
targets of toxicity are fundamentally affected by venom 
(Table 21A-4) 431? 

The primary target of toxicity for most crotaline 
venoms is the cardiovascular system, especially vascular 
endothelial cells.*°'*° Crotaline venom produces capillary 
endothelial cell damage, resulting in endothelial cell 
swelling and rupture, which leaves large gaps in the 
microvasculature that allow third spacing of plasma and 
extravasation of erythrocytes.” Endothelial cell damage 
is caused by relatively low-molecular-weight polypeptides.!# 
These polypeptides have molecular weights between 
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Targets of Crotaline Venom’s Toxic Effects 





BODY COMPONENTS 


AT RISK PRIMARY TARGETS 


Airway 

Breathing 

Cardiovascular system X 

Disability (neuromuscular X 
system) 

Elimination (kidneys and liver) 





about 4500 and 6000 daltons. They produce shock with 
intravascular hemoconcentration and hypoproteinemia 
due to exudation of plasma through the damaged 
capillary endothelium. This correlates clinically with 
profound edema that does not necessarily involve extrav- 
asation of large numbers of erythrocytes; therefore, 
hypovolemia can result from third spacing of plasma.** 

While endothelial cells are damaged by lower- 
molecular-weight nonenzymatic polypeptides, vascular 
basement membranes and perivascular extracellular 
matrices are destroyed by hemorrhagic metalloproteinases 
(zinc-containing enzymes with molecular weights be- 
tween 20,000 and 100,000 daltons) that allow extrav- 
asation of erythrocytes.” This correlates clinically with 
hemorrhage into envenomated parts of the body.!° This 
extravasation of plasma and erythrocytes leads to shock 
and death in prey animals and can lead to shock and 
death in severely envenomated humans. 

Other significant cardiovascular effects of venom are 
its direct actions on the clotting ability of blood.'* 
Crotaline venom characteristically causes a disseminated 
intravascular coagulation (DIC)-like syndrome through 
fibrinogenolysis by thrombin-like, enzymatic venom 
glycoproteins with molecular weights between 29,000 
and 35,000 daltons. These thrombin-like glycoproteins 
produce fibrin monomers, either fibrinopeptide A, most 
commonly, or fibrinopeptide B, rarely, depending on the 
specific venom, without utilizing the victim’s own 
thrombin.!4°°#! 

These thrombin-like venom glycoproteins do not 
activate factor XIII, which rapidly and efficiently produces 
cross-linked fibrin, whereas thrombin does activate 
factor XIII in true DIC to rapidly and efficiently produce 
cross-linked fibrin that yields D-dimer on fibrinolysis. 
Non-cross-linked fibrin formed from thrombin-like 
crotaline enzymes is rapidly lysed to fibrin degradation 
(split) products, but not D-dimer, and the intravascular 
thrombosis with microangiopathic hemolytic anemia 
and intravascular consumption of platelets that is typical 
of true DIC does not occur. Exsanguination is rare from 
crotaline envenomations because the victim’s ability to 
form thrombin, and thereby cross-linked fibrin, remains 
intact, and hemostasis can occur.!4364 

The fundamental difference between true DIC and 
DIC-like syndromes from crotaline venoms is that true 
DIC always involves pathologic generation and activity of 
the victim’s endogenous thrombin, whereas DIC-like 
syndromes do not. Other differences between true DIC 


and DIC-like syndromes from crotaline venoms are 
outlined in Table 21A-5. The pathophysiologic differ- 
ences between true DIC and DIC-like syndromes from 
crotaline venoms have important therapeutic impli- 
cations. Crotaline antivenom is effective for crotaline, 
venom-induced coagulopathies, but heparin and blood 
products are not. Heparin is ineffective for crotaline, 
venom-induced coagulopathies because crotaline, 
thrombin-like enzymes are not inhibited by antithrom- 
bin III (heparin cofactor).'*°°*! Transfused blood 
product coagulation factors and platelets are ineffective 
for crotaline, venom-induced coagulopathies because 
they are destroyed by circulating venom.'*°°* There- 
fore, administration of blood products to patients with 
crotaline, venom-induced coagulopathies exposes patients 
to the risks of blood product therapy without the benefits, 
unless they are actively and significantly bleeding despite 
copious antivenom administration and intensive 
supportive care, 1431,3640,42,45 

Although a characteristic DIC-like syndrome from 
crotaline venoms is described, crotaline venom—induced 
coagulopathies often vary markedly from case to case.**° 
Many crotaline envenomations are accompanied by no 
significant laboratory abnormalities.* Others demonstrate 
isolated hypofibrinogenemia, isolated thrombocytopenia, 
or some combination of these, with or without prolon- 
gation of the prothrombin time, partial thromboplastin 
time, or elevated fibrin degradation (split) products.*°°** 
In general, certain species of crotaline may produce 
characteristic coagulopathies in their victims.°° For 
example, the Southern Pacific rattlesnake (Crotalus helleri) 
characteristically produces severe thrombocytopenia 
without significant hypofibrinogenemia.*°*? Timber 
rattlesnake (Crotalus horridus) envenomations charac- 
teristically produce severe thrombocytopenia, with or 
without prothrombin time prolongation.**** Despite 
generalizations, exceptions always exist; although 90% 
of victims of pigmy rattlesnake (Sistrurus miliarius) bites 
had no defibrination, 10% did.” One pigmy rattlesnake 
envenomation even resulted in true DIC, a rare and 
reportable event.°°* Not only do venom constituents 
vary within and between crotaline species, but they also 
vary in the same snake, depending on its age and the 
season of the year.*°47 

Fibrinolysis due to DIC-like syndromes from crotaline 
venom is caused by indirect activation of plasminogen by 
release of tissue plasminogen activator from damaged 
vascular endothelial cells.*? 

Crotaline envenomation can cause thrombocytopenia 
by multiple mechanisms.'*°!°°*0*2 Thrombocytopenia 
is predominantly caused by consumption of platelets 
at the envenomation site, where disrupted microvas- 
culature exposes platelets to collagen in basement 
membranes, producing local platelet deposition and 
ageregation.***°? Crotaline venom can also cause platelet 
aggregation without serotonin release.***” Investigators 
isolated a timber rattlesnake (Crotalus horridus) toxin, a 
serine protease called crotalocytin, that aggregates 
platelets. 19% 

The major clinical problems encountered in caring 
for victims of crotaline envenomations are local tissue 
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Comparison of True Disseminated Intravascular Coagulation (DIC) with DIC-like Syndromes from 


Crotaline Venoms 





MANIFESTATION AND THERAPY 


Pathologic thrombin production and activity 

Pathologic activation of factor XIII by thrombin 

Thrombin production of both fibrinopeptides A and B 

Production of either fibrinopeptide A or B, but 
not usually both 

Production of cross-linked fibrin 

Production of fibrin degradation (split) products 

Production of D-dimer 

Antithrombin III depletion 

Thrombocytopenia 

Active bleeding 

Intravascular thrombosis 

Heparin therapy helpful 

Crotaline antivenin therapy helpful 


DIC DIC-LIKE SYNDROMES 
Yes No 

Yes No 

Yes No 

No Yes 

Yes Less common 
Yes Yes 

Yes Less common 
Yes No 

Almost always Sometimes 
Commonly Rarely 
Commonly Rarely 
Possibly No 

No Yes 





destruction due to digestive enzymes, edema due to 
exudation of plasma, hemorrhage due to destruction 
of the microvasculature, shock due to hypovolemia, 
and neuromuscular blockade in some victims (see Table 
21A-4). Although the cardiovascular and neuromuscular 
systems are primarily at risk in snake venom poisoning, 
airway and breathing can be at risk due to massive 
orofacial or neck edema when the victim is envenomated 
in the mouth, face, or neck.°°°? Airway and breathing 
can also be at risk because of neuromuscular blockade 
due to Mojave toxin’s effect on muscles involved in 
airway patency and ventilation.” Airway and breathing 
can also be compromised as a result of coma from 
intravenous or perivenous envenomations, or coma from 
shock with a decreased ability to maintain airway patency 
and ventilation.®*°* Airway and breathing can also be 
compromised by venom-induced anaphylaxis.” Elimi- 
nation via the kidneys can be disrupted because of acute 
tubular necrosis due to shock or myoglobinuric renal 
failure due to rhabdomyolysis.?”>3° Canebrake rattlesnake 
(Crotalus horridus atricaudatus) envenomations character- 
istically produce rhabdomyolysis.” The most common 
clinical manifestations from crotaline bites in one case 
series are reported in Table 21A-6.* 


Diagnosis 
DIFFERENTIAL DIAGNOSIS 


The differential diagnosis of snakebite includes puncture 
wounds and abrasions from other causes, wound 
infections, cellulitis, deep venous thrombosis, DIC, 
thrombocytopenia from other causes, inherited bleeding 
disorders, septicemia, hypovolemic shock from other 
causes, weakness as a result of neuromuscular blockade 
from other causes, and rhabdomyolysis from other causes. 

The diagnosis of snake venom poisoning is usually 
simple because the patient, family, or friends tell the 
clinician that the patient has been bitten by a snake. 
However, it is important to consider snake venom poisoning 
in the differential diagnosis of preschool children, devel- 
opmentally delayed patients, patients with ethanol or 
drug intoxication, or unconscious patients who present 


Clinical Manifestations of Crotaline Bites 





SIGNS OR SYMPTOMS % OF PATIENTS 


Fang marks (punctures or abrasions) 100 
Edema 74 
Weakness 72 
Pain 65 
Diaphoresis 64 
Oral, perioral, scalp, or foot paresthesias 63 
Abnormal pulse rates 60 
Light-headedness, faintness, dizziness 57 
Ecchymoses 51 
Nausea, vomiting, or both 48 
Abnormal blood pressures 46 
Paresthesias near the envenomation site 42 
Fasciculations 41 
Regional lymphadenopathy 40 
Abnormal respiratory rates 40 
Bullae 40 
Thirst 34 
Abnormal body temperatures 31 
Local tissue necrosis at bite site 27 
Cyanosis 16 
Hematemesis, melena, or hematuria 15 
Unconsciousness 12 
Seizures 1 


From Russell FE: Snake Venom Poisoning, 2nd ed. Great Neck, NY, 
Scholium International, 1983, p 281. 





with puncture wounds, abrasions, edema, or ecchymoses, 
with or without coagulopathies, shock, rhabdomyolysis, 
fasciculations, or neuromuscular blockade. Snake enven- 
omation must be considered in the patient with an 
unknown bite. This is especially true in areas in which a 
high incidence of snakebites occurs (see Table 21A-3).® 
Numerous cases of snakebites have been noted in small 
children who came in crying after playing in the yard.!° 
It is essential to completely undress and examine all 
nonspeaking patients and patients with altered sensoria 
to search for snakebite punctures or abrasions, and to 
search for other local, regional, or systemic signs of 
envenomation.** We have cared for diabetic patients with 
poor vision due to diabetic retinopathy and poor lower 
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BOX 21A-1 


Minimal Envenomation 


Local swelling 

Other local changes 

No systemic signs or symptoms 
Normal laboratory values 


Moderate Envenomation 


Swelling beyond bite site 
Systemic signs and/or symptoms 
Abnormal laboratory values 


Severe Envenomation 


Marked local response 
Severe systemic signs and symptoms 
Markedly abnormal laboratory values 


From Dart RC, Hurlbut KM, Garcia R, et al: Validation of a severity score for the assessment of crotalid snakebite. Ann Emerg Med 1996;27:321. 


extremity sensation due to diabetic neuropathy who were 
unaware of a snakebite but presented with wounds in 
edematous, ecchymotic legs and had crotaline venom- 
induced coagulopathies. 


CLINICAL DIAGNOSIS 

Diagnosis of envenomation from a snakebite is a clinical 
diagnosis. A history of snakebite is the most helpful 
diagnostic tool. This history can be obtained from the 
patient, family, friends, or prehospital health care 
professionals. Signs and symptoms of crotaline enven- 
omation are detailed in Box 21A-1 and Tables 21A-7 
to 21A-9.4°2°° The most important aspects of clinical 
diagnosis of crotaline envenomation are determining 
the degree of envenomation on presentation (see Box 
21A-1 and Tables 21A-7 to 21A-9) and determining 
whether progression of the envenomation syndrome 
(1.e., worsening of clinical signs and symptoms) is 
occurring over time. Three common systems are used to 
determine the degree of envenomation on presentation: 
(1) the minimal-moderate-severe scoring method, (2) the 


Crotaline Envenomation: Grade 0-IV 


Scoring Method 





GRADE CHARACTERISTICS 


0 No envenomation: fang marks and minimal pain 

| Minimal envenomation: fang marks, pain, 1-5 in. 
of edema and erythema during the first 12 hr; no 
systemic symptoms 

II Moderate envenomation: fang marks, pain, 6-12 in. 
of edema and erythema in the first 12 hr; systemic 
symptoms may be present along with rapid 
progression of signs from grade l; may be bloody 
ooze at bite site 

III Severe envenomation: fang marks, pain, edema 
> 12 in. in first 12 hr; systemic symptoms, including 
coagulation defects after crotaline bites; signs of 
grades | and Il appear in rapid progression, with 
immediate systemic signs and symptoms 

IV Very severe envenomation; local reaction develops 
rapidly; edema may involve ipsilateral trunk; 
ecchymoses,necrosis, blebs, and blisters develop; at 
tightly restrictive fascial planes, tension may 
become great enough to obstruct venous or even 
arterial flow 


From Dart RC, Hurlbut KM, Garcia R, et al: Validation of a severity 
score for the assessment of crotalid snakebite. Ann Emerg Med 1996; 
27:321. 








grade 0 through IV scoring method, and (3) the snakebite 
severity score (see Box 21A-1 and Tables 21A-7 to 21A-9).*° 
The snakebite severity score (see Table 21A-8) is a 
research tool and was not intended for general clinical 
use. We use a modified minimal-moderate-severe scoring 
method that integrates portions of all three systems; this 
is detailed in Table 21A-9.** 

Serial physical examinations and assessment of vital 
signs and clinical status, searching for tissue edema, 
induration and tenderness, progression of swelling, and 
development of systemic signs and symptoms, are 
essential to proper diagnosis and management of the 
snakebite victim. 


LABORATORY DIAGNOSIS 

Laboratory diagnosis of snake venom poisoning focuses 
predominantly on detection of the following: coagu- 
lopathies; hemoconcentration due to third spacing of 
plasma; anemia due to extravasation of erythrocytes or 
other sources of bleeding; rhabdomyolysis as indicated 
by elevated creatine phosphokinase values, elevated 
creatinine levels not attributable to renal failure, and 
myoglobinuria; and hematuria or hemoglobinuria on 
urinalysis. Laboratory tests to detect these potential 
abnormalities should be obtained on presentation and 
periodically thereafter. We recommend obtaining a 
complete blood count with platelets, prothrombin time, 
partial thromboplastin time, fibrinogen, and fibrin 
degradation (split) products on presentation and every 
4 hours thereafter for at least the first 12 hours of 
hospitalization. This is recommended because labora- 
tory evidence of coagulopathy may not be evident initially 
or can worsen after initial presentation. Frequency of 
obtaining these laboratory data should be determined 
by the clinician, depending on the patient’s clinical course, 
the results of the laboratory tests, and whether and when 
the patient receives antivenom. After administering anti- 
venom, we prefer to obtain these laboratory data every 
4 hours until values have returned to normal or to stable 
near-normal levels. 

We often screen for laboratory abnormalities caused 
by concurrent illnesses that can confound the care of 
envenomated patients. This also helps to determine 
whether coagulopathies are the result of an enven- 
omation or of underlying severe liver disease. 

Chest radiography and electrocardiograms should be 
obtained for patients with preexisting cardiopulmonary 
diseases and for patients with cardiopulmonary signs 
or symptoms. We do not routinely obtain these for all 
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Crotaline Envenomation: The Snakebite Severity Score 





CRITERIA POINTS* 
Pulmonary System 
No symptoms/signs 0 
Dyspnea, minimal chest tightness, mild or vague discomfort, or respirations of 20-25/min 1 
Moderate respiratory distress (tachypnea, 26-40 breaths/min; accessory muscle use) 2 
Cyanosis, air hunger, extreme tachypnea, or respiratory insufficiency/failure 3 
Cardiovascular System 
No symptoms/signs 0 
Tachycardia (100-25 beats/min), palpitations, generalized weakness, benign dysrhythmia, or hypertension 1 
Tachycardia (126-75 beats/min) or hypotension, with systolic blood pressure >100 mm Hg 2 
Extreme tachycardia (>175 breaths/min), hypotension with systolic blood pressure <100 mm Hg, malignant 3 
dysrhythmia, or cardiac arrest 
Local Wound 
No symptoms/signs 0 
Pain, swelling, or ecchymosis within 5-7.5 cm of bite site 1 
Pain, swelling, or ecchymosis involving less than half of the extremity (7.5-50 cm from bite site) 2 
Pain, swelling, or ecchymosis involving half to all of the extremity (50-100 cm from bite site) 3 
Pain, swelling, or ecchymosis extending beyond affected extremity (>100 cm from bite site) 4 
Gastrointestinal System 
No symptoms/signs 0 
Pain, tenesmus, or nausea 1 
Vomiting or diarrhea 2 
Repeated vomiting, diarrhea, hematemesis, or hematochezia 3 
Hematologic System 
No symptoms/signs 0 
Coagulation parameters slightly abnormal: PT, <20 sec; PTT, <50 sec; platelets, 100,000-150,000/mL; 
or fibrinogen, 100-150 ug/mL 1 
Coagulation parameters abnormal: PT, 20-50 sec; PTT, 50-75 sec; platelets, 50,000-100,000/mL; or fibrinogen, 2 
50-100 g/mL 
Coagulation parameters abnormal: PT, 50-100 sec; PTT, 75-100 sec; platelets, 20,000-50,000/mL; or fibrinogen, 3 
<50 ug/mL 
Coagulation parameters markedly abnormal, with serious bleeding or the threat of spontaneous bleeding: 4 
unmeasurable PT or PTT; platelets, <20,000/mL; or undetectable fibrinogen; severe abnormalities of other 
laboratory values also fall into this category 
Central Nervous System 
No symptoms/signs 0 
Minimal apprehension, headache, weakness, dizziness, chills, or paresthesia 1 
Moderate apprehension, headache, weakness, dizziness, chills, paresthesia, confusion, or fasciculation 2 
in area of bite site 
Severe confusion, lethargy, seizures, coma, psychosis, or generalized fasciculation 3 


PT, prothrombin time; PTT, partial thromboplastin time. 


*Points are assessed on the basis of manifestations caused by the venom itself (antivenom reactions not included). Ranges given are for adults; 


appropriate compensation should be made for age. 


From Dart RC, Hurlbut KM, Garcia R, et al: Validation of a severity score for the assessment of crotalid snakebite. Ann Emerg Med 1996;27:321. 





patients with crotaline envenomations. All snakebitten 
patients should receive an intravenous lifeline, continuous 
cardiac monitoring, frequent automated blood pressure 
measurements, and pulse oximetry. 


Treatment 
POISONING TREATMENT PARADIGM 


Care of envenomated patients can be thought of in a 
familiar “A,B,C,D,E” paradigm.” Basic resuscitation is 
similar for all envenomated patients. This includes a 
primary survey and resuscitation consisting of manage- 
ment of airway and breathing; cardiovascular resuscitation, 


including administration of intravenous fluids; treat- 
ment of any disability (1.e., preserving neuromuscular 
function); and complete exposure of the patient with 
environmental control.” In addition to the primary 
survey and resuscitation, the “A,B,C,D,E” mnemonic 
can be modified to organize care of envenomated 
patients by utilizing the poisoning treatment paradigm 
(Box 21A-2).°* The poisoning treatment paradigm 
organizes therapy of poisoned patients by considering 
whether kinetic aspects of a toxin can be modified, by 
determining whether the effects of the toxin can be 
modified pharmacodynamically with an antidote, and by 
reemphasizing basic care of the patient (i.e., the primary 
survey and resuscitation). 


BIOLOGICAL TOXINS 





Crotaline Envenomation: Determining the Degree of Envenomation 





DEGREE OF ENVENOMATION CONTIGUOUS MANIFESTATIONS 


None or trivial (“dry bite”) Punctures or abrasions; pain 
and tenderness at bite 

Punctures or abrasions; pain, 
tenderness, edema, and 
erythema at and adjacent 


to bite 


Mild or minimal 


Moderate Punctures or abrasions; pain, 
tenderness, edema, and 
erythema beyond area 
adjacent to bite 

Severe Punctures or abrasions; pain, 


tenderness, edema, and 
erythema of entire 
extremity 


PT, prothrombin time; PTT, partial thromboplastin time. 


BOX 21A-2 


General Paradigm 


Alter absorption 
Apply sling. 

Administer antidote 
(equine origin) 

Basics: Primary survey & resuscitation 


SYSTEMIC MANIFESTATIONS 


LABORATORY ABNORMALITIES 


None None 

Perioral paresthesias None 

Perioral paresthesias; T PT; T PTT: 
peripheral paresthesias; ļ platelets; 
gustatory changes; nausea; ļ fibrinogen; 
emesis; diarrhea; weakness; T hemoglobin 
light-headedness; diaphoresis; 
chills 

Ventilatory insufficiency; aE 1I PTI: 
hypotension; shock; bleeding; LJ platelets; 
altered mental status; IW fibrinogen; 


fasciculations; seizures TT hemoglobin 


Specific Therapy for Crotaline Envenomation 
Call 911 with a cell phone and remain still. 


Crotalidae Polyvalent Immune Fab (ovine) or Wyeth-Ayerst Antivenin (Crotalidae) Polyvalent 


Resuscitation basics (A, B, C, D, E) 


Intravenous isotonic crystalloid 
Cleanse and dress wounds 


Tetanus immunization 


No antibiotics 
Change catabolism None 
Distribute differently None 
Enhance elimination None 


IMMEDIATE MEASURES: FIRST AID AND 
PREHOSPITAL CARE 

All patients who may have been bitten by a venomous 
snake should be taken to a health care facility as soon as 
possible. The most important principle of first aid 
for snakebite victims is, “Primum non nocere,” that is, “First, 
do no harm.” First-aid measures have never been proven 
to decrease morbidity or mortality from crotaline 
envenomations. One study found no differences in 
clinical courses between those patients who did and 
those who did not receive first aid.’ In fact, more recent 
research found nearly a threefold increase in necrotic 
and infectious complications that required surgery in 
patients who received first-aid treatments, such as 
cryotherapy (ice), cut and suck, tourniquets, or superficial 
constriction bands.!! 

Pros and cons of first-aid measures have been dis- 
cussed in detail elsewhere, and first-aid recommen- 
dations are summarized in Table 21A-10.!2°”° First aid 
should never be considered a substitute for definitive 
medical care and should never delay in-hospital admin- 





istration of antivenom, if indicated. Any delay can be 
fraught with danger. The most helpful first-aid tool is 
a cellular phone. This allows rapid summoning of 
emergency medical services (EMS) without moving the 
victim. Walking decreased transit time of ersatz venom in 
a human study.*? All patients who may have been bitten 
by a venomous snake should be taken to an appropriate 
health care facility as soon as possible. Rapid EMS 
transport is the safest form of first aid and prehospital 
care for snakebite. 

First aid and prehospital measures for snakebite can 
be considered to fall into three categories: (1) those that 
may be helpful and are unlikely to be harmful, (2) those 
that are controversial and may become harmful, and (3) 
those that are unhelpful or harmful. 

First aid and/or prehospital care that is likely to be 
helpful, or at least not harmful, includes applying a sling 
to bitten upper extremities and keeping the bite site in a 
neutral position (i.e., at heart level). Another reasonable 
prehospital EMS intervention is to start a large-bore 
intravenous line in a nonbitten extremity to infuse 


Immediate Crotaline Snakebite 


Treatment 





FIRST AID AND 
PREHOSPITAL 
CARE 


= 
© 


YES CONTROVERSIAL 


Capture snake 

Incise fang marks 

Oral suction 

Electric shock to 
denature venom 

Ice 

Tourniquet 

Constriction bands 

Splint 

Extraction devices 

Sling 

Isotonic IV in other 
extremity 

EMS activation with 
a cellular phone 

Rapid transport 


XK KKK  XX X X 


x X XX 


EMS, emergency medical services; IV, intravenous line 





isotonic crystalloid. This serves as an intravenous lifeline 
to allow administration of isotonic crystalloids if notice- 
able swelling begins. 

Although snake identification may be helpful, it is 
unnecessary to capture or kill the snake for identifi- 
cation. Attempts to capture or kill the snake could result 
in more bites to the victim and bites that could turn 
potential rescuers into victims.5”ř8 Administration of 
either Crotalidae Polyvalent Immune Fab (ovine) 
antivenom (Protherics, Nashville, TN) or Antivenin 
(Crotalidae) Polyvalent (equine origin) (Wyeth-Ayerst, 
Philadelphia, PA) is effective for all crotaline enven- 
omations and does not require definitive identification 
of the envenomating crotaline.?!°7°8 

Controversial crotaline bite first aid and prehospital 
measures that may become harmful include use of 
constriction bands, and splints involving constriction 
bands. Most researchers use the term constriction band to 
describe a device that impairs efflux of superficial venous 
and lymphatic flow from bitten extremities (see Table 
21A-10).42576? Although some studies with envenomated 
animals and one human study with ersatz venom 
indicated decreased efflux from extremities with con- 
striction bands, no human clinical studies have proven 
the safety or efficacy of this practice.**®? An animal study 
showed that systemic absorption of crotaline venom 
was decreased with constriction band therapy using a 
sphygmomanometer cuff with the pressure maintained 
at 45 mm Hg. Continual adjustments, allowing air to 
escape from the cuff, were necessary to avoid limb- 
threatening constriction as the envenomated animal’s 
leg swelled.® Continual cuff adjustments would be 
difficult in first aid and prehospital care. In addition, the 
45 mm Hg cuff pressure exceeds the normal capillary 
perfusion pressure of about 30 mm Hg. Another animal 
study found that elastic wrapping of an envenomated 
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extremity at 55 mm Hg and splinting decreased systemic 
absorption of Australian elapid venom; however, 
Australian elapid venom causes minimal tissue edema.°! 
This study also showed that splinting alone or pressure 
wrapping alone did not limit systemic venom absorption. 
Both techniques had to be used simultaneously to limit 
venom absorption.®’ Another study used similar elastic 
wrapping and splinting and showed decreased systemic 
absorption of Eastern diamondback rattlesnake venom; 
however, the high pressure (initially 55 mm Hg) could 
cause extreme pain in a swollen envenomated extremity 
and could cause limb-threatening ischemia as swelling 
increased. Splinting the envenomated limb is also 
controversial because splinting involves circumferential 
elastic wrapping that could also compromise limb 
perfusion as swelling increases because of crotaline 
envenomation. In summary, constriction bands have not 
been studied clinically in North American patients with 
crotaline envenomations; therefore, their safety and 
efficacy are unproven and we do not recommend them. 
A constriction band could turn what is uncommonly a 
life-threatening event (0.1%) into a limb-threatening 
event (see Table 21A-2).° 

The remaining first aid and prehospital measures are 
mentioned only to condemn them, because they are 
either ineffective or dangerous*}257°8: 


1. Do not incise fang marks.!°”°5 Incision by persons 
without training or experience can result in damage 
to deep structures and can introduce infection and 
exacerbate tissue necrosis.2!°7"8 

2. Do not use oral suction. Oral suction can introduce 
human oral flora and carries the theoretical 
possibility of causing a human bite infection.?!°7°% 
Oral suction can also result in envenomation of the 
lips and/or mouth if the lips are cracked or have 
lesions or if there is a break in the oral mucosa. 

3. Do not apply ice or immerse the envenomated 
extremity in ice, ice water, or snow.*9!578- So-called 
cryotherapy can result in profound tissue necrosis 
due to further vasoconstriction and ischemia in 
marginally perfused tissues.*315758 

4. Do not apply a tourniquet that would result in 
obstruction of deep venous or arterial flow. This will 
exacerbate ischemia, infarction, and necrosis in a 
limb that already may have marginal perfusion due 
to envenomation. A tourniquet also endangers a limb 
in which a patient has received a dry bite, without 
any envenomation or risk of morbidity.43!°7°%. 

5. Do not use electric shock to treat snakebites.535758,6468 
Studies have shown that electric shocks are ineffec- 
tive, and clinical experience has shown that they can 
be dangerous. 


Newly published data on extraction devices do not 
support their use.°”” In a study from the 1980s, radio- 
labeled crotaline venom was injected into rabbits and an 
extraction device was applied 3 minutes after injection. 
After 3 minutes of suction (i.e., 6 minutes after venom 
injection), 23% of the injected venom was removed by 
the extraction device. Thirty-four percent of radiolabeled 
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venom was removed after suction for 30 minutes (1.e., 33 
minutes after injection).” The same group published 
data on use of extraction devices in patients in an 
abstract describing three people bitten by rattlesnakes.” 
Two of the three patients exhibited clinical signs of 
envenomation, and venom was recovered from the 
wounds of these two patients with an extraction device. 
The device was left in place until its cup filled with 
serosanguineous fluid; this was repeated five times in 
each patient. The largest portion of venom was re- 
covered during the initial application of the extraction 
device. The clinician should be aware that both of these 
references are abstracts and include small numbers of 
subjects. These abstracts raised questions regarding use 
of extraction devices: Does removal of some portion of 
injected venom improve the patient’s clinical course? Do 
such devices concentrate venom at the bite site and 
result in more bite site necrosis? Use of these devices 
remained unproven and controversial until recently.°*” 
The weight of evidence now does not support the use of 
extraction devices.®™”? Bush and colleagues found that 
an extraction device did not reduce swelling in a 
randomized, controlled trial injecting rattlesnake venom 
into study pigs. In fact, some pigs developed circular 
lesions at the site of application of the extraction device, 
and these lesions subsequently necrosed and sloughed, 
with prolonged healing.” Similar local lesions have been 
described in humans after use of these devices.””2 
Alberts and colleagues found that an extraction device 
removed virtually no mock venom (radiolabeled albumin) 
in a simulated snakebite model in human volunteers.” 


Hospital Care 


When a snakebitten patient arrives at the hospital, the 
clinician should perform a standard primary survey and 
resuscitation (“A,B,C,D,E”).°° Most patients will not 
require airway or breathing interventions such as oxygen 
administration or endotracheal intubation, because most 
crotaline envenomations are not life threatening. How- 
ever, patients with signs or symptoms of dyspnea or 
hypoxia should receive oxygen and assisted ventilation, if 
necessary. Endotracheal intubation should be performed 
for the usual indications.°” Prompt endotracheal 
intubation is necessary for any patient with any signs 
of envenomation to the lips, tongue, head, or neck.*°°!°? 
Endotracheal intubation must be done as soon as 
possible, before massive swelling of the airway occurs, 
which would make endotracheal intubation difficult or 
impossible, and because cricothyroidotomy would be 
extremely difficult in the presence of a swollen neck and 
venom-induced coagulopathy. Not only are airway 
patency and breathing in danger of being compromised 
as a result of head and neck envenomations, but also 
because of rare occurrences of anaphylactoid, angioede- 
matous reactions involving the upper airway caused by 
intravenous or perivenous envenomations and also because 
of rare envenomations being associated with acute adult 
respiratory distress syndrome (ARDS).29°354% 
Cardiovascular resuscitation is critical in moderate 
and severe crotaline envenomations with marked third 


spacing of plasma into subcutaneous tissue and extra- 
vasation of erythrocytes through damaged microvas- 
culature. Intravascular volume resuscitation should be 
guided by the usual clinical parameters (e.g., admin- 
istering enough intravenous isotonic crystalloids to 
relieve the patient’s thirst and to produce urine output 
of at least 1 mL/kg/hr).?953-75,76 

Basic neuromuscular resuscitation involves endo- 
tracheal intubation with mechanical ventilation for those 
uncommon patients with moderate to severe Mojave 
toxin envenomations that produce neuromuscular 
blockade and ventilatory insufficiency.!**?>?7 Ventilatory 
insufficiency can also develop because of a decreased 
level of consciousness due to shock and hypoperfusion 
of the brain,” in rare cases of snakebite complicated by 
seizures,‘ and in rare cases of intravenous or perivenous 
envenomations associated with coma.” 

Basic resuscitation to preserve the organs of elimination 
(i.e., the liver and kidneys) is directed primarily at 
preserving renal perfusion and urine output. The liver 
is rarely damaged by crotaline venom poisoning. 
Occasionally, the kidneys are damaged by acute tubular 
necrosis from hypoperfusion and hypovolemia or by myo- 
elobinuric renal failure from rhabdomyolysis.9?779-5768 

Other basic supportive care for crotaline snakebites 
includes cleansing the wound and keeping it clean and 
dry. We usually recommend application of a dry 4 x 4 
gauze pad to the wound itself, without tape. Taping the 
dressing in place can result in vesiculation and formation 
of bullae caused by shearing forces from the tape on the 
skin as the affected extremity swells. Tetanus immu- 
nization should be given if needed. 

Prophylactic antibiotics are not necessary for snakebite 
because there is no evidence that they are effective.’?°° 
Routine use of prophylactic antibiotics is no longer 
recommended. Broad-spectrum antibiotics are indicated 
only if signs of wound infection are present.””9*° Older 
recommendations to prophylactically administer antibiotics 
to patients with snakebite were based on studies of the 
oral flora of snakes and not on the incidence of wound 
infection after North American snakebites.®! 


ADMINISTRATION OF THE ANTIDOTES 
Wyeth-Ayerst ACP has been commercially available in 
the United States since 1954 (Table 21A-11).°* This 
antivenom, manufactured by immunizing horses with 
venom from four crotaline species, Crotalus adamanteus 
(Eastern diamondback rattlesnake), C. atrox (Western 
diamondback rattlesnake), C. durissus terrificus (South 
American or tropical rattlesnake), and Bothrops atrox (fer- 
de-lance),*? is capable of neutralizing venom from all 
North, Central, and South American crotalines (see Table 
21A-11).°**° Because it is of equine origin, it can cause 
true anaphylactic reactions (type I hypersensitivity), 
anaphylactoid reactions, and serum sickness (i.e., immune- 
complex disease [type III hypersensitivity] ) 73148283 

A polyvalent, crotaline, ovine-derived, fragment 
antibody (Fab) antivenom has been developed (initially 
[premarketing], CroTab, Therapeutic Antibodies, Inc., 
Nashville, TN; however, now [postmarketing], CroFab, 
Protherics, Nashville, TN). This new polyvalent 
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CHARACTERISTICS 


FDA approved (year) 1954 
Manufacturer Wyeth-Ayerst Labs 
Distributor Wyeth-Ayerst Labs 
Immunized animals Horses (equine) 
Venoms used to immunize animals Crotalus adamanteus 
(Eastern diamondback) 
Crotalus atrox 
(Western diamondback) 


Crotalus durissus terrificus 


(Tropical rattlesnake) 
Bothrops atrox 
(Fer-de-lance) 

Whole IgG 

150,000 


Immunoglobin 
Immunoglobin molecular weight 
(Daltons) 
Vial contents 
18.9% IgG (wt/wt) 
6% albumin (wt/wt) 


ANTIVENIN (CROTALIDAE) POLYVALENT 


2.1 g lyophilized protein whole 


CROTALIDAE POLYVALENT IMMUNE FAB (OVINE) 


2000 

Protherics, Inc. 

Savage Labs of Altana, Inc. 
Sheep (ovine) 

C. adamanteus 


C. atrox 


Crotalus scutulatus 

(Mojave rattlesnake with venom type A) 
Agkistrodon piscivorus 

(cottonmouth) 

Fab of IgG 

50,000 


<1.5 g lyophilized protein 
>85% Fab (wt/wt) 

<3% Fc (wt/wt) 

<0.5% albumin (wt/wt) 





antivenom was developed by immunizing sheep with the 
venom from four North American crotalines: Crotalus 
atrox (Western diamondback rattlesnake), C. adamanteus 
(Eastern diamondback rattlesnake), C. scutulatus scutulatus 
(Mojave rattlesnake with venom A), and Agkistrodon 
piscivorus piscivorus (Eastern cottonmouth) (see Table 
21A-11). These venoms were chosen on the basis of their 
clinical importance in snakebites occurring in the United 
States and northern Mexico, the geographic ranges of 
the snakes, genetic dissimilarities of the four immunizing 
venoms, and cross-antigenicity with venoms from other 
clinically important crotalines. An animal study showed 
that CroTab was very effective. Human studies also 
demonstrated CroTab’s and now CroFab’s efficacy.°**?° 
Premarketing CroFab is somewhat different than 
premarketing CroTab (Table 21A-12).”! 

Prior to administration of any medication, the clinician 
must ask a five-part question: What are the indications, 
contraindications, complications, dosage, and route of 
administration for the medication?** Answers to the five 
elements of this general question are summarized for 
Wyeth-Ayerst ACP and CroFab in Table 21A-13. 

Table 21A-11 compares and contrasts Wyeth-Ayerst 
ACP with CroFab.° 


Wyeth-Ayerst ACP (Equine Origin) 

Wyeth-Ayerst ACP is indicated in moderate and severe 
cases of crotaline envenomation and in mild crotaline 
envenomations with progression (worsening) of clinical 
signs and symptoms. Progression is defined as worsening 
of the local injury, laboratory abnormalities, or systemic 
manifestations.* 

The clinician should never be lulled into a false sense 
of security just because the patient and/or clinician 
knows the envenomation is from a copperhead bite 
because fatal copperhead bites have been reported.879%95 
We have consulted on an intravenous or perivenous 
copperhead bite to a patient’s medial malleolus that 


Minimum Mouse Median Lethal Dose 





(LD5) Neutralizing Units per Vial 


PREMARKETING POSTMARKETING 


VENOM CROTAB CROFAB 

Crotalus adamanteous 1805 800 
Crotalus atrox 985 1350 
Crotalus scutulatus 11,630 5210 
Agkistrodon piscivorus USS 460 





resulted in shock, ventilatory failure, seizure, and coma 
and required immediate endotracheal intubation, 
mechanical ventilation, massive intravenous fluid 
administration, and antivenom therapy. Ultimately, the 
patient recovered without permanent sequelae. 

Relative contraindications to Wyeth-Ayerst ACP 
include a history of horse product allergy, a history of 
previous allergic reaction to Wyeth-Ayerst ACP, and 
inability of the clinician to manage an anaphylactic 
or anaphylactoid reaction in a patient with a life- 
threatening envenomation (see Table 21A-11).* 
Absolute contraindications to Wyeth-Ayerst ACP include 
lack of informed consent and inability of the clinician to 
manage an anaphylactic and/or anaphylactoid reaction 
in a patient without a life-threatening envenomation. 

The main complications of Wyeth-Ayerst ACP are 
anaphylactic reactions (type I hypersensitivity), anaphy- 
lactoid reactions, and serum sickness (type III hyper- 
sensitivity) .”°!? Anaphylactic or anaphylactoid reactions 
are immediate complications of antivenom therapy that 
occur during antivenom administration. Serum sickness, 
an immune-complex disease, is a delayed complication 
of antivenom administration. 

Anaphylactic and anaphylactoid reactions are 
indistinguishable clinically, but differ on the basis of 
pathogenesis.°°°> An anaphylactic reaction is a type I 
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5 GENERAL QUESTIONS 


Indications 


ANSWERS FOR CROTALINE ANTIVENOMS 


Mild crotaline envenomations with progression 


Moderate and severe crotalid envenomations 


Contraindications 


Relative contraindications 


Horse product allergy (Wyeth-Ayerst) 

Sheep product allergy (CroFab) 

Papaya or papain allergy (CroFab) 

Inability to manage anaphylactic and anaphylactoid reactions with life-threatening 


envenomations 


Absolute contraindications 
Refusal after informed consent 
Inability to manage anaphylactic and anaphylactoid reactions with 
non-life-threatening envenomations 


Complications Immediate 


Anaphylactoid reactions 

Anaphylactic reactions (type | hypersensitivity, IgE mediated) 
More common with Wyeth-Ayerst 

Less common with CroFab 


Delayed 


Serum sickness (type III hypersensitivity; antigen-antibody, immune complex mediated) 
Virtually inevitable with Wyeth-Ayerst 
Uncommon with CroFab 
Recurrent coagulopathy 
Less common with Wyeth-Ayerst 
More common with CroFab 


Dosage DEGREE OF 
ENVENOMATION WYETH-AYERST 
Dry bite (no 0 
envenomation 
Mild with 10 
progression 
Moderate 10-20 
Severe 20 
Route 


INITIAL NO. OF VIALS 


CROFAB 


0 


4-6 


6 
6-12 


Intravenous in an intensive care setting in the emergency department or intensive care unit 





hypersensitivity reaction, an anamnestic reaction, that 
requires initial exposure to an antigen that resulted in 
production of immunoglobulin E (IgE) antibody that 
attaches to mast cells via its Fc portion. After this initial 
sensitization step, reexposure to even the smallest con- 
centration of the inciting antigen elicits an anaphylactic 
reaction due to the antigen binding to preformed IgE 
attached to mast cells, resulting in degranulation of mast 
cells with release of histamine and other mediators. 
Anaphylactoid reactions also result in release of 
histamine and other mediators from mast cells, but this 
release is not dependent on IgE. Another important 
distinction between anaphylactic and anaphylactoid 
reactions is that the smallest concentrations of the 
antigen will elicit an IgE-dependent anamnestic response 
in true anaphylactic reactions; however, substances that 
elicit anaphylactoid reactions are not acting as antigens 
for preformed IgE, and therefore the smallest concen- 
trations of these substances will not necessarily elicit an 
anaphylactoid reaction.%°** In other words, anaphylactoid 
reactions are elicited in a fashion that is dependent on 
concentration, rate, route, and dose. 

This has important therapeutic implications, especially 
when administering heterologous proteins such as 
Wyeth-Ayerst ACP. By maximally diluting the Wyeth- 
Ayerst ACP and administering it slowly, anaphylactoid 


reactions can be modulated or prevented. True IgE- 
mediated anaphylactic reactions cannot be prevented 
with dilution or slower administration. One study showed 
a 23% incidence of anaphylactic or anaphylactoid 
reactions in patients treated with Wyeth-Ayerst ACP. Half 
of these patients manifested only cutaneous signs and 
symptoms, whereas half of the affected patients 
manifested systemic signs and symptoms. Treatment of 
these antivenom reactions was uniformly effective, with 
no mortality, minimal morbidity, and no permanent 
sequelae.” Another study found that 14% of antivenom- 
treated patients developed urticaria, 10% developed 
pruritus, 6% suffered hypotension, 1% suffered 
bradycardia, and 1% suffered apnea that investigators 
thought was related to antivenom administration.’ No 
patient in this study suffered permanent sequelae from 
any of these complications. A third study found that 14% 
of antivenom-treated patients developed a rash, 4% 
developed a rash and fever, and 14% suffered 
hypotension and/or respiratory distress.1° 

Serum sickness, a subtype of type III hypersensitivity, is 
an immune-complex disease due to antigen-antibody 
complexes.!°! Clinically, serum sickness can manifest the 
following signs and symptoms: fever, malaise, urticaria, 
lymphadenopathy, myalgias, arthralgias, and, rarely, 
vasculitis, glomerulonephritis, or neuritis.5*!°! Onset of 


serum sickness after Wyeth-Ayerst ACP administration 
usually occurs 3 days to 3 weeks after administration, with 
an average onset of about 1 week. 

The incidence of serum sickness seems dose related. 
One study found an 83% incidence of serum sickness in 
patients who received more than eight vials of Wyeth- 
Ayerst ACP versus a 38% incidence in patients who 
received less than eight vials; however, due to the small 
sample size, this difference was not statistically 
significant.”9 

Dosage of Wyeth-Ayerst ACP is determined by the 
victim’s degree of envenomation and has nothing to do 
with the victim’s age or weight.*°2°° This is because 
antivenom neutralizes a specific amount of venom. 
Clinically, the amount of venom is estimated by the effect 
that the venom has on the patient. This can be estimated 
by various grading systems (see Box 21A-1 and Tables 
21A-7 to 21A-9) .92°° 

When the decision for antivenom therapy has been 
made, it is important to note that the recommended 
dose of antivenom has increased over the years.* 
Although regional differences have been noted, 10 vials 
(given intravenously) of Wyeth-Ayerst ACP is the initial 
dose in all treated rattlesnake envenomations.***? In 
rapidly progressive envenomations or in those with 
hemodynamic instability, up to 20 vials of Wyeth-Ayerst 
ACP may be required initially, in addition to aggressive 
resuscitation.”3%4 After the initial antivenom adminis- 
tration, serial laboratory data should be obtained every 
4 hours and serial physical examinations at least hourly 
for evidence of continuing progression (i.e., worsening 
of clinical signs and/or laboratory data). Repeat 
antivenom therapy, usually in the range of 10 to 20 vials 
of Wyeth-Ayerst ACP at a time, may be necessary, until 
the patient’s condition becomes stable.” 

The route of antivenom administration is always 
intravenous.’**? Intravenous administration allows 
systemic antivenom distribution to counteract systemic 
venom effects and allows precise titration of antivenom 
to help prevent or modulate anaphylactoid reactions 
that are dependent on concentration, rate, and dose. 
Antivenom should not be administered intramuscularly 
or into the wound area. 

Prior to intravenous administration of Wyeth-Ayerst 
ACP, a skin test can be administered.’7!32:42:33:100 The 
skin test should only be given after the physician has 
decided to administer antivenom, based on progression 
of signs or symptoms in mild to moderate crotaline 
envenomations or based on a severe envenomation at 
presentation (see Box 21A-1 and Tables 21A-7 to 21A-9. 
This should be done after the patient has given informed 
consent, if possible, and before any antihistamines are 
given. Skin testing can sensitize patients to horse 
antigens and has resulted in life-threatening anaphylactic 
and anaphylactoid reactions. Antihistamines can mask 
the signs of a positive skin test, which can include a wheal 
and/or flare response larger than 10 mm in diameter, 
urticaria, and systemic anaphylactic or anaphylactoid 
reactions. A wheal and/or flare reaction larger than 10 
mm in diameter is all that is necessary to declare a skin 
test result positive. ”31324283 Prior to the administration of 
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the skin test, the clinician should read the package insert 
and call a consultant in medical toxicology or a regional 
poison center, unless he or she has sufficient experience 
in administering the skin test and treating crotaline- 
envenomated patients. A clinician and all equipment 
and drugs necessary to manage anaphylactic and 
anaphylactoid reactions should be at the bedside. Two 
intravenous lines with isotonic crystalloid should be in 
place. The patient should be attached to a cardiac 
monitor, a pulse oximeter, and a blood pressure 
monitor.** After these precautions are taken, 0.02 mL of 
a 1:10 dilution of normal horse serum is injected 
intradermally into one shoulder and 0.02 mL of normal 
saline control is injected into the other shoulder. The 
1:10 diluted normal horse serum is already packaged, 
premixed, and ready for injection.® The control and 
horse serum sites should be observed for 30 minutes to 
see if wheal, flare, urticaria, or systemic anaphylactic or 
anaphylactoid reactions develop.’3!°242.83 

If the skin test result is positive, the clinician should 
reconsider using antivenom in mild and moderate 
envenomations and discuss the therapeutic pros and 
cons with the patient in light of the positive result.9?! 
If antivenom will be given, we suggest pretreating the 
patient with diphenhydramine 1 mg/kg intravenously 
(50 mg in the average adult) and ranitidine 3 mg/kg 
intravenously (150 mg in the average adult).** Steroids 
are not necessarily indicated. Steroids have not been 
proven safe or effective in treatment of crotaline 
envenomation.**° 

Concurrent with the skin test, the lyophilized Wyeth- 
Ayerst ACP should be mixed. The antivenom is diluted 
with enough bacteriostatic water or normal saline to fill 
the vial. Filling the vial completely helps prevent 
foaming. Solubilization of the lyophilized antivenom 
may be facilitated with an automated blood vial rocker. 
Vigorous shaking of the antivenom denatures it. 
Foaming may indicate that some denaturation has 
occurred.®° 

After solubilizing the lyophilized antivenom, we 
prefer to dilute the antivenom approximately 10:1 (i.e., 
dilute 10 vials of antivenom in 1 L of normal saline) .***° 
Although this differs from more concentrated solutions 
recommended by some experts, it is the most dilute 
solution suggested in the Physicians’ Desk Reference, and 
this more dilute solution may help prevent anaphy- 
lactoid reactions that are dependent on concentration, 
rate, and dose.*!4*°3 For children, we dilute the initial 
dose of antivenom in enough normal saline so the 
patient will receive an antivenom infusion that does not 
exceed 20 mL/kg, the usual resuscitation bolus dose for 
crystalloid infusions in pediatric resuscitation.°?*? The 
dilute antivenom infusion should be started slowly and 
gradually increased over time to help prevent anaphy- 
lactoid reactions. We use the antivenom infusion 
guidelines detailed in Box 21A-3. The guidelines are 
based on an integration of product information from the 


“Use of H, histamine blockers for prophylaxis and treatment of 
allergic reactions is a common, but off-label, prescribing practice. 
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BOX 21A-3 


Start the antivenom infusion at no more than 60 mL/hr (1 mL/min) 
If no adverse reactions occur in 3 min, increase the drip rate to 


120-125 mL/hr 

If no adverse reactions occur in 3 min, increase the drip rate to 
240-250 mL/hr 

If no adverse reactions occur in 3 min, increase the drip rate to 
480-500 mL/hr 

If no adverse reactions occur in 3 min, increase the drip rate to 
960-1000 mL/hr 


Physicians’ Desk Reference, our own clinical experience, 
and guidelines from other experts.”31324283 We believe 
these to be reasonable guidelines, although they have 
never been validated by a clinical trial. Although life- 
threatening anaphylactic or anaphylactoid reactions can 
occur at any time during antivenom infusion, they usually 
occur while the infusion rate is gradually increased to the 
maximum of 960 to 1000 mL/hr. It is prudent to have a 
clinician able to manage all aspects of anaphylaxis at 
the bedside, until the maximum infusion rate of 960 to 
1000 mL/hr has been achieved without complications. 

If signs or symptoms of an anaphylactic or anaphylactoid 
reaction occur during antivenom infusion, one should 
immediately stop the infusion and treat the patient with 
intravenous diphenhydramine and ranitidine, or other 
H; and H, antagonists. If these steps do not achieve the 
desired result, epinephrine and steroids (considering 
glucagon in patients on B-blocker therapy), should be 
administered, as in any anaphylactic or anaphylactoid 
reaction. If the clinician has not yet consulted with a 
regional poison control center or medical toxicologist, 
he or she should do so at this time. 

Life-threatening crotaline envenomations complicated 
by anaphylactic and/or anaphylactoid reactions to 
antivenom have been treated with concomitant antivenom 
and intravenous epinephrine infusions. ”313242,99,102 Intra- 
venous epinephrine is titrated to effect during antivenom 
infusions in which the risk-benefit ratio seems to favor 
administration of antivenom. We are involved in a handful 
of such cases each snakebite season. To date, the authors’ 
patients have suffered no permanent sequelae from this 
treatment. 

Surgery is rarely necessary for crotaline envenomation. 
Almost 30 years ago, surgery was recommended by some 
as the primary treatment for crotaline envenomations 
with early excisional débridement or fasciotomy'?®!%; 
however, animal and human studies do not support this 
position.10°110 

Fasciotomy should only be performed when clinical 
signs and symptoms of compartment syndrome are present 
and hourly, serially measured compartment pressures 
remain greater than 30mm Hg despite elevation of the 
affected limb and administration of 20 vials of Wyeth- 
Ayerst ACP or 6 to 12 vials of CroFab.’*!°* This 30 mm 





Hg pressure limit is based on the fact that capillary 
perfusion pressure is usually about 30 mm Hg.!!""118 

Compartment perfusion pressure is also dependent 
on the patient’s blood pressure.'!*"'!*!'© Significant 
decreases in compartmental perfusion occur when 
compartment pressures rise to within 30 mm Hg of the 
diastolic blood pressure.'!* An experimental study found 
that CroFab limited the decrease in perfusion pressure 
in the anterior leg compartment in a porcine, crotaline 
envenomation model.!!” Another study found compart- 
ment muscle hypoperfusion and anaerobic metabolism 
when compartment pressures were within 30 mm Hg 
of the mean arterial pressure (MAP) in nontraumatized 
muscles.''® In traumatized muscles, compartment 
hypoperfusion and anaerobic metabolism occurred 
when compartment pressures were within 40 mm Hg 
of the MAP.!!® 

The duration of clinical signs and symptoms of com- 
partment syndrome also relates to prognosis. If com- 
partment syndrome signs or symptoms are allowed to 
persist for 12 hours or more, residual functional deficits 
almost always occur. Series of patients who undergo 
fasciotomy within 12 hours of onset of signs or symptoms 
of compartment syndrome have from 0% to 17% 
incidence of residual functional deficits.!1%118 

To allow for maximum antivenom dosing and effect, it 
is reasonable to obtain a few hourly serial compartment 
pressures if the patient has signs or symptoms of 
compartment syndrome and the initial pressure was 
elevated.’*!°* Consider fasciotomy if the compartment 
pressure stays pathologically elevated after infusion of 
at least 20 vials of Wyeth-Ayerst ACP or 6 to 12 vials of 
CroFab, with elevation of the affected extremity, and well 
before the patient has had symptoms or signs of com- 
partment syndrome for 12 hours.”*!9?42"'2.48 Guidelines 
for management of potential compartment syndromes 
from crotaline envenomations have been published.” 

Some experts advocate intravenous mannitol to 
decrease compartment pressures.7317 We are unaware 
of any published experimental or clinical data on 
mannitol therapy for suspected compartment syndrome 
from crotaline envenomations and have not used this 
therapy to date. When considering whether to admin- 
ister mannitol, the clinician must realize that an 
antivenom infusion is hyperosmolar and a large volume 
load. If mannitol, 1 to 2 g/kg, were administered 
in addition to this, the patient would receive a significant 
osmotic and volume challenge that could compromise 
patients with tenuous cardiopulmonary or kidney 
function. If using CroFab and mannitol, the clinician 
should be aware of possible increased renal clearance of 
the antivenom, thereby altering its half-life. In addition, 
both crotaline antivenoms and mannitol have been 
associated with anaphylactoid reactions, believed to be 
related in part to their hyperosmolarity. This is similar to 
anaphylactoid reactions that occur with hyperosmolar 
radiographic contrast media. 

Surgical débridement of frankly necrotic tissue is 
reasonable. However, it is difficult to determine which 
tissue is frankly necrotic and which tissue may still be 
viable early in the course of snake venom poisoning. In 


addition, necrosis occurs in a minority of patients with 
snake venom poisoning.* In Russell’s series of 100 
snakebitten patients in Southern California, 27% devel- 
oped some necrosis of local tissue.* Bullae are usually left 
intact unless they are on digits and are circumferential or 
are becoming circumferential and appear to 
compromise digital perfusion as evidenced by lower skin 
temperatures measured with a thermistor, by narrower 
pulse volume amplitude measurements from a Doppler 
flowmeter, or by lower oxygen content on pulse oximetry 
distal to a proximal blister.*?" Pulse oximetry through a 
hemorrhagic blister itself is not necessarily accurate, due 
to the presence of deoxyhemoglobin in blood of the 
blister. Digital dermotomy has been recommended by 
some.'!9 Potential complications of any surgical procedure 
include infection, scarring, and anesthetic complications. 
Patients who may have had a snakebite from a North 
American Crotalinae require medical observation for at 
least 12 hours because development of signs and 
symptoms of envenomation may be insidious.”!?°!?! 
During this observation period, hemoglobin, hematocrit, 
prothrombin time, partial thromboplastin time, 
fibrinogen, fibrin split products, and platelets should be 
assayed on presentation and every 4 hours thereafter to 
assess for development of venom-induced coagulopathies. 
Every 15 to 60 minutes, the patient’s affected extremity 
should be palpated on both the medial and lateral 
aspects, starting proximally at the torso and gently 
moving distally until the leading edge of induration, 
edema, and tenderness is felt.”314? This leading edge of 
induration, edema, and tenderness should be marked on 
the skin with the corresponding time of observation. If 
proximal progression of the leading edge of induration, 
edema, and tenderness occurs, the patient should be 
admitted and treated with antivenom after his or her 
informed consent is obtained.’*!**47 Antivenom admin- 
istration requires an intensive care setting within the 
emergency department or intensive care unit. If the 
patient has a coagulopathy on initial presentation or 
develops one during observation, he or she should be 
admitted and receive antivenom after informed consent 
has been given.’”?!* If after 12 hours of close clinical 
observation and serial laboratory tests the clinician is 
certain that the snakebite was of Crotalinae origin, and 
the patient has no sign of snakebite other than punctures 
or abrasions (i.e., no signs of envenomation and no 
coagulopathy), a reliable patient can be sent home with 
instructions to return immediately if he or she notes any 
of the following: increase in pain; onset of redness, 
swelling, fever, or pus formation; bruising; bloody nose; 
red or dark urine; weakness; nausea or vomiting; 
faintness; dyspnea; diaphoresis; or any sign or symptom 
other than the mildest pain at the bite site. ”3142-120,121 


CroFab: Crotalidae Polyvalent Immune Fab 

(Ovine) 

CroFab was approved by the U.S. Food and Drug 
Administration (FDA) on October 2, 2000. FDA labeling 
states that CroFab is indicated for the management of 
patients with minimal or moderate North American 
crotaline envenomations (see Table 21A-9).*! In practice, 
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the indications for CroFab are moderate or severe cases 
of crotaline envenomation and mild _ crotaline 
envenomation with progression (worsening) of clinical 
signs and symptoms (see Table 21A-9). 

Relative contraindications for CroFab include a 
history of allergic reactions to sheep products, papaya, 
papain, chymopapain, and other papaya extracts; the 
pineapple enzyme bromelain; dust mites, and latex. 
CroFab is obtained from sheep immunized with North 
American crotaline venoms, and papain, a papaya 
derivative, is used to separate the Fab fragments from the 
Fc fragments of the immunoglobulins. Bromelain, some 
dust mite allergens, and some latex allergens share 
antigenic structures with papain. Obviously, when a 
relative contraindication is present, the treating clinician 
must carefully weigh the risks and benefits of CroFab 
versus the risks of the envenomation. The decision to 
administer CroFab in a patient with a known relative 
contraindication is a decision that the treating clinician 
must make in consultation with the patient. In addition, 
we recommend that the clinician remain at the bedside 
for the first administration of CroFab with all critical care 
equipment and resuscitative medicines at hand. 

Absolute contraindications to CroFab are a patient’s 
refusal after informed consent, requiring the patient to 
be awake, alert, fully oriented, with a clear sensorium, or 
the inability of the clinician to manage an anaphylactic 
and/or anaphylactoid reaction in a patient without a life- 
threatening envenomation. 

The main complications of CroFab include 
anaphylactic and anaphylactoid reactions and serum 
sickness as well as failure to achieve initial control of 
local effects; recurrence of local effects, low platelets, 
elevated protime, high partial thromboplastin time 
(PTT), low fibrinogen, and hospital readmission; late 
onset of low platelets, high protime, high PTT, and low 
fibrinogen; persistent low fibrinogen; and clinical 
bleeding with recurrent low fibrinogen or late onset of 
low platelets. 

The evidence base for Crotalidae polyvalent immune 
Fab (ovine) includes two premarketing CroTab studies 
(Box 21A-4) and four postmarketing CroFab studies, to 
date. These six studies are summarized in Table 21A-14, 
with more detailed information from these studies in 
Tables 21A-15, 21A-16, 21A-17, and 21A-18. 

Immediate hypersensitivity (i.e., anaphylactic 
reactions and anaphylactoid reactions) occurred in 6% 
of patients (1e., 8 of 129 patients) in the two 
premarketing CroTab and four postmarketing CroFab 
case series published to date (see Table 21A-18).°°°%° 
This incidence of immediate hypersensitivity reactions 
with CroFab is less than the reported incidence of 
immediate hypersensitivity reactions to Wyeth-Ayerst 
antivenom. No hypersensitivity reactions were reported 
in the first premarketing and the first two postmarketing 
studies.°°°° In the second premarketing study, 6 of 31 
patients (20%) had immediate hypersensitivity reactions 
to CroFab. On further analysis, 3 of 31 patients (10%) 
had CroFab that had been incompletely purified of the 
Fc fragment, which is more allergenic; however, 3 of 
31 patients (10%) received normal CroTab. In other 


BIOLOGICAL TOXINS 





words, immediate hypersensitivity was equally frequent 
in patients who received standard CroTab and in those 
who received a batch of CroTab with excess Fc. 
Therefore, standard CroTab can cause immediate 





| DR EPEN 


ty) EALEN CROTAB PREMARKETI 


Study Design 


Prospective 
Multicenter 

Open-label (unblinded) 
No control group 


Inclusion Criteria 


Age: 210 years 

Mild to moderate North American crotaline envenomation 
With progression: worsening clinical signs or lab values 
< 6 hr since snakebite 


Exclusion Criteria 


Copperhead (Agkistrodon contortrix) bite 

Dry bite: no venom effects 

Lack of progression (worsening) of clinical signs or lab values 
Severe crotaline envenomation on presentation 
>1 vial of Wyeth-Ayerst antivenom 

Significant preexisting comorbidity 

Sheep allergy 

Systemic steroids within 4 wk 

Experimental medications within 4 wk 
Pregnancy 

Lactation 

Inability to give informed consent 

Previous entry in this study 





hypersensitivity. In the two most recent postmarketing 
case series of CroFab published to date, one patient 
in each series had an immediate hypersensitivity 
reaction: 7% in Bush and colleagues’ case series and 3% 
in Lavonas and colleagues’ case series.>*” In summary, 
although immediate hypersensitivity reactions to CroFab 
are uncommon, varying from 0% to 20% in published 
case series, with an average incidence of 6%, we recom- 
mend that the patient give informed consent and that all 
equipment and drugs necessary to manage immediate 
hypersensitivity reactions be at the bedside.’*!°?" A 
clinician capable of managing immediate hypersensitivity 
reactions should also be at the bedside. Two intravenous 
lines with isotonic crystalloid should be in place. The 
patient should be attached to a cardiac monitor, a pulse 
oximeter, and a blood pressure monitor. These precau- 
tions generally require that the patient be managed in an 
intensive care setting in the emergency department or 
intensive care unit. 

Overall, delayed hypersensitivity reactions were 
reported in 8% of patients (i.e., 11 of 129 patients) in the 
two CroTab premarketing and four CroFab postmar- 
keting published studies (see Table 21A-18).°°%°°° No 
patients who received only CroTab had delayed hyper- 
sensitivity reactions reported in the first CroTab 
premarketing study; however, only 8 of 11 had follow-up 
for 14 days to assess for delayed hypersensitivity.®° In the 
second premarketing study of CroTab, 6 of 31 patients 
(19%) developed delayed hypersensitivity reactions to 
CroTab; however, 5 of the 6 had received a batch of 
CroTab that had incomplete removal of Fc fragments, 
predisposing them to greater allergenicity (see Table 
21A-18).°° This predominance of delayed hypersensitivity 
in patients who received the batch of CroTab that 


Crotalidae Polyvalent Immune Fab (Ovine) Studies: CroTab and CroFab Studies 





PRE- VS. 
REFERENCE PATIENTS (N) YEAR PUBLISHED POSTMARKETING DESIGN CROTALINAE ANTIVENOM 
Reference 86 11 1997 Premarketing Prospective Varied CroTab 
with multicenter 
supplemen- 
tary data from 
reference 89 
Reference 88 31 2001 Premarketing Prospective Varied CroTab 
with multicenter 
supplemen- 
tary data from 
reference 89 
Reference 85 28 2002 Postmarketing Retrospective Varied CroFab 
| center 
Reference 90 12 (9 prospective 2002 Postmarketing Prospective first Varied CroFab 
and 3 retrospective) center 
Retrospective second 
center 
Reference 5 15 2002 Postmaketing Prospective Varied CroFab 
1 center predominantly 
Crotalus helleri 
Reference 87 32 2004 Postmarketing Retrospective Agkistrodon CroFab 
1 center contortrix 
Total 129 7-year span 2 Premarketing 3 multicenter 5 Varied 2 CroTab 
4 Postmarketing 3 single center 1 Copperhead 4 CroFab 
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Evidence-Based Crotalidae Polyvalent Immune Fab (Ovine) Dosing 





FAILURE TO 
MEAN DOSE DOSE RANGE ACHIEVE 
TO ACHIEVE INITIAL TO ACHIEVE INITIAL CONTROL MEAN TOTAL TOTAL DOSE 
CONTROL INITIAL CONTROL OF LOCAL EFFECTS DOSE (NO. RANGE (NO. 
REFERENCE PATIENTS (N) (NO. OF VIALS) (NO. OF VIALS) (PATIENTS) OF VIALS) OF VIALS) 
Reference 86 with 11 6 4-8 1 (9%) required 10 6 4-8 
supplementary vials of Wyeth- 
data from Ayerst in addition 
reference 89 to 8 of CroTab for 
initial control of 
local effects 
Reference 88 with 31 8 3-12 0 (0%) 12 3-18 
supplementary 
data from 
reference 89 
Reference 85 28 NR NR 0 (0%) 16 on initial 10-47 
admission 
Reference 90 12 (9 8 4-16 0 (0%) 13 4-22 
prospective 
and 3 
retrospective) 
Reference 5 15 7 1-2 0 (0%) 12 1-18 
Reference 87 32 4 4-8 2 (6%) NR NR 
Total 129 6 (weighted 1-16 3/129 (2%) 13 (weighted 1-47 
average for 101 average for 
patients) 97 patients 


NR, Not reported. 


Evidence-Based Recurrent Complications with Crotalidae Polyvalent Immune Fab (Ovine) 





LOW HOSPITAL 
LOCAL EFF.ECTS LOW PLATELETS HIGH PROTIME HIGH PTT FIBRINOGEN ADMISSION 
REFERENCE PATIENTS (N) (%) (%) (%) (%) (%) (%) 
Reference 86 with 11 0 (0%) 1 (9%) 1 (9%) NR 1 (9%) 1 (9%) 
supplementary 
data from 
reference 89 
Reference 88 with 31 0/15 (0%) with 0 (0%) 
supplementary scheduled dosing 
data from 8/16 (50%) with 6/31 (19%) 4/31 (13%) 2/31 (6%) 6/31 (19%) 
reference 89 prn dosing 
Reference 85 28 2 (7%) 1 (4%) 3 (11%) NR 3 (11%) 4 (14%) 
Reference 90 12 (9 
prospective 1 (8%) NR NR NR NR 0 (0%) 
and 3 
retrospec- 
tive 
Reference 5 15 3 (20%) NR NR NR NR 0 (0%) 
Reference 87 32 6 (19%) NR NR NR NR 0 (0%) 
Total 129 20/129 (16%) 8/70 (11%) 8/70 (11%) 2/31 (6%) 10/70 (14%) 5/129 (4%) 


NR, not reported; prn, as needed. 





had excess Fc fragments is in contradistinction to the 
equal incidence of immediate hypersensitivity reactions 
between those patients who did and those who did not 
receive batches of CroFab with excess Fc fragments in 
the second premarketing study (see Table 21A-18).8°°8 
Only 26 of 31 patients had 14day follow-up to assess for 
delayed hypersensitivity in the second CroTab premar- 
keting study.®* In the first postmarketing study of CroFab, 
2 of 28 patients (7%) had delayed hypersensitivity (see 


Table 21A-18).®° All patients in this study had 14 days of 
follow-up by phone to assess for delayed hypersensitivity. 
The second published postmarketing study of CroFab 
had no patients with delayed hypersensitivity (see Table 
21A-18).°° All patients in this study had clinic or phone 
follow-up for at least 1 month. In the third postmar- 
keting CroFab study, 1 of 15 patients (7%) had delayed 
hypersensitivity (see Table 21A-18).° All patients in this 
study had follow-up for at least 21 days. In the fourth 
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Evidence-Based Late-Onset and Persistent Coagulopathies with Crotalidae Polyvalent Immune Fab 





(Ovine) 
LATE-ONSET PERSISTENT 
LOW HIGH LOW LOW HIGH LOW 
PLATELETS PROTIME HIGH PTT FIBRINOGEN PLATELETS PROTIME HIGH PTT FIBRINOGEN 
REFERENCE PATIENTS (N) (%) (%) (%) (%) (%) (%) (%) (%) 
Reference 86 11 2 (18%) 0 (0%) NR 1 (9%) 0 (0%) 0 (0%) NR 1 (9%) 
with 
supplemen- 
tary data from 
reference 89 
Reference 88 31 0 (0%) 2/31 (6%) 3/31 (10%) 4/31 (13%) 0 (0%) 0 (0%) 0 (0%) 2/31 (6%) 
with 
supplemen- 
tary data from 
reference 89 
Reference 85 28 2 (7%) 0 (0%) NR 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
Reference 90 12 (9 1 (8%) NR NR NR 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
prospective 
and 3 
retrospective 
Reference 5 15 NR NR NR NR 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
Reference 87 32 0 (0%) 1 (3%) NR 1 (3%) NR NR NR NR 
Total 129 5/114 (4%) 3/102 (3%) 3/31 (10%) 6/102 (6%) 0/97 (0%) 0/97 (0%) 0/86 (0%) 3/97 (3%) 


NR, Not reported. 


Evidence-Based Bleeding and Hypersensitivity Reactions with Crotalidae Polyvalent Immune Fab 


(Ovine) 





CLINICAL IMMEDIATE HYPERSENSITIVITY DELAYED HYPERSENSITIVITY 
REFERENCE PATIENTS (N) BLEEDING (%) % % 
Reference 86 11 1 (9%) had recurrent 0 (0%) 0 (0%) attributed to CroTab 


1 (9%) who received 
10 vials of Wyeth-Ayerst 


with low fibrinogen bled 
supplementary 2 g/dL of hemoglobin, 


data from after hemorrhoidectomy, 
reference 89 12 days after bite 
Reference 88 31 0 (0%) 3/31 (10%) had Fc 5/31 (16%) had Fc 
with contaminated CroTab contaminated CroTab 


supplementary batch 3/31 (10%) batch 1/31 (3%) had 


data from had standard CroTab standard CroTab 
reference 89 
Reference 85 28 1 (4%) had late-onset 0 (0%) 2 (7%) 
low platelets and bled 
2 g/dL of hemoglobin 
spontaneously, rectally, 
9-10 days after 
Reference 90 12 (9 prospective and 0 (0%) 0 (0%) 0 (0%) 
3 retrospective) 
Reference 5 15 0 (0%) 1 (7%) 1 (7%) 
Reference 87 32 0 (0%) 1 (3%) 1 (3%) 
Total 129 2/129 (2%) 8/129 (6%) 11/129 (8%) 


5/123 (4%) excluding 1 
patient who received 
Wyeth-Ayerst and 5 who 
received Fc contaminated 
CroTab batch 





extant case series with CroFab, 1 of 32 patients (3%) had 
delayed hypersensitivity (see Table 21A-18).°” However, 
only 6 of 32 patients had follow-up for at least 21 days. 
In summary, in the two premarketing CroTab studies 
and the four postmarketing CroFab studies, 95 patients 
had follow-up for at least 2 weeks to assess for delayed 


hypersensitivity. Overall, 5 of 95 patients (5%) had 
delayed hypersensitivity reactions to CroTab or CroFab, 
with no confounding variables such as excess Fc or 
concurrent Wyeth-Ayerst antivenom.” Confounding 
variables existed for 6 of 95 (7%) patients with delayed 
hypersensitivity reactions who had follow-up for at least 


14 days.®°°5 One patient with delayed hypersensitivity 
in the first CroTab premarketing study also received 
10 vials of Wyeth-Ayerst antivenom because 8 vials of 
CroTab had failed to control the local effects.°° Delayed 
hypersensitivity reactions occur in almost all patients 
receiving 10 vials of Wyeth-Ayerst antivenom. When all 
patients with and without confounding variables are 
included for the analysis of the overall incidence of 
delayed hypersensitivity reactions, 11 of 95 patients (12%) 
had delayed hypersensitivity (see Table 21A-18).°°°%° 

Failure to achieve initial control of local effects within 
12 hours occurred in 3 of 129 patients (2%) and involved 
the first premarketing CroTab study and the fourth 
postmarketing CroFab study (see Table 21A-15).58590 

Failure to achieve initial control of local effects within 
12 hours of envenomation first occurred in one patient 
in the first CroTab premarketing study, in which 
the maximal dose of CroTab was only 8 vials.°° This 
patient received an additional 10 vials of Wyeth-Ayerst 
antivenom to control spread of local effects, spreading 
from his entire right upper extremity onto his chest. 
Local effects were halted with the additional 10 vials 
of Wyeth-Ayerst antivenom. The remaining two patients 
with failure to achieve initial control of local effects 
within 12 hours occurred in the most recent CroFab 
postmarketing case series of patients envenomated by 
the copperhead (Agkistrodon contortrix).8’ In one patient, 
local effects continued after receiving four vials of 
CroFab but stopped when an additional four vials were 
given 17 hours later. In the other patient, local effects 
continued to progress for 31 hours in spite of 24 vials of 
CroFab. The first two patients with failure to achieve 
initial control of local effects within 12 hours might be 
attributable to underdosing of CroTab or CroFab; 
however, the third patients received 24 vials of CroFab 
within 31 hours and local effects continued to progress.*” 
These data highlight the fact that treatment with 
antivenom involves empiric titration of dose to achieve 
initial control. 

Overall, local effects recurred in 20 of 129 patients 
(16%) in the six published CroFab studies (see Table 
21A-16).*80 The incidence of recurrent local effects in 
individual studies varied between 0% and 25%. Recur- 
rence of local effects were prevented in the second 
premarketing CroTab study with scheduled administration 
of two vials of CroFab, repeatedly, 6, 12, and 18 hours 
after achievement of initial control.®*°? In contrast, 
patients who received nonscheduled dosing of CroFab 
after initial control (i.e., repeat CroTab dosing on an as- 
needed basis) had a 50% incidence of recurrent local 
effects in 8 of 16 patients. This study finding is the 
basis for the recommended scheduled dosing with two 
vials of CroFab, repeatedly, 6, 12, and 18 hours after 
achievement of initial control.888 Recurrent local effects 
occurred in some patients in all four postmarketing 
CroFab studies, in spite of receiving scheduled dosing of 
two vials of CroFab, repeatedly, 6, 12, and 18 hours after 
achieving initial control.>*°87%° This highlights the fact 
that treatment with antivenom is an empiric titration, 
not only to achieve initial control, but to treat recurrent 
local effects. 
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Recurrent coagulopathies, including low platelets 
and low fibrinogen, as well as high protime and PTT, 
occurred frequently in premarketing CroTab studies and 
postmarketing CroFab studies (see Table 21A-16).°°°9° 
In premarketing CroTab studies, 38 of 42 patients had 
complete laboratory data for 14 days. Among these 38 
patients, 28 (74%) had a coagulopathy before or within 
the first hour of treatment. Of these 38 patients, 14 
(37%) developed thrombocytopenia, 22 (58%) 
developed hypofibrinogenemia, and 17 (45%) developed 
prolonged protime or PTT. Among the 38 patients, 20 
(53%) developed multicomponent coagulopathies 
involving combinations of the preceding individual 
component coagulopathies. Coagulopathic abnormalities 
resolved in all patients with CroTab treatment; however, 
coagulopathies recurred in 20 (53%) patients (69% of 
the 28 patients with initial coagulopathy), within 2 to 14 
days after envenomation. In other words, recurrent 
coagulopathies occurred in about half of all treated 
patients and in about two thirds of those patients with 
initial coagulopathies studies.*’'** The only CroFab 
postmarketing study that documented whether recurrent 
coagulopathies found them (see Table 21A-16).°° 

Recurrent hospital admissions (readmissions) occurred 
in the first premarketing CroTab study and the first 
postmarketing CroFab study.®? One of 11 patients (9%) 
in the first premarketing CroTab study developed recur- 
rent hypofibrinogenemia, which was discovered when he 
had incision and drainage of thrombosed external 
hemorrhoids 12 days after envenomation. At the time, 
his fibrinogen was undetectable.*’ His hematocrit had 
been 36% on the second day after envenomation, and 
this decreased to 36% on his readmission, 12 days after 
envenomation. His local bleeding was controlled with 
pressure, and no blood products were administered. No 
CroFab was readministered.*’ In the first postmarketing 
CroFab study, 4 of 28 patients (14%) had recurrent 
hospital admissions for recurrent coagulopathies.® 
Three of these had no clinical bleeding. The fourth 
patient had spontaneous rectal bleeding for 2 days prior 
to readmission on the 10th day after his envenomation, 
with a platelet count of 15,000/ mm? at that time. This 
was a late-onset thrombocytopenia. His hemoglobin had 
also decreased from 36% at discharge from his previous 
admission to 30% on readmission for spontaneous rectal 
bleeding. He was retreated with a total of 18 vials of 
CroFab, which was temporally associated with a slow, 
gradual rise in his platelet count. Blood products were 
not administered and the patient had no further 
bleeding.®° 

Late-onset coagulopathy manifested by low platelets, 
high protime, high PTT, or low fibrinogen occurred in 
0% to 18% of patients in the two premarketing CroTab 
studies and four postmarketing CroFab studies. Pooled 
data for all pre- and postmarketing studies, in patients 
who had laboratory follow-up for individual coagu- 
lopathies for at least 2 weeks, indicated an overall 
incidence of late-onset thrombocytopenia of 4%, late- 
onset high protime of 3%, late-onset high PTT of 10%, 
and late-onset of hypofibrinogenemia 6% (see Table 
21 A-17) 585-90 
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Persistent coagulopathy with low fibrinogen was docu- 
mented only in the two premarketing CroTab studies 
occurring in 1 of 11 patients (9%) in the first CroTab 
study and in 2 of 31 patients (6%) in the second CroTab 
study (see Table 21A-17).868889 No persistent coagu- 
lopathies were documented in any postmarketing 
CroFab studies.>*°87°° Pooled data for premarketing 
CroTab and postmarketing CroFab studies indicate that 
3 of 97 patients (3%) had persistent hypofibrinogenemia 
for up to 14 days of follow-up after envenomation.”8590 

Dosage of CroFab, like other antivenoms, is deter- 
mined by the victim’s degree of envenomation and has 
nothing to with the victim’s age or weight.*°”°° This is 
because antivenom neutralizes a specific amount of 
venom. Clinically, the amount of venom is estimated by 
the effect that the venom has on the patient. This can be 
estimated by various grading systems (see Box 21A-1 and 
Tables 21A-7 to 21A-9). 

According to the FDA-approved labeling, “adminis- 
tration of antivenom should be initiated as soon as 
possible after crotalid snakebite in patients who develop 
signs of progressive envenomation (e.g., worsening local 
injury, coagulation abnormality, or systemic signs of enven- 
omation).” In other words, “time is tissue,” analogous to 
reperfusion in acute myocardial infarction. CroFab was 
shown to be effective in the premarketing CroTab studies 
when given within 6 hours of snakebite. 

Initial dosing of CroFab is empirically titrated to achieve 
what is called “initial control,” defined as complete arrest 
of progression of local manifestations and return of 
coagulation tests and systemic signs to normal.*! If this 
initial control is not achieved with the first dose of 
CroFab, additional CroFab should be repeated until 
initial control of the envenomation syndrome has been 
achieved. After initial control has been established, 
additional two-vial doses of CroFab, every 6 hours for up 
to 18 hours (six additional vials) is recommended.”! In 
the studies reported to date, six vials of CroFab is the 
overall mean number of vials necessary to achieve initial 
control in a weighted average of 101 patients for whom 
these data were available (see Table 21A-15).58530 The 
mean number of vials of CroFab needed to achieve 
initial control in the individual studies varied between 
4 and 8 vials, with a dose range of | to 16 vials. The 
overall mean total dose of CroFab vials on the first 
admission for patients in pre- and postmarketing studies 
was 13 vials of CroFab, which is a weighted average for 
97 patients for whom these data were available. The total 
dose range of CroFab vials in these studies varied 
between 1 and 47 vials.58590 

It is important to remember that the FDA-approved 
package insert for CroFab, which recommends an initial 
dose of four to six vials, is based only on two premar- 
keting CroTab studies with a total of 42 patients, all of 
whom had mild or moderate crotaline envenomations at 
the time of enrollment in the study (see Table 21A- 
14) .8°°8:59 Data in the second premarketing CroTab study 
and the third postmarketing CroFab study clearly 
indicate that up to 12 vials of CroFab may be necessary to 
achieve initial control (see Table 21A-15).°°%9° In fact, 
the second postmarketing CroFab study had one patient 


in whom 16 vials of CroFab were necessary to achieve 
initial control.’ 

In summary, reasonable dosing guidelines for the 
initial number of CroFab vials are contained in Table 
21A-13, with dose ranges for mild crotaline enven- 
omations with progression (4 to 6 vials) and for severe 
envenomations (6 to 12 vials). For clinicians desiring an 
even simpler initial dosing regimen without ranges, a 
reasonable recommendation is an initial dose of 4 vials 
of CroFab for mild envenomations with progression, 
6 vials of CroFab for moderate envenomations, and 12 
vials of CroFab for severe envenomations. These initial 
dosing guidelines have not been validated by prospective 
randomized studies, but are reasonable recommendations 
based on the authors’ experiences and review of dosing 
data in the six extant published studies regarding 
CroTab and CroFab.°*° 

Each vial of CroFab should be reconstituted with 
10 mL of sterile water for injection and mixed by 
continuous gentle swirling.” Studies have shown that 
CroFab reconstitutes more rapidly than the Wyeth-Ayerst 
antivenom.!*? The contents of the reconstituted vials 
should be further diluted in 250 mL of 0.9% sodium 
chloride and mixed by gentle swirling. The reconstituted 
and diluted products should be used within 4 hours. The 
antivenom infusion should be begun at no more than 
50 mL/hr. If no adverse reactions occur in 3 minutes, 
then increase the drip rate to 125 mL/hr. If no adverse 
reactions occur in another 3 minutes, then increase the 
drip rate to 250 mL/hr. This dosing guideline will allow 
the entire 250 mL of reconstituted antivenom to be infused 
in slightly more than 1 hour. No skin test is recom- 
mended nor given prior to administration of CroFab.*! 

After achievement of initial control of the 
envenomation with CroFab and then scheduled dosing 
with two vials of CroFab, 6, 12, and 18 hours after 
achievement of initial control, further CroFab dosing 
is unnecessary unless or until recurrent local effects, 
or recurrent or late-onset coagulopathy, occurs. The 
optimal dosing for recurrent coagulopathy is unclear. 
Recurrent coagulopathies are difficult to treat and may 
not respond to copious amounts of repeated CroFab as 
evinced by dosing up to 47 vials of CroFab in one patient 
with late-onset thrombocytopenia.” Although 127 of 129 
patients (98%) in the extant CroTab and CroFab studies 
had no clinical bleeding, 2 of 129 patients (2%) did have 
clinical bleeding. Based on these concerns, the most 
conservative recommendation is that all patients restrict 
their physical activity and avoid all contact sports and 
unnecessary driving or other activities that could be 
dangerous with resultant trauma for at least 2 weeks after 
any crotaline envenomation. Based on these data, it is 
also recommended that patients receive follow-up 
complete blood counts with platelets, as well as a protime, 
PTT, and fibrinogen, every 2 to 3 days for 2 weeks after 
discharge for crotaline envenomation. 

When coagulopathies recur or have late onset in these 
patients, it is critical that the patient be informed of this 
and that they are at greater risk for bleeding with any 
trauma or surgical procedure. Surgical procedures 
should be deferred for at least 2 weeks after enven- 


omation and until coagulation studies return to normal, 
if at all possible. In addition, patients should understand 
that they should return for clinical evaluation imme- 
diately if there are any signs of bleeding. 

Redosing of CroFab in patients with recurrent 
coagulopathy is dependent on the individual clinician’s 
and patient’s degree of comfort or discomfort with the 
possibility of either spontaneous bleeding or bleeding 
with trauma or a surgical procedure. Researchers have 
promulgated guidelines for thresholds beyond which 
CroFab would be administered. Yip recommends giving 
CroFab in any patient with clinically significant bleeding 
and any abnormal coagulation parameter or when a 
symptomatic patient has developed multicomponent 
coagulopathy with an International Normalized Ratio 
(INR) of more than 3.0, a PTT of more than 50 seconds, 
a fibrinogen concentration of less than 75 mg/dL, anda 
platelet count of less than 50,000/ mm’. He further 
recommends that the treatment should be continued 
until coagulation parameters are stabilized above what 
he calls critical values (i.e., INR more than 3.0, PTT more 
than 50 seconds, fibrinogen concentration less than 
75 mg/dL and platelet count less than 50,000/mm‘°).'*4 
Boyer and colleagues recommend retreatment of 
recurrent crotaline coagulopathy with CroFab for the 
following indications: fibrinogen less than 50 ug/mL, 
platelet count less than 25,000/mm*, INR more than 
3.0, PIT more than 50 seconds, any multicomponent 
coagulopathy, a worsening trend in the patient with prior 
severe coagulopathy, patients with high-risk behavior for 
trauma, and patients with comorbid conditions that 
increase hemorrhagic risk.'** Regardless of these pub- 
lished guidelines, each individual clinician and patient 
must be aware of the risks involved, and the patient must 
give informed consent to be treated with additional CroFab 
in the face of recurrent or late-onset coagulopathy. 
Optimal dosing with CroFab may also be limited by the 
fact that supplies of CroFab have been extremely limited 
since it was approved by the FDA. De facto rationing of 
CroFab has occurred in some regions due to shortages, 
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with clinicians trying to do the greatest good for the 
greatest number of crotaline-envenomated patients 
when supplies of CroFab are limited.%*!*° 


New Crotaline Antivenoms of the Future 
A new antivenom, Antivipmyn (Fab)*, is currently being 
studied and shows great promise.!*° 


Prognosis 


Although any significant snakebite is potentially lethal, 
death is unusual (0.1%) after North American Crotalinae 
bites in cases reported to the American Association of 
Poison Control Centers (see Table 21A-2).° The Western 
Envenomation Database, a consecutive case series of 
crotaline bites in which the Arizona Poison Control 
Center was consulted by clinicians from throughout the 
United States, reported a mortality rate of 1.4%.!?” This 
mortality rate may be artifactually high because the 
Arizona Poison Control Center commonly receives calls 
from throughout the United States for consultation on 
severe or unusual crotaline envenomations, resulting in 
potential selection bias. Selected details from the three 
fatal cases are provided in Table 21A-19. Common 
characteristics of these fatal cases include more proximal 
bite sites, bites due to Crotalus species, little or no 
intravenous fluid infusion in two patients, minimal or no 
antivenom administration, and nonaccidental upper 
extremity envenomations in two patients. One treating 
physician thought that one patient’s bite was from a 
nonvenomous snake prior to the patient’s fatal cardio- 
respiratory arrest 5 hours after the bite.!?7 

The Western Envenomation Database has also tabulated 
nonfatal sequelae from crotaline envenomations. Long- 
term morbidity (i.e., permanent sequelae) are more 
common in upper extremity and face bites. This may be 
caused by the circumstances of these bites. Most patients 
with upper extremity or facial bites were handling the 
snake at the time of the bite. Snakes that feel threatened 
from handling may inject larger amounts of venom. The 





STUDY PARAMETERS PATIENT 1 

Age (yr) 2 

Sex F 

Bite site Shoulder 

Snake Crotalus viridis 

Time to hospital 30 min 

IV fluids Very slow rate 

Antivenom 1 vial 

Other therapy No 

Initial assessment by Severe envenomation 
physician 

Course Cardiorespiratory arrest 


at 3 hr 
Nonaccidental; adult 
placed snake around child 


Circumstances 


PATIENT 2 PATIENT 3 

7 32 

M M 

Knee Forearm 

Crotalus, unknown Crotalus atrox 
species 

30 min 40 min 

No Several liters 

No 4 vials, hours after 

shock ensued 
No Fasciotomy, steroids 


Nonvenomous bite Severe envenomation 


Cardiorespiratory arrest 
at 5 hr 
Accidental, while playing 


Prolonged hypotension and 
death at 16 hr 

Nonaccidental; rattlesnake 
roundup 
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complexity of fine motor functions and sensation in the 
face and upper extremities may also be more easily 
impaired by venom effects, and disability would be more 
apparent. Most long-term morbidity involved weakness, 
pain, decreased range of motion, hypesthesia, paresthesia, 
anesthesia, or skin discoloration. The most common long- 
term morbidity was decreased range of motion. Only one 
amputation was necessary. This was an amputation of an 
envenomated finger.!*’ These data suggest that a patient’s 
physical therapy should begin as soon as possible after 
antivenom administration has halted progression of signs 
of envenomation and no further antivenom therapy 
is needed.*?)!27 
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B Elapidae: North American and Selected 
Non-native Species 


STEPHEN W. BORRON, MD, MS m PETER B. CHASE, MD, PHD m FRANK G. WALTER, MD 


a Glance... 


The Elapidae family is a large group of snakes, characterized by short, anterior, fixed, grooved, venom-conducting fangs. 

The only native representatives of this family in the United States are the coral snakes, of the subfamily Elapinae. 

Non-native Elapidae are responsible for bites in the United States, both in zoos and in homes of keepers of pet snakes. 

Other important Elapidae discussed here include the cobras, kraits, Australian brown snakes, mambas, tiger snakes, and death adders. 
The primary toxic mechanism for many Elapidae, including the corals, is neurotoxicity, with respiratory failure posing the greatest life 
threat. However, some species cause significant tissue necrosis and cardiotoxicity as well. 

Antivenoms are available for many of the Elapidae. While effective against the neural components of toxicity, they are generally derived 
from horse serum and can cause serious allergic reactions, thus requiring careful administration and consideration of prophylactic 
measures to reduce anaphylaxis. 

Anticholinesterases, such as edrophonium and neostigmine have been used successfully in reversing neurotoxicity as well, but are not 
universally effective. 

As always, intensive supportive care is paramount to success in treating snakebite victims. 

It cannot be emphasized too strongly that potentially fatal respiratory failure may occur precipitously more than 12 hours after a bite, so 
that even well-appearing bite victims should be observed closely for a minimum of 24 hours. 

It is not uncommon for fang marks to be absent, and local tissue injury is often minimal or absent. Thus, the history of a bite should be 
considered sufficient evidence for observation and absence of local effect not equated with absence of envenomation. 


Mortality from snakebite worldwide is an enormous 
problem, estimated by some at up to 100,000 deaths 
per year.' Even this substantial figure is probably an 
underestimate of the real incidence, given the number 
of poor rural victims who do not seek care in hospitals, 
or simply die at home. Many of these bites are inflicted 
by members of the Elapidae family, which are found 
throughout Asia, Africa, Australia, and the Americas, but 
not in Europe. Worldwide, most bites occur in 
agricultural workers, fishermen, and hunters,” but in the 
United States a substantial number of bites occurs in 
handlers of “pet snakes.”*® The importance of this 
problem can be appreciated by examining the cases 
consulted upon personally by Minton between 1977 and 
1995 (Table 21B-1).° Clearly, many more bites occurred 
during this period, suggesting a much higher overall 
incidence. 

Dry bites (nonvenomous bites) are said to occur, on 
average, in about 50% of cases, with high variability 
among species.* In bites where venom is injected, the 
case fatality rate remains extremely high in some regions 
(upwards of 50%), but with antivenom and modern 
medical care, the mortality rate approaches that of other 
poisonings (i.e., less than 5%).” 

The Elapidae family, defined in part by the presence 
of a pair of short, anterior, fixed, venom-conducting 
fangs, is composed of five subfamilies (although there 
is some disagreement as to classification): the Elapinae 
(coral snakes), Bungarinae (cobras, mambas, kraits) 
Oxyuraninae (Australian elapids), and Hydrophiinae 
and Laticaudinae (Sea snakes, which will not be 
described here). In North America, elapids account for 
relatively few snakebites and low mortality, compared 
with the more common bites of the Crotalinae (see 
Chapter 21A). However, elapids endemic to Asia (cobras) 


Relative Incidence of Venomous Bites by 


Non-native Elapid Snakes 1977-1995 in Comparison 
with Other Families 





SPECIES BITES 


Eastern green mamba (Dendroaspis angusticeps) 
Balsan coral snake (Micrurus laticollaris) 
Chinese cobra (Naja atra) 

African ringed cobra (Naja haje annulifera) 
Monocellate cobra (Naja kaouthia) 

Oxus cobra (Naja oxiana) 

Cape cobra (Naja nivea) 

King cobra (Ophiophagus hannah) 

Cobra, species uncertain 

Collett’s snake (Pseudechis colletti) 
Elapidae (total) 

Viperidae (total) 

Atractaspididae (total) 

Colubridae (total) 

Total of 4 families of snakes 
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Only one bite (from an Asian or Indian cobra) resulted in death. 
Adapted from Minton SA: Bites by non-native venomous snakes in the 
United States. Wilderness Environ Med 1996;7(4):297-303. 
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and Australia (taipan, death adder, brown snake, tiger 
snake, and others) account for significant morbidity and 
mortality. This chapter will focus primarily on Elapinae 
(coral snakes), but we will briefly discuss other terrestrial 
Elapidae of global importance. 


U.S. CORAL SNAKES 


North America has two genera of Elapidae, Micruroides 
and Micrurus. Micrurus is represented by two subspecies 
in the United States: Micrurus fulvius fulvius, which is the 
Eastern coral snake, and Micrurus fulvius tenere, which is 
the Texas coral snake. Micruroides consists of one subspecies, 
Micruroides euryxanthus euryxanthus, the Sonoran or 
Arizona coral snake.’ 

Coral snakes are Elapidae and differ from the 
Crotalinae in that coral snakes have a pair of short, fixed, 
grooved, but not hollow, anterior fangs that carry venom 
along open, unsealed grooves from the ducts located at 
the base of the fangs.*"! This inefficient venom delivery 
apparatus (proterogliphous) is but one reason why coral 
snake envenomations are relatively uncommon in the 
United States, when compared with the more efficient 
venom delivery system of pit vipers (solenogliphous).!” 
Other reasons include the coral snake’s small mouth, 
which is unable to achieve a large jaw aperture to bite a 
human, the fact that coral snakes are not aggressive, and 
the fact that they live mostly underground. For an 
effective envenomation to occur, a coral snake usually 
must gnaw or hang onto its victim for at least several 
seconds because its venom is not injected directly 
through hollow fangs as in crotalids.'°")!° 

In the United States, only a small percentage of 
snakebites are caused by coral snakes, usually M. fulvius 
fulvius and M. fulvius tenere.!? The only other U.S. coral 
snake, M. euryxanthus euryxanthus is located in the 
Sonoran Desert of Arizona, New Mexico, and Mexico. 
A bite from M. euryxanthus euryxanthus may have the 
distinction of being the only coral snakebite that does 
not deliver enough venom to kill an adult human.'! 
The average and maximum extracted venom yields of 
0.12 mg and 6 mg, respectively, obtained from 
M. euryxanthus euryxanthus, is significantly below that 
obtained from the Micrurus species. The estimated lethal 
dose of M. euryxanthus euryxanthus venom for an adult 
human is 6 to 8 mg. This is in contradistinction to bites 
from M. fulvius fulvius in Florida and Alabama, and 
M. fulvius tenerein Texas, where bites by both species have 
produced adult human fatalities." 


Pathophysiology 


Elapinae snake venoms contain a complex mixture of 
polypeptides. Whereas pit viper venom contains protein 
that causes coagulopathies, thrombocytopenia, and tissue 
necrosis, coral snake venom contains @ neurotoxins and 
phospholipase A, (PLA,), which cause paralysis and 
myonecrosis, respectively.!? The neurotoxic components 
are polypeptides devoid of enzymatic activity and act 
primarily by binding postsynaptically at the nicotinic 
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acetylcholine receptors of the neuromuscular junction, 
causing flaccid paralysis of striated muscles.!*!°'® This 
competitive, nondepolarizing blockade of nicotinic 
acetylcholine receptors differs from the action of curare 
in that its onset is slower, its duration of action is much 
longer, and it is not necessarily reversed by 
anticholinesterases.”:!®?! In addition, it should be noted 
that infusion of lethal doses of M. fulvius fulvius venom 
in dogs (0.3 mg/kg) or cats (2 mg/kg) produced 
profound hemodynamic changes (shock) primarily due 
to decreases in cardiac output despite ventilatory 
support.**** The target of myotoxic PLA, is the plas- 
malemma, similar to pit viper PLA»; however, evidence 
suggests these phospholipases evolved independently 
from each other.”! 


Clinical Manifestations 


Coral snake envenomations differ clinically from 
crotaline envenomations in three major ways: Coral 
snake envenomations primarily produce neurotoxicity 
with comparatively little local tissue toxicity, although 
there can be myonecrosis, indicated by serum creatine 
kinase elevations.!°!!797427 Coral snake envenomations 
also differ from crotaline envenomations in that the 
onset of signs and symptoms can be delayed for more 
than 13 hours and then occur precipitously.'!>*°°? 
Venom effects can occur earlier; in fact, death due to 
ventilatory failure has occurred within 4 hours of 
envenomation.” Finally, unlike crotaline envenomation, 
the signs of coral snake envenomation are difficult to 
reverse or may even progress after administration of 
antivenom. Therefore, early coral snake antivenom 
administration is advisable.!! Without infusion of 
antivenom, the neurologic complications of a coral 
snake bite may last 3 weeks to a month. 

Victims of Arizona (Sonoran) coral snakebites 
(M. euryxanthus euryxanthus) have reported local 
paresthesias, weakness, hand incoordination, drowsiness, 
nausea, and abdominal pain.”4 Envenomation by Eastern 
and Texas coral snakes (M. fulvius) can produce severe 
neurotoxic effects. Detailed signs and symptoms of 
Eastern coral snake envenomations in a 20-patient subset 
of a 39-patient case series included fang marks (85%), a 
small amount of local swelling (40%), paresthesias (35%), 
vomiting (25%), euphoria (15%), weakness (15%), 
dizziness (10%), dyspnea (10%), diaphoresis (10%), 
muscle tenderness (10%), fasciculations (5%), and 
confusion (5%). Six of 39 patients in this case series 
(15%) were endotracheally intubated. Three of these 
patients received elective intubation before frank ven- 
tilatory failure and none developed aspiration pneumonia; 
however, three other patients who were intubated 
immediately before frank ventilatory failure developed 
aspiration pneumonia.'! Seizures have also been 
reported after M. fulvius envenomation, particularly in 
children; it is unclear whether these were caused by 
hypoxia.” Ventilatory failure is the ultimate cause of 
death and is usually, but not always, preceded by signs of 
cranial nerve dysfunction, including ptosis, dysarthria, 
dysphagia, and/or hypersalivation.*>*" 


Diagnosis 


Clinical diagnosis of coral snake envenomation can be 
difficult. Coral snake envenomations can occur with or 
without visible fang marks.'!7°?° The patient and 
clinician may not realize a coral snake envenomation has 
occurred without positively identifying the snake and 
realizing that onset of signs and symptoms is often 
delayed. Although several U.S. snakes resemble the 
bright red-, yellow-, and black-banded coloration of coral 
snakes, the mnemonic, “Red on yellow, kill a fellow; red 
on black, venom lack,” identifies the color pattern of 
coral snakes in the United States, but not elsewhere.®!2!° 
No significant laboratory abnormalities occur, other than 
hypercarbia or hypoxia in patients who have ventilatory 
insufficiency.** 


Treatment 


PREHOSPITAL TREATMENT 

No first aid should delay rapid transport to a medical 
facility. Vigorous washing with copious amounts of water 
and detergent should be done as soon as possible to 
remove venom that can remain on the skin’s surface and 
could enter through punctures or abrasions. Emergency 
medical service notification and transportation to a 
medical facility are the most effective prehospital treat- 
ments. During the time of transportation to a medical 
facility, it is possible to provide a pressure wrap to the 
victim’s extremity similar to what has been recom- 
mended for envenomation by the Australian Elapidae 
species.°"! It should be emphasized that the pressure 
immobilization technique has never been demonstrated 
clinically to be effective in treatment of M. fulvius 
envenomations. Nonetheless, German and colleagues 
recently demonstrated marked reduction in mortality in 
a porcine model of M. fulvius fulvius envenomation using 
this technique.” Briefly, the technique involves wrapping 
a long, wide swath or bandage around the bitten area in 
a firm but not occlusive manner. The bandage should be 
extended to cover as much of the bitten extremity as 
possible and then the limb immobilized to limit activity. 


HOSPITAL TREATMENT 
Antivenin (Micrurus fulvius) (equine origin) (Wyeth- 
Ayerst Laboratories, Philadelphia, PA) is available for 
Eastern and Texas coral snake (M. fulvius) enveno- 
mations, but not for Arizona coral snake (M. euryxanthus 
euryxanthus) envenomations (F.E. Russell, personal 
communication, 1996).2*7° However, Wyeth-Ayerst 
production of M. fulvius antivenom was discontinued in 
2001. There is evidence that other antivenoms from 
Mexico, Australia, and Costa Rica may have potential for 
use in the treatment of coral snake (M. fulvius fulvius) 
envenomations.!*9?*4 

Although it is generally not advisable to capture a 
venomous snake because of the risk for further 
envenomations, positive field identification is helpful in 
determining the duration of patient observation for a 
potential coral snakebite. If the patient has been bitten 
and if a reliable, positive, field identification has been 


made, or if there are signs or symptoms of M. fulvius 
coral snake envenomation, then M. fulvius coral snake 
antivenom treatment is indicated.!174° 

Before intravenous administration of antivenom, a 
skin test can be performed. Wyeth-Ayerst M. fulvius 
antivenom skin testing and intravenous administration 
involve similar risks and require similar precautions as 
with the Wyeth-Ayerst polyvalent crotalid antivenom, 
because both are of equine origin. Life-threatening 
anaphylactic and anaphylactoid reactions can occur.'! 

The recommended initial dose of Wyeth-Ayerst M. fulvius 
antivenom varies among researchers (F.E. Russell, 
personal communication, 1996).'!2*°° Investigators agree 
with the recommendation of a recognized authority who 
suggested an initial dose of at least 5 vials of Wyeth-Ayerst 
M. fulvius antivenom (F.E. Russell, personal communi- 
cation, 1996). An initial dose of 10 vials of Wyeth-Ayerst 
M. fulvius antivenom may be necessary with bites caused 
by large coral snakes, bites involving long exposures with 
difficulty disengaging the biting snake, and in bites of 
small children (F.E. Russell, personal communication, 
1996).1124%> A subsequent dose of 5 vials of Wyeth-Ayerst 
M. fulvius antivenom is indicated if the patient has 
worsening of signs or symptoms after the initial dose of 
antivenom, !}25.26,35 

Once a patient has developed neurotoxic signs or 
symptoms, these signs or symptoms may progress in spite 
of antivenom therapy.'' Good supportive care is 
paramount with early endotracheal intubation, before 
frank ventilatory failure and respiratory arrest.'!** 

As with other bites, administer tetanus prophylaxis, if 
indicated. Prophylactic antibiotics are not recommended. 


Other Antivenoms to Consider 


Presently there are equine immunoglobulin F(ab)» 
fragments available from Mexico (Coralmyn, Instituto 
Bioclon, Mexico) that have good neutralizing capacity 
for venom of M. fulvius from the United States.'*** In 
addition, another nondomestic antivenom from Australia 
for use against the tiger snake (Nolechis scutatus, CSL 
Limited, Parkville, Victoria, Australia) has also been 
shown to be effective in preventing lethality due to 
M. fulvius fulvius envenomation in an animal model.*4 
Niether Coralmyn nor the Australian tiger snake 
antivenom is FDA approved, but both may become 
available from U.S. zoos that house Central and South 
American coral snakes or Australian snakes.*° 


Disposition 


Patients should be admitted, observed, and monitored 
for at least 24 hours, even if bite marks or other signs or 
symptoms are lacking. Patients may be discharged after 
at least 24 hours if no signs of toxicity develop.”°° 


Prognosis 


Prognosis is excellent in most cases; however, some 
patients have required endotracheal intubation and 
mechanical ventilation for paralysis that has lasted as long 
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as 1 week.!! Death is caused by ventilatory failure and is 
unusual.***9 Death occurs early in most fatal cases. 
Approximately 10% of patients treated with antivenom in 
one case series developed serum sickness"! (Fig. 21B-1). 


NON-NATIVE (NON-ELAPINAE) ELAPIDAE 
Epidemiology 


Elapid envenomation is rare in the United States, but it 
is a major cause of morbidity and mortality in other parts 
of the world. According to Bawaskar,”” there are 52 known 
poisonous snake species in India; the major families are 
of the Elapidae family and including common cobras 
(Naja naja), the king cobra (Ophiophagus hannah) and 
the common krait (Bungarus caeruleus). There are an 
estimated 200,000 snake bites reported annually in India, 
with an estimated 35,000 to 50,000 deaths.*° Snakebites 
are also extremely common in Papua New Guinea, where 
up to 36% of patients presenting to the major treating 
hospital will require ventilation. Unfortunately, both 
ventilators and antivenom are in scarce supply. 
Fernando, in a report on the first 10 years of the existence 
of the Sri Lankan National Poisons Information Centre, 
pointed out that snakebites are responsible for only 6% 
of enquiries, but for 42% of poisoning hospitalizations. 
The case fatality rate was, compared with neighboring 
India, surprisingly low, at 0.5%. Fernando attributes 
some of this success to a massive information campaign 
regarding the benefits of antivenom over traditional 
Ayurvedic therapy. This information resulted in a 
fivefold increase in hospital admissions over a 10-year 
period ending in 1996.*° This case fatality rate compares 
with that of Australia, where hospitalization is rapid and 
antivenom widely available. Currie recently catalogued 
the incidence of snakebite in a hospital in the Northern 
Territory of Australia. An estimated 23 bites per 100,000 
population occur annually. The bite victim is typically 
male (2:1 predominance), older than 15 years, and 
Aboriginal (61 bites per 100,000 population versus 20 in 
others). The most commonly involved elapids were the 
Western brown snake (Pseudonaja nuchalis), Mulga snake 
(Pseudechis australis), and death adder (Acanthophis 
species), all viewed as extremely toxic. The majority of 
bite victims of these species received antivenom (81%, 
75%, and 29%, respectively). In spite of early collapse 
with unconsciousness occurring in 15% of patients, there 
were no deaths.’ In fact, there are only about two 
fatalities from snakebite in Australia each year, in spite of 
many incidents. In summary, it appears that the 
availability of antivenoms and adequate systems for life 
support have a profound impact on elapid bite mortality. 
A brief review of some of the specifics regarding the 
various genera of non-Elapinae elapids is followed by a 
general overview of treatment. 


Pathophysiology and Clinical 
Manifestations 


As is the case for coral venoms, the venoms of non-native 
Elapidae are complex mixtures, containing neurotoxins, 
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myotoxins, cardiotoxins, and other components. 
Neurotoxins may act at presynaptic or postsynaptic sites 
(Table 21B-2), which may affect their onset and, in part, 
their response to anticholinesterase drugs. 


COBRAS (NAJA SPECIES, OPHIOPHAGUS 

HANNAH, AND OTHERS) 

Cobras produce a venom that is neurotoxic, cardiotoxic, 
and hemotoxic (Fig. 21B-2). The neurotoxic component 
is most often cited as predominating, but the venoms 
vary from one subspecies to another: Some cause more 
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FIGURE 21B-1 Response to antivenom and neostigmine in a patient with decreased mental status and cranial nerve deficits. (From 
Bawaskar HS, Bawaskar PH: Envenoming by the common krait (Bungarus caeruleus) and Asian cobra (Naja naja): clinical manifestations 
and their management in a rural setting. Wilderness Environ Med 2004; 15(4):257-266. Used with permission.) 


tissue necrosis than neurotoxicity.*! Conversely, the 
Philippine cobra (Naja naja philippinensis) has a 
neurotoxicity:tissue necrosis ratio of 14:1, inducing 
neurotoxic symptoms in as many as 97% of bite victims in 
the study by Watt. One of the principal neurotoxic 
components of the venom is o-bungarotoxin, which 
reversibly blocks postsynaptic acetylcholine receptors. 
Neostigmine may reverse these effects. As mentioned, 
Naja species may produce severe local tissue necrosis, 
which is not prevented by administration of antivenom. 
The venom contains hyaluronidase and phospholipases, 
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Representative Neurotoxins and Active Sites of Various Elapid Venoms 





GENUS TOXIN 


Acanthophis species (death adder) 
Micrurus species (corals) 

Naja species (cobras) 

Bungarus species (kraits) 
Dendroaspis species (mambas) 
Notechis species (tiger snakes) 
Oxyuranus species (taipan) 


Notexin 
Taipoxin 


Acanthophis antiarcticus b and others 
œ neurotoxin 

œ bungarotoxin 

B bungarotoxin 

Dendrotoxins 


ACTIVE SITE 


Postsynaptic 
Postsynaptic 
Postsynaptic 
Presynaptic 
Presynaptic 
Presynaptic 
Presynaptic 





FIGURE 21B-2 A, Naja sumatrana (spitting cobra). B, Ophiophagus hannah (king cobra). (Courtesy of Francis Lim, Curator, Singapore 
National Zoo.) 


resulting in anticoagulant effects. A hemolysin, 
phosphatidase, produces enzymatic destruction of the 
endothelium and red blood cells. This may lead to 
hemolysis and acute renal failure. Other components 
include proteases, cholinesterases, and erepsin.° 
Cardiotoxicity appears to be rare,’ although some of the 
venom peptides appear to affect calcium transport. 
Cobra venom administration results in significant 
conduction disturbances in rats.*° 

Bawaskar and Bawaskar reported on a series of cobra 
and krait bites in rural India. Among the seven cobra 
bites, two were dead on arrival, one died upon seeing the 
cobra (without apparent bite), for a bite mortality rate of 
29%. Four subjects recovered with a combined therapy 
of antivenom, anticholinesterase drugs, and/or artificial 
ventilation. According to Bawaskar and Bawaskar, the 
cobra, unlike the krait, deposits its venom deeply. This, 
in combination with hyaluronidase, allows spreading of 
the venom to occur rapidly and symptoms to arise 
abruptly. Interestingly, this rapidity of onset prompts 
rural victims in India to seek care quickly after a cobra 


bite, while the more insidious onset of symptoms 
induced by the bite of the krait more often results in a 
visit to the local traditional healer (mantrik or tantrik) 
for natural curatives. A number of social issues likewise 
enter into the difficult decision to seek hospital care.* 
A number of cobra bites have been reported in the 
United States as well. Britt and Burkhart reported on a 
bite by N. naja (described in this case as a black Pakistani 
cobra) maintained as a pet. A 26-year-old man with a 
collection of about 65 snakes was bitten on the right 
index finger by the snake and suffered severe pain within 
minutes. He was tachycardic and tachypneic on hospital 
arrival, was observed on a cardiac monitor for a few 
hours, and was then discharged. He returned within 
8 hours complaining of chest pain, abdominal pain, and 
nausea. The right arm had swollen considerably since his 
first admission. The patient was started on five vials of 
polyvalent cobra antivenom but had received only about 
one fifth of the infusion when he developed generalized 
urticaria. He was given diphenhydramine and methyl 
prednisolone, with resolution of the rash. The remainder 
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of the antivenom was withheld. The patient was 
discharged after 3 days with complaints of persistent 
occasional swelling of the affected finger. This case 
nicely illustrates several of the typical characteristics of 
elapid snake bites in the United States: the patient is 
often a man in his twenties or thirties who keeps the 
snake for a pet. Symptoms may be delayed for many 
hours after a bite, and administration of antivenom often 
results in allergic (anaphylactic or anaphylactoid) 
phenomena. Although not specifically mentioned in this 
case, it is not uncommon that consumption of alcohol 
precedes the bite. Ronan-Bentle and colleagues recently 
reported on a bite to the right index finger of a 30-year- 
old man who was feeding his pet Asiatic Suphan cobra 
(Naja kaouthia). The patient presented to an emergency 
department, was given neostigmine and atropine, and 
was transferred to a tertiary care center. On arrival there, 
he complained of paresthesias, muscle cramps, inability 
to keep his eyes open, and diplopia on lateral gaze. The 
patient was found to have ptosis, ophthalmoplegia, and 
tongue fasciculations. He was pretreated with sub- 
cutaneous epinephrine and given five vials of South 
African polyvalent antivenom. Nevertheless, his bulbar 
palsy worsened and he became cyanotic, requiring 
intubation. He was given an additional five vials of Thai 
Red Cross purified antivenom. He was admitted to the 
intensive care unit and ventilated for 12 hours before 
successful extubation. He was discharged in good 
condition but subsequently required amputation of the 
finger.° 

Davidson and colleagues have published a nice review 
of cobras and a (now somewhat dated) list of available 
antivenoms and sources.*! The Antivenom Index can 
provide updated availability information of these vital 
resources.°° 


KRAITS (BUNGARUS SPECIES) 

The krait produces B-bungarotoxin, which has a high 
affinity for, and irreversibly blocks, presynaptic neuro- 
muscular receptors. The krait has the most lethal venom 
(by weight), but the effects are delayed due to slow 
absorption from subcutaneous or skin deep bites 
because of the snake’s short sharp fangs. Kraits in India 
often enter the dwellings of rural families in search of 
prey, such as rats and mice. Because many rural Indians 
sleep on the floor, it is common to be bitten at night. In 
spite of the slow onset of toxic symptoms, the common 
krait is considered the most dangerous species on the 
Indian subcontinent, with a 35% to 50% case mortality 
rate. In a series of 30 elapid bites that occurred in rural 
India, 23 krait bites were recorded, with 2 patients dead 
on arrival, 7 deaths in the hospital, and 14 recoveries 
(mortality rate 39%). Four patients required artificial 
respiration, antivenom, and anticholinesterases. One had 
a dry bite and the remaining nine survived with sup- 
portive care. The investigators reported success with 
anticholinesterase treatment (see Fig. 21B-1). While signs 
and symptoms are similar to those of cobra bites, there 
are important differences, as illustrated in Table 21B-3. 


TIGER SNAKE (NOTECHIS SPECIES) 

Tiger snakes have venom that is neurotoxic, myotoxic, 
and procoagulant. Notexin is the major neurotoxin, acting, 
like B-bungarotoxin, on presynaptic neuromuscular 
junctions. It is described as resistant to treatment with 
antivenom. Notexin is also responsible for muscle 
damage and myoglobinuria. A procoagulant component 
has been identified, which acts by cleaving peptide bonds 
of prothrombin, resulting in conversion to thrombin. 
The procoagulant action is rapid, preceding the onset of 
neuromuscular paralysis.*” The tiger snake is the second 
most common cause of death from snakebite in Australia, 
following the brown snake (Pseudonaja species). It was 
responsible for 8 of 30 deaths reported on that continent 
between 1981 and 1994. Ferguson and colleagues 
studied complete coagulation parameters in 3 patients 
bitten by Notechis ater occidentalis. All three cases had 
markedly prolonged International Normalized Ratio 
and activated partial thromboplastin time values and 
diminished fibrinogen. D-dimers were elevated, indica- 
tive of fibrinolysis. Factor V was also markedly diminished, 
while factor VIII was moderately diminished. Interestingly, 
platelet counts remained normal in all three. Two of 
three patients survived their coagulopathy and snakebite 
after receiving fresh frozen plasma (FFP) and tiger snake 
antivenom. Two patients, including a 14-year-old boy, 
received cryoprecipitate as well. The child suffered cardiac 
arrest approximately 30 minutes after the bite, was resusci- 
tated, but developed ischemic brain damage and died 
about 30 hours after envenomation.*’ The researchers 
signaled the importance of giving both FFP and 
cryoprecipitate to replace the factor V and fibrinogen. 


DEATH ADDER (ACANTHOPHIS SPECIES) 

The death adder is the most common poisonous snake 
in Papua New Guinea and is likewise found in Irian Jaya, 
Australia, and parts of eastern Indonesia.*® The venom 
of the death adder contains at least four distinct 
neurotoxins that cause postsynaptic blockade. Like the 
krait, the death adder is a nocturnal hunter; however, 
bites do occur during the day as well. According to 
Lalloo, the death adder causes less severe envenomation 
than the taipan. The researchers reported signs of 
neurotoxicity in 15 of their 16 envenomated patients, but 
intubation was required in only 5 (27.1%).* 


MAMBAS (DENDROASPIS SPECIES) 
The venom of mambas contains dendrotoxins, small 
proteins that enhance acetylcholine release at the 
neuromuscular junction (thus, presynaptically, like kraits 
and tiger snakes). The toxins of the green mamba 
(Dendroaspis angusticeps) have been shown to block 
particular subtypes (Kv1.1, Kv1.2, and Kv1.6) of potassium 
channels, serving as probes for the study of potassium 
channels in physiology and pathophysiology.*? The toxin 
is likewise used to study subtypes of muscarinic 
receptors.5051 

Munday and colleagues recently reported on a healthy 
40-year-old female neurobiochemist who presented with 
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Representative Symptoms and Signs of Non-native Elapid Envenomations 





COBRA 


CLINICAL EFFECT (NAJA SPECIES, N = 7) 


Reference 43 
Fang marks 7 (100%) 
Swelling and/or ecchymosis 7 (100%) 

at bite site 
Mild swelling and tenderness ND 
Tender adenopathy ND 
Abdominal pain ND 

or tenderness 
Vomiting ND 
Bleeding ND 
Level of consciousness 

Conscious 1 

Semiconscious 3 

Comatose 3 
Sweating ND 
Paresthesias/dysesthesias ND 
Ptosis (partial or complete) ND 
Ophthalmoplegia 1 
Blurred or double vision 1 
Decreased hand grip ND 

strength 
Slurred speech ND 
Dysphagia ND 
Jaw restriction ND 
Diminished reflexes ND 
Bradycardia ND 
Hypotension ND 
Hypertension ND 
Requirement for 

intubation 4 
Requirement for 

mechanical ventilation 4 


ND, no data provided. 


KRAIT 
(BUNGARUS CAERULUS, N = 23) 


DEATH ADDER 
(ACANTHOPHIS SPECIES, N = 18) 


43 48* 
ND ND 
2 0 
2 ND 
ND 11 
17 8 
11 5 
ND 1 
6 ND 
7 ND 
8 ND 
11 ND 
18 ND 
19 17 
20 10 
1 3 
ND 5 
ND 4t 
ND 5 
ND 2 
ND 2 
1 ND 
2 ND 
4 ND 


*Where numbers of symptoms versus signs differ, the higher number is displayed. 


tNot assessed in all patients. 





progressive numbness of the left malar region and lateral 
orbit that progressed to include the medial orbit and 
tongue. One hour prior to presentation she used her 
bare hands to remove residual petroleum jelly from a 
dish that had previously contained 500 nanoliters of 500 
nanomolar dendrotoxin. She recalled rubbing her left 
eye prior to the onset of symptoms. She had previously 
washed the dish with 70% ethanol while using latex 
gloves. Physical examination was remarkable only for 
weakness to superior gaze and some mild tongue 
fasciculations. The symptoms resolved within 12 hours of 
exposure.” 


TAIPANS 

The taipan (Oxyuranus scutellatus) is one of the deadliest 
snakes in the world, with the third most lethal venom of 
all snakes and the second largest average venom yield 
(120 mg) of Australasian snakes. The rare inland taipan 
(Oxyuranus microlepidotus) has the most potent venom of 
all Australasian snakes. The principal neurotoxin of the 
taipan is taipoxin, which acts presynaptically. The taipan 
has extremely long fangs (8 to 12 mm) and an efficient 


venom delivery system on biting, with a “snap-release” 
action. Survival from an effective taipan bite was very 
rare before antivenom and ventilation were available.” 


Diagnosis 


Diagnosis for non-native elapid bites is largely clinical, 
based on the history and identification of the snake, 
when available. Because bite marks are not always visible 
(apparently a particular problem with kraits) and 
swelling and ecchymosis are quite variable (see Table 
21B-3), the diagnosis may be elusive. The history may 
sometimes be misleading, as in the case of one man who 
was about to be whisked off to the operating room for 
exploratory laparotomy due to abdominal pain, who 
finally admitted that the scratches on his hand were 
actually the bite of his pet cobra.°* Sudden onset of ptosis 
or other cranial neuropathies and/or respiratory muscle 
failure should prompt the suspicion of an elapid 
bite under appropriate circumstances. A micro-ELISA 
(enzyme-linked immunosorbent assay) kit for the 
detection of snake venom and venom antibody exists,°” 
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but is unlikely to be found in most hospitals. Hung and 
colleagues reported good correlation of their ELISA for 
the Taiwan cobra (Naja atra) with the severity of local 
tissue destruction.” 


Treatment 
SUPPORTIVE CARE 


As in all envenomations, the primary treatment for non- 
native elapid poisonings is careful observation and 
intensive supportive care. Due to the neurotoxic effects 
of the venoms, respiratory depression is common and 
often requires intubation (see Table 21B-3). Given that 
the median time to requirement for intubation and 
ventilation in a series of death adder envenomations was 
13 hours (range 2 to 23.5 hours), it seems prudent to 
recommend that patients who suffer bites by non-native 
elapids be observed for at least 24 hours in the hospital. 


ANTIBIOTICS 

While prophylactic antibiotics are often recommended 
in elapid bites, very few studies of their actual need have 
been undertaken. Blaylock, in a prospective study of 
snake bites in South Africa, looked at antibiotic use in 
310 patients (data were missing for 53 additional bites). 
The protocol called for antibiotics not to be used unless 
the bite was necrotic or “necrosis was anticipated.” 
Infected wounds were cultured. A number of protocol 
violations occurred, but there were no infections in 
patients who did not receive antibiotics. Where positive 
cultures occurred, the most frequent organisms were 
gram-negative enterobacteriaceae. No anaerobes were 
cultured. The researcher concluded that antibiotics 
should be reserved for those snakebite patients with 
necrosis and should cover gram-negative aerobic bacilli 
and gram-positive aerobic cocci.” Studies of antibiotic 
use in pit viper envenomations’’*® and nontoxic snake 
bites?’ have strongly suggested that routine antibiotics 
are not necessary in these cases. While it is thorny to 
generalize across families and species of snakes, there 
currently appears to be insufficient evidence to support 
the use of antibiotic prophylaxis in elapid bites. 


SURGICAL INTERVENTIONS 

A recent retrospective analysis of snakebites in pediatric 
patients presenting to a hospital in India over 6 years was 
conducted by Chattopadhyay and colleagues. Records 
were reviewed for the type of surgical lesions seen and 
the treatment offered and their results. Fifty-five percent 
of bites were from unidentified poisonous snakes, 
followed by cobras, then nonpoisonous snakes. Forty- 
four of the 58 children required some form of local, and 
in most cases, conservative therapy. Twenty-eight percent 
required débridement for local necrosis, and only five 
needed a skin graft, with good functional results over a 
period of 1 to 45 days. One child underwent an above- 
knee amputation. Patients who required surgical inter- 
vention received significantly more vials of antivenom. 
The investigators concluded that complications of 
snakebite are frequent, but can be managed conser- 
vatively, that delayed excision of the resultant local 


necrosis is associated with good outcomes, and that the 
need for fasciotomy is rare.°! 


ANTIVENOMS 

Antivenoms for non-native snakes are manufactured 
around the world, are maintained in a number of zoos 
across the United States, and can usually be located with 
the assistance of the regional poison control center. It is 
advisable to contact the poison center in your area 
immediately upon presentation of a patient with a bite to 
see what antivenom may be available for the species 
involved. Because of the relative rarity of these products, 
it is not uncommon to use expired antivenom,’ but as 
adverse reactions to all horse-derived antivenoms are 
common, it is probably wise to obtain specific informed 
consent for their administration, particularly if the 
product is outdated. Unlike crotaline antivenoms, elapid 
antivenoms appear to have little effect on the myotoxic 
properties of the venoms. The antivenom is admin- 
istered primarily to combat the respiratory effects of the 
venom. According to Bawaskar and Bawaskar, citing 
Ponchanugool, antivenom does not prevent local tissue 
necrosis.*°°* Accordingly, local swelling should not be 
used as a guide to the administration of antivenom.” 

In India® and Sri Lanka, it is common to precede 
antivenom treatment with prophylactic epinephrine, 
given subcutaneously. Premawardherna and colleagues™ 
performed a prospective, double-blind, randomized, 
placebo-controlled trial in 105 patients with signs of 
envenomation after snakebite. Fifty-six patients from 14 
to 65 years of age received epinephrine (0.25 mL 1:1000 
subcutaneously) and 49 controls (ages 17 to 65 years) 
received placebo as pretreatment. Six patients (11%) 
receiving epinephrine and 21 control patients (43%) 
developed acute adverse reactions to antivenom serum 
(P = .0002). Significant reductions in acute adverse 
reactions to serum were also seen in the epinephrine 
group of patients for each category of mild, moderate, 
and severe reactions. There were no significant adverse 
effects attributable to epinephrine. 

Other investigators have recommended corticosteroids 
and/or antihistamines as prophylaxis. Gawarammana 
and colleagues performed a double-blind, randomized, 
placebo-controlled trial of a parallel infusion of hydro- 
cortisone with or without a bolus injection of 
chlorpheniramine to attempt to reduce acute adverse 
reactions to antivenom. The group that received both 
hydrocortisone and chlorpheniramine had significantly 
fewer reactions (52%) to a polyvalent antivenom (Vins 
Bioproduct Limited, Mumbai, India) than those who 
received hydrocortisone alone (80%) or placebo (81%). 


ANTICHOLINESTERASES 

Edrophonium was shown in a small, double-blind, 
placebo-controlled study to temporarily reverse the 
neurotoxic symptoms of bites of the Philippine cobra.°° 
A subsequent study by the same group, comparing 
edrophonium and antivenom, revealed better response 
to the anticholinesterase.°’ Bawaskar has reported 
improvement after administration of neostigmine, with 
some decrease in ptosis within 20 minutes. Gold likewise 


reported dramatic improvement in symptoms using 
neostigmine after the bite of an Asiatic cobra.°* The 
efficacy of neostigmine could not be demonstrated by 
Tin-Myint and colleagues,®° however, in a king cobra (O. 
hannah) bite (cited in Gold*). 


ANTICOAGULANTS 

Heparin has been shown in rats to ameliorate the 
cardiotoxicity associated with cobra venom.” Interestingly, 
heparin and tetracycline can also prevent the corneal 
opacification induced by the venom of the spitting cobra, 
Hemachatus haemachatus.” Tibballs found no benefit of 
post-exposure heparin treatment in experimental therapy 
of brown snake (Pseudonaja textilis) envenomation in 
dogs” and recommended against its use in humans, but 
found that preadministration of heparin prevented both 
cardiovascular and hematologic effects of venoms from 
the brown snake and the tiger snake.’*”? While employed 
in some centers, heparin administration cannot be 
recommended at present based on lack of published 
clinical evidence of efficacy. 


OBSERVATION 

Once again, it must be strongly emphasized that the 
neurotoxic effects of elapid bites may be delayed by 
many hours and that envenomation is not disproved 
by lack of bite wounds or early clinical signs. Observation 
in an intensive care unit for 24 hours is prudent and 
justified when the history suggests a bite may have 
occurred. 


SUMMARY 


Elapid bites are uncommon in the United States but are 
quite common throughout Australia, Asia, and Africa. 
Elapids represent some of the most poisonous snakes, 
with thousands of deaths reported each year, particularly 
in developing countries without access to adequate 
transportation, health centers capable of advanced life 
support, and antivenoms. Intensive care of victims, 
concentrating on respiratory support and attention to 
hemodynamics and hematologic disorders, can be life 
saving. Antivenoms, when available, may reduce the 
neurotoxic symptoms. Allergic reactions are common, 
but may be diminished by prophylactic administration of 
subcutaneous epinephrine, corticosteroids, and antihis- 
tamines. Anticholinesterases may also benefit patients 
suffering from neurotoxic effects. 
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2 2 Venomous Arthropods 


Spiders 
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At a Glance... 


m Although virtually all spiders produce venom, only a small 
number are potentially venomous to humans. 

m Widow spiders (Latrodectus species) are responsible for a 

significant number of spider envenomations worldwide. 

Widow spider envenomation is also called latrodectism. 

The most significant symptom occurring with latrodectism is pain. 

Treatment with widow spider antivenoms appears to be the 

most effective and rapid way to reverse the effects of 

latrodectism. 

m Brown recluse spider (Loxosceles species) envenomation may 
result in the production of necrotic skin lesions. 

m Specific treatments for necrotic arachnidism have included 
dapsone and hyperbaric oxygen therapy, but there is little 
controlled evidence suggesting that these are effective therapies. 

m In most cases, standard wound care is all that is required to 
facilitate healing of skin lesions from necrotizing arachnids. 


Spiders can be divided into two major groups: (1) the 
Mygalomorphae (the primitive spiders), which are large, 
powerful ground-dwelling spiders with vertically down- 
facing chelicerae, usually living in burrows with rudimen- 
tary web structures; and (2) the Araeneomorphae (true 
spiders), which include all other web-building spiders 
with horizontally opposed chelicerae. Examples of the 
Mygalomorphae include the Australian funnel web and 
mouse spiders and examples of the Araeneomorphae 
include the black widow and brown recluse spiders.' 
Almost all spiders are venomous. The venom is used to 
kill and digest their live prey. Of the 20,000 or more 
species found in the United States, only about 50 of these 
have fangs that can penetrate human skin.* Fortunately, 
even fewer cause clinical problems because their venom 
is too weak. Medically important spiders include the 
genera Latrodectus (widow spiders), Steatoda (cupboard 
spiders), Loxosceles (recluse spiders), and Atrax and 
Hadronyche (Australian funnel web spiders). The true 
incidence of spider bite is probably underestimated. 
This is primarily due to the voluntary nature of most 
reporting processes. 


BLACK WIDOW SPIDERS (GENUS 
LATRODECTUS) 


Black widow spiders are found on all continents 
excluding Antarctica. They are, arguably, responsible for 


the largest number of medically important spider bites 
around the world. In 2003, there were 2739 black widow 
spider exposures reported to U.S. poison centers, of 
which 30% were treated in a health care facility. No 
deaths were reported, but 12.7% had “moderate” to 
“major” outcome.’ In Australia, an estimate of 2000 to 
3000 L. hasselti (red back spider) bites per year has been 
made, with clinically significant envenomation requiring 
antivenom therapy in about 20% of cases.* The female is 
responsible for all significant bites. It is considerably 
larger than the male, whose chelicerae are not large 
enough to penetrate human skin. The female is com- 
monly 1 to 1.5 cm in length with a large bulbous black 
abdomen exhibiting a distinctive red hourglass mark 
ventrally. Some species, such as the Australian red back 
spider (L. hasseltt) also exhibit a dorsal abdominal red/ 
pink stripe of varying length. 

Five species have been found in the United States, and 
Latrodectus mactans is the most common. Other species 
include L. hesperus (found more commonly in the west), 
L. variolus, and L. bishopi. One notable variant is the 
brown widow spider of Florida, L. geometricus, also found 
along equatorial regions of many other continents. 
Widow spiders are known to have been transported large 
distances, most likely in shipping containers. Colonies of 
L. hasseltt (Australian red back spider) have been found 
in port areas of Osaka, Japan, and in Belgium. 

The female black widow spider creates webs near the 
ground in secluded dark areas such as barns, garages, 
abandoned burrows, sheds, under unused chairs and 
benches, and even in outdoor lavatories.”® All Latrodectus 
species produce a similar envenomation syndrome 
regardless of geographic location.°” However, the 
potency of venom may vary across species and even within 
species based on geographic location, seasonality, and 
size of the spider." 

Steatoda spp. (cupboard spiders) are commonly found 
in houses, in cupboards, and under furniture. They have 
a similar body shape to widow spiders but are either 
black or brown and without abdominal coloring and 
are often misidentified as widow spiders. The bite 
usually causes local irritation only but can uncommonly 
produce a systemic envenomation syndrome resembling 
latrodectism.!!° 


Pathophysiology 


The best characterized widow spider venom is that of the 
European widow spider, L. tredecimguttatus. It contains a 
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120-kD vertebrate-specific toxin, O-latrotoxin, and a 
number of insect-specific latroinsectotoxins of similar 
molecular weight.!*!” It had long been presumed that 
similar toxins were also present in other Latrodectus spp. 
This presumption was based on the similar clinical 
envenomation syndromes produced by all Latrodectus 
spp., similar in vitro effects observed with whole venom 
extracts, and that antivenoms prepared from one widow 
spider species reversed the envenomation effects of 
other Latrodectus spp. Recently, this presumption has 
been proven correct; partial amino acid sequences for 
o-latrotoxin and o+ and 6-latroinsectotoxins have been 
derived for both L. mactans and L. hasselti.!8 Venoms from 
these two Latrodectus spp. have high sequence homology 
and similar toxins to the venom of L. tredecimguttatus.'® 

Alpha-latrotoxin binds to synaptic membranes and 
leads to release of massive amounts of norepinephrine 
and acetylcholine from nerve terminals. Specifically, o- 
latrotoxin binds to the calcitum-dependent receptor 
neurexin-la@ and calcium-independent receptor lat- 
rophilin, found on presynaptic nerve terminal mem- 
branes. Subsequent to receptor binding, there is in an 
influx of calcium from cation channels, exocytosis of the 
synaptic vesicles, and release of neurotransmitter into 
the synaptic cleft.'**' o-Latrotoxin is also assimilated into 
the presynaptic membrane directly and produces 
membrane pores, which result in an influx of calcium 
into the synaptic nerve terminal. This is partly respon- 
sible for the uncontrolled release of neurotransmitters 
such as acetylcholine and norepinephrine.” The toxin is 
also internalized into the synaptic terminal and exhibits 
other less defined effects that increase synaptic vesicle 
degranulation and neurotransmitter release.** Amplifying 
these effects is the fact that the venom also reduces 
presynaptic neuronal reuptake of acetylcholine and 
amines.*? The end result is the stimulation of the auto- 
nomic nervous system through the release and depletion 
of catecholamines at adrenergic nerve endings. Steatoda 
spp. (cupboard spiders) venom is likely to contain 
latrotoxin-like toxins that may produce an envenomation 
syndrome similar to latrodectism.”* 


Clinical Presentation 


The envenomation syndrome from the bite of a widow 
spider is known as latrodectism. The initial bite of the 
widow spider is often described as a mild pinprick 
sensation or similar to a bee sting. This is followed by a 
dull ache 20 to 30 minutes later. All that may be visible is 
one or two puncture wounds | to 2 mm apart. Local 
erythema and, in some cases, a diffuse, erythematous, 
maculopapular rash extending beyond the bite site may 
occasionally be noted.° 

The most significant symptom of latrodectism is 
pain.°®2°.2° This may be local to the bite site, regional, 
or generalized. Mild to moderate envenomation results 
in localized symptoms at the bite site. Signs and 
symptoms include increasing pain, sweating, and muscle 
fasciculation, which develop in the 30 minutes to few 
hours following the bite. In more severe cases, signs and 
symptoms may become regional; severe pain, sweating, 


and muscle fasciculation may progress to the entire limb 
over several hours. In cases of generalized enven- 
omation, patients often present with severe systemic 
pain, sweating, muscle fasciculation, anxiety, moderate 
hypertension, and insomnia. Abdominal and back pain 
are common complaints with systemic illness.” Abdominal 
pain may be so severe as to mimic an acute abdomen, 
particularly in children where a history of spider bite 
may not be elicited.” Other, less common, signs and 
symptoms seen in severe envenomation include chest 
pain, priapism, parvor mortis (fear of death), facies 
latrodectismica (facial grimacing due to pain), flushing, 
periorbital edema, conjunctivitis, and tachycardia.°*.° 
Death from envenomation is rare and has not been 
reported since the 1950s.*°*? Left untreated, systemic 
signs and symptoms may last for 24 to 48 hours, and 
occasionally for days to weeks. 


Diagnosis 


The diagnosis of latrodectism is clinical and based on a 
positive history of spider exposure (if available) and 
suggestive signs and symptoms. No laboratory tests will 
substantiate the diagnosis, although a marked response 
to antivenom strongly supports the correct diagnosis. 


Treatment 


Treatment recommendations of latrodectism vary from 
continent to continent. The bite of Latrodectus species 
may result in a distressing and incapacitating syndrome 
of envenomation that has a relatively slow onset as 
compared with snake envenomation. It is extremely painful 
but unlikely to be fatal. Current recommendations for 
first aid or prehospital care are to avoid the application 
of pressure immobilization bandages and tourniquets; 
these may increase local pain due to pressure on the bite 
site.” Local application of ice to the bite site has been 
suggested as a temporizing measure, but there are no 
clinical trials to prove the efficacy of such treatment. 
Application of heat to the bite site may actually result in 
worsening of pain.*! The use of opioids may afford some 
relief to patients with distressing symptoms until more 
definitive therapy can be instituted. 

Antivenom therapy has been shown to be the most 
effective treatment in alleviating the symptoms and signs 
of latrodectism.°**°**°° Clark and colleagues reported 
that patients receiving antivenom therapy (Black widow 
antivenom from Merck & Company, Inc., West Point, PA) 
in the United States were more likely to be discharged 
home from the emergency department and have a much 
shorter hospital stay than those receiving supportive 
measures alone. Additionally, patients receiving antivenom 
had a significant decrease in the signs and symptoms of 
envenomation, with a mean time of 31 minutes from 
administration of antivenom until clinical improvement. 
In this series, the mean duration of symptoms (from time 
of the bite) was 9 hours for the antivenom-treated 
patients as compared with 25 hours for patients treated 
with analgesics alone.” Rapid relief of symptoms, usually 
within | to 2 hours, has also been reported with other 


antivenom formulations around the world.®8° Mild to 
moderate cases of local envenomation may respond to 
analgesic therapy alone. In patients with regional or 
systemic symptoms, treatment with antivenom should be 
strongly considered because it is likely to significantly 
reduce the severity and duration of symptoms. 

All Latrodectus spp. antivenoms appear capable of 
reversing the effects of envenomation from any widow 
spider.3®37 This may have implications for regions of the 
world where no local antivenom is available. A list of 
available antivenoms is shown in Table 22A-1. 

The threshold for use of antivenom appears to vary 
from region to region. In the United States, there appears 
to be the greatest reluctance to use specific immuno- 
therapy in cases of envenomation. This may be due to 
isolated case reports of death following administration of 
widow spider antivenom?’ and/or a presumed risk for 
anaphylaxis extrapolated from the use of crotalid 
polyvalent snake antivenom. Spaite and colleagues 
showed that the risk for anaphylaxis to crotalid 
polyvalent antivenom was as high as 86% in patients who 
tested positive to skin testing with horse serum and 9% in 
those who tested negative.” These anaphylactic risk 
estimates were determined for patients that subsequently 
received large volumes of horse protein intravenously 
(e.g., as required for most crotalid snake enveno- 
mations). It is unlikely that the risk is as large for patients 
who receive equine-derived widow spider antivenom 
since the amount of protein administered is significantly 
lower than for the treatment of crotalid envenomation. 
In large series of Latrodectus spp. envenomations, symptom 
relief commonly occurs after the administration of one 
vial of antivenom. Occasionally, two or more vials may 
be necessary. Manufacturer recommendations for the 
use of widow spider antivenom in the United States 
suggest that it should be reserved for “severe cases” of 
envenomation or those occurring at the extremes of age. 
Little data exist on the true incidence of allergic reac- 
tions following the use of widow spider envenomation in 


Currently Available Widow Spider 


Antivenoms Worldwide 





VENOM USED TO 


RAISE ANTIVENOM SOURCE COMPOSITION 
Merck & Co., Inc., Equine IgG 
West Point, PA 

L. mactans Instituto Nacional Equine IgG 


de Microbiologia, 
Buenos Aires, 
Argentina 


Instituto Bioclon, Polyvalent equine 


Calzada de Telalpan, F(ab), IgG 
Mexico 
L. indistinctus South African Equine IgG 


Institute for Medical 
Research, Rietfontein, 
Edenvale, Transvaal, 
South Africa 
Commonwealth 
Serum Laboratories, 
Melbourne, Australia 


L. hasselti Equine F(ab), IgG 


fragment 
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the United States. Clark and colleagues observed an 8% 
incidence of allergic reactions (urticaria and bron- 
chospasm) with widow spider antivenom use.” In general, 
antivenoms contain a significant amount of protein with 
anticomplement activity, which may result in anaphylactoid 
reactions when infused rapidly.” This activity is reported 
to be reduced in trypsin-digested antivenoms, which 
contain only Fab-IgG fragments, such as Australian red 
back spider (L. hasseltt) antivenom, which has a reported 
incidence of mild allergic reactions of 0.54%.° The 
incidence may be greater in antivenoms produced as 
crude hyperimmune IgG equine sera, such as Merck & 
Company’s, U.S. widow spider antivenom.*” Consequently, 
when given intravenously, antivenom should always be 
diluted in 100 to 200 mL normal saline or 5% glucose 
first and then infused slowly (over 30 to 60 minutes). 
Infusions should occur in a monitored environment with 
immediate access to resuscitation facilities capable of 
treating untoward allergic reactions. 

Late presentation or pregnancy is not a contraindication 
to antivenom administration. Antivenom was used 
successfully in a woman who was 20 weeks pregnant and 
manifested signs of systemic latrodectism. She subsequently 
had a normal full-term delivery.*? Antivenom has been 
reported to be effective at reversing the effects of latro- 
dectism presenting 1 to 2 days postbite.*!°**° Antivenom 
therapy has been effective up to 2 weeks after bites of 
L. hasselti, the Australian red back spider.**! 

Other therapies recommended for the relief of pain 
and muscle spasms have included intravenous calcium 
infusions and muscle relaxants such as methocarbamol 
and diazepam. Controlled trials are lacking, but these 
therapies have not proven more effective than opioid 
analgesia or antivenom therapy and do not provide effective 
or lasting relief of symptoms of latrodectism.?°*** 
Calcium salts are not recommended based on their lack 
of efficacy.” For patients with mild to moderate latro- 
dectism, when antivenom administration may not be 
necessary, the administration of opioid analgesics and 
benzodiazepines are recommended for controlling pain 
and muscle spasm, respectively. 

Red back spider antivenom has also been used 
successfully to reverse systemic envenomation that 
followed the bite of Steatoda grossahas. Red back spider 
antivenom has been shown to experimentally reverse and 
inhibit in vitro toxicity of the venom of this species.!)” 


BROWN RECLUSE SPIDER (GENUS 
LOXOSCELES) 


The genus Loxosceles is notorious for producing local 
wound necrosis (dermonecrotic arachnidism) and, in 
rare cases, systemic illness. ‘These brown spiders are small 
(6 to 22 mm) and have a distinctive violin-shaped marking 
on the dorsum of their cephalothorax (fiddleback 
spiders). These spiders are found in several areas of the 
world, such as Africa, Australia, southern Europe, the 
Mediterranean, the Pacific Islands, South and Central 
America, and the United States.*4 In the United States, 
Loxosceles spp. are found throughout the South but are 
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rarely seen because of their shy, reclusive nature. These 
spiders form small, inconsequential webs and are often 
encountered in home storage areas or outdoors, typically 
in woodpiles. 

Loxosceles reclusa (the brown recluse spider) is found 
predominantly in south central and southeastern states 
(except Florida), whereas Loxosceles apachea, arizonica, 
and destera are found in the southwestern states.*4 Two 
additional species have been discovered in the United 
States, Loxosceles laeta in California and Loxosceles rufescens 
in Hawaii.** Loxosceles laeta is typically endemic to South 
America whereas Loxosceles rufescens is endemic to Africa. 
Loxoscelism, the envenomation syndrome seen after a 
Loxosceles spp. bite, is seen most commonly after a bite 
from Loxosceles reclusa or Loxosceles laeta.°' 

In a survey of South Carolina physicians, patients 
seeking medical treatment for presumed brown recluse 
(Loxosceles reclusa) spider bites outnumbered those 
seeking treatment for black widow spider bites, 478 to 
143 for the year 1990. In 2003, there were 2843 brown 
recluse spider exposures reported to United States 
poison centers, of which 40% were treated in a health 
care facility. Of all exposures, 23.3% had a “moderate” to 
“major” outcome, and one death occurred.’ Dermonecrotic 
arachnidism in the United States occurs predominantly 
from the brown recluse spider. Bites by other genera of 
spiders, however, can also produce necrotic wounds. These 
other spiders include Chiracanthium species (the clu- 
bionid spiders), Phidippus (the jumping spider), Argzope, 
and Tegenaria agrestis (the hobo spider) and are some- 
times the actual culprits when the brown recluse is 
mistakenly blamed. 


Pathophysiology 


The venom of the brown recluse spider contains various 
cytotoxic enzymes, which include sphingomyelinase D, 
ribonuclease, hyaluronidase, deoxyribonuclease, lipase, 
phosphohydrolase, and alkaline phosphatase. Sphin- 
gomyelinase D, the primary dermonecrotic factor, 
disrupts cellular membranes.*°*” Sphingomyelinase D 
also causes serotonin release, which is associated with 
platelet aggregation and thus thrombosis of small 
capillaries.*°°' Hyaluronidase facilitates the ability of the 
venom to spread locally in the tissue, thus indirectly 
enhancing tissue destruction. All the cytotoxic elements 
of the venom produce local endothelial cell damage, 
which attracts neutrophils, which subsequently release 
more destructive enzymes and promote further platelet 
aggregation and thrombosis.°2°? Polymorphonuclear 
leukocyte migration into cutaneous lesions appears to be 
a significant event in the development of dermonecrosis. 
The venom can also cause erythrocyte hemolysis, which 
contributes to systemic effects.°* The systemic effects of 
the venom occur largely from the release of cytokines by 
leukocytes and activation of complement. 


Clinical Presentation 


A brown recluse spider bite is usually mild and often not 
noted by those afflicted. Within 24 hours, the patient 


presents for treatment of a painful purple papule. This 
central violaceous lesion is often surrounded by a 
blanched ischemic zone and a rim of indurated ery- 
thema. The central papule or vesicle can coagulate and 
become thrombosed. A necrotic, ulcerating wound 
results and may progress for as long as a week after the 
initial bite.” The eschar may slough, and the lesion may 
extend into subcutaneous fat and create a disfiguring 
ulcer that can take weeks to heal and occasionally 
requires surgical grafting.” Patients may occasionally 
present with systemic loxoscelism, which can include 
fever, chills, nausea, arthralgias, a morbilliform rash, and 
hemolysis.” In rare cases, patients can develop dis- 
seminated intravascular coagulation, renal failure, and 
even seizures.°’ Systemic loxoscelism typically develops 24 
to 72 hours after the bite and is not correlated with the 
size or severity of the necrotic skin reaction. 

Very young and immunocompromised patients have a 
greater susceptibility to morbidity and mortality from 
brown recluse spider envenomations. 


Diagnosis 


The diagnosis of a brown recluse spider bite is often 
presumptive and based on suggestive physical findings in 
an endemic area. A positive history of spider bite is not 
usually evident since the bite is not very painful and the 
spider is shy. Patients usually present after several days, 
when the lesion has become necrotic. Numerous 
techniques have been developed to facilitate the 
diagnosis of brown recluse spider bite. They include a 
serologic assay (i.e., detecting the presence of IgG anti- 
bodies to venom components), a passive hemaggluti- 
nation inhibition assay (1.e., testing for the presence of 
venom components by inhibition of antiserum-induced 
agglutination of venom-coated red blood cells), an 
enzyme-linked immunoabsorbent assay (1.e., detection of 
specific venom antigens from the wound), and tissue 
biopsy (i.e., detect the presence of typical histopathologic 
changes in the wound).°°°! However, these tests are not 
routinely or readily available and are not 100% sensitive 
at the time of patient presentation. Routine laboratory 
work is indicated in severe envenomations. Blood cell 
count, urinalysis, renal function tests, and a disseminated 
intravascular coagulation screen may be indicated in 
patients with systemic symptoms of loxoscelism. In most 
cases, however, patients show only a local lesion without 
any significant systemic effects. 


Treatment 


Generally, all that is required for most presumed brown 
recluse spider bites is routine wound care, including 
tetanus prophylaxis. This can include débridement of 
necrotic tissue as well as watching for late infection. Routine 
prophylactic antibiotics are not indicated. If a patient 
appears ill, blood and urine tests can be performed to 
preclude systemic hemolysis. Treatment for hemolytic 
anemia would be supportive, with red blood cell replace- 
ment provided as needed. Since serious complications 
are rare, supportive care is the best approach.” 


Several experimental therapies have been advocated 
for patients with brown recluse spider bites, especially for 
those with the threat of a disfiguring scar. The most 
popular has been the use of dapsone. The theoretic basis 
of this agent lies in inhibiting the polymorphonuclear 
leukocytes from aggregating at the wound site and 
causing tissue necrosis. In a poorly described study of 
dermal envenomation, pretreatment of guinea pigs with 
oral dapsone resulted in skin lesions less than 50% the 
size of those seen in control animals.® In a similar model, 
initiation of dapsone treatment after envenomation also 
resulted in smaller necrotic lesions as compared with 
animals not treated with dapsone.” However, two recent 
studies were unable to reproduce these favorable 
results.” Clinical experience has been limited and 
uncontrolled. In a small, observational study, Rees and 
colleagues reported that scars were smaller and healing 
appeared improved in patients administered dapsone." 

Dapsone should still be considered an experimental 
treatment for presumed brown recluse spider bites 
pending controlled study of its efficacy. If it is to be used, 
the potential adverse effects of this drug must be 
acknowledged. The most serious are hemolysis and methe- 
moglobinemia, occurring most commonly in patients 
with glucose-6-phosphate dehydrogenase deficiency.” 
Short-term therapy can result in dizziness, fatigue, 
dyspnea, and anxiety. Longer treatment courses have 
caused agranulocytosis, erythema nodosum, toxic 
epidermal necrolysis, nephrotoxicity and hepatotoxicity. 
Adverse effects have been reported with use of dapsone 
for brown recluse spider bites, including hypersensitivity 
reactions, methemoglobinemia, and hemolysis.°® Because 
of the lack of proven clinical efficacy for dapsone, it 
should probably only be considered for bites in cos- 
metically sensitive areas. The recommended dapsone 
dosing regimen is to begin with 25 mg two to three times 
a day, increasing the dose gradually to 50 to 100 mg twice 
a day for 1 to 2 weeks.” 

Hyperbaric oxygen has been used in brown recluse 
bites with purported successes in observational studies.”° 
More recent controlled studies utilizing animal models 
have yielded equivocal results. Maynor and colleagues 
reported that a single hyperbaric oxygen treatment as 
long as 48 hours postenvenomation caused a 50% 
reduction in lesion size after experimental envenomation 
in rabbits.’! However, two other studies failed to show 
any beneficial effects of hyperbaric therapy on gross 
lesion appearance in similar animal models.” Risks to 
patients include barotrauma and the expense of an 
unproven therapy. Potential beneficial effects of 
hyperbaric oxygen in recluse bites are multifaceted but 
not specific for this envenomation and are similar to 
those for patients suffering from chronic skin ulceration 
from other causes. These include reoxygenation of the 
wound and sequestration of polymorphonuclear leuko- 
cytes away from the wound.” Although it has also been 
purported that hyperbaric therapy inactivates venom 
toxicity, Merchant and colleagues have reported that 
activity of sphingomyelinase D in Loxosceles reclusa venom 
is not reduced by exposure to hyperbaric oxygen.” The 
U.S. Undersea and Hyperbaric Medical Society has yet to 
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approve routine hyperbaric treatment for brown recluse 
spider bites. Hyperbaric therapy could be considered in 
cases of severe necrotic ulceration that has not res- 
ponded to routine wound care. 

Other recommended treatments, such as antivenom, 
steroids, electric shock, cyproheptadine, colchicine, and 
nitroglycerin, either have been disappointing in con- 
trolled trials or have not been studied adequately. 
Intralesional injection of experimental antivenin (Fab 
fragments) in patients and animals results in attenuated 
dermonecrosis with little or no scarring.”*” The effect of 
the antivenin becomes minimal when delayed by several 
hours after envenomation; the venom rapidly spreads 
away from the bite site. Electric shock was shown to be 
of no value in a guinea pig envenomation model.™ 
Cyproheptadine, an antihistamine with serotonin 
antagonist properties, was of no benefit in a rabbit 
model.” Surgical excision guarantees a scar at a site that 
could potentially heal without any disfigurement.® 
Surgical débridement and skin grafting (if necessary) 
should be reserved for days to weeks later, when the 
inflammatory effects of the venom have subsided and 
revascularization of the wound edges have occurred. 


OTHER SPIDERS 


Although the black widow and brown recluse are the 
most important spiders clinically, occasional bites by 
other species are notable. Necrotic arachnidism cannot 
always be assumed to be due to Loxosceles. Several other 
U.S. spiders have been implicated in the production of 
direct tissue damage. These include Chiracanthium spp. 
(the clubionid spider) ,’° Phidippus species (the jumping 
spider),’” and Tegenaria spp. (the hobo spider) .’*”? The 
hobo spider, imported to the Pacific Northwest, can 
cause identical local and systemic symptoms and signs as 
seen with Loxosceles. The majority of cases of necrotic 
arachnidism in the Pacific Northwest are due to hobo 
spiders; these cases are often mistaken for brown recluse 
spider envenomation. Furthermore, clinicians should be 
wary of making the diagnosis of necrotic arachnidism in 
cases where there is no objective evidence of spider bite. 
Many case reports are based on retrospective data with 
little or no evidence of the spider involved.*? The best 
example of this is the Lampona cylindrata (Australian 
white tailed spider), frequently implicated in cases of 
unexplained dermonecrosis. Following a prospective 
collection of 130 white tail spider bites with positive 
identification of the spiders in all cases, it was found that 
no cases of dermonecrosis were seen.*! Similar scientific 
rigor needs to be pursued when necrotic arachnidism is 
suspected in the differential diagnosis of unexplained 
skin ulceration. All efforts should be made to identify the 
spider when possible. 

Specific mention should be made of the Australian 
funnel web spiders (Atrax and Hadronyche spp.) found 
along the eastern seaboard of Australia. These large, 
aggressive, mygalomorphic spiders produce, arguably, the 
most toxic spider venom to humans and other primates. 
The venom of the A. robustus (Sydney funnel web spider) 
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contains a primate-specific 0-atracotoxin-Arl, which acts 
by inhibiting the conversion of axon sodium channels 
from the active to the inactive state. This results in massive 
neurotransmitter release from all nerve endings.** The 
envenomation syndrome is characterized by marked pain 
at the bite site, rapid development of muscle fasciculation, 
diaphoresis, salivation, tachycardia, hypertension, respi- 
ratory paralysis, pulmonary edema, and death.®*** A 
specific funnel web antivenom produced from the 
venom of A. robustus is available; it is life saving and also 
neutralizes the venom of various other Australian funnel 
web species.54%° 

Other spiders usually cause only local painful reactions 
and swelling, most notably Argiope (golden orb weaver) 
and Lycosa (wolf spider).*° Tarantulas, members of the 
primitive mygalomorph suborder of spiders, can inflict a 
histamine-like reaction either by a painful bite or by 
brushing hairs toward their prey. Treatment for all of 
these envenomations is supportive, with the possible 
exception of tarantula encounters, which can be treated 
with oral antihistamines and topical steroids as needed. 
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Scorpions and Stinging Insects 
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At a Glance... 


m Scorpion envenomation cause significant morbidity and 
mortality worldwide. 

m Most envenomations require only supportive treatment. 

m Antivenom use remains controversial. Currently there is no 
commercially available antivenom in the United States. 

m Hymenoptera and other stinging insects are a frequent cause of 
human injury. 

m Anaphylaxis from stings is the major cause of morbidity 
associated with hymenoptera envenomations. 

m For patients with significant sensitivity reactions, education on 
avoidance, epinephrine auto-injector prescription, and referral 
to an allergist may be life saving. 


SCORPIONS 


Introduction and Relevant History 


Scorpions are invertebrate arthropods that have existed 
for longer than 400 million years.' They belong to the 
phylum Arthropoda, the class Arachnida, and the order 
Scorpiones. Taxonomic classification is evolving and 
consists of anywhere from 9 to 20 living families. Of the 
over 1400 species of scorpions worldwide, less than 50 
are considered dangerous to humans.*”° All potentially 
lethal scorpions belong to the family Buthidae with the 
exception of one genus, Hemiscorpius, which belongs to 
the family Scorpionidae. 

Scorpions are found on all continents except 
Antarctica and live in tropical and temperate regions 
within 50 degrees north and south of the equator.** The 
only medically important species in the United States is 
Centruroides sculpturatus, also known as Centruroides 
exilicauda or the bark scorpion (Fig. 22B-1). Recent 
research may suggest that C. sculpturatus and C. exilicauda 
are in fact two distinct species.” C. sculpturatus is found in 
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FIGURE 22B-1 Centruroides sculpturatus or exilicauda. (Courtesy 
of Scott Stockwell, PhD.) 


the Southwestern United States, primarily in Arizona, 
but also in parts of California, New Mexico, Texas, and 
on the shores of Lake Mead, Nevada.! Other medically 
important species and their distribution are shown in 
Table 22B-1. Scorpions can be transported to other 
nonendemic locations, either unintentionally as stowaways 
in shipped goods or intentionally as exotic pets. 

The body of the scorpion consists of two major seg- 
ments: the anterior prosoma and the posterior opistho- 
soma. The opisthosoma contains seven mesosomal 
segments, five metasomal segments, and the venom 
apparatus known as the telson (Fig. 22B-2). The scorpion 
also possesses a pair of claw-like pedipalps used for 
grabbing prey, a pair of pincher-like chelicerae near the 
mouth used for feeding, and four pairs of legs. Scorpions 
range in color from light yellow to black.® A unique 
feature of scorpions is that all are thought to fluoresce 
under ultraviolet light. Although not well understood, 
this is thought to be secondary to one or more 
substances located in the cuticle of their exoskeletons. 
This phenomenon is used to harvest, study, and protect 
against them. Freshly molted scorpions, however, do not 
fluoresce. 

There are no hard and fast rules to determine which 
scorpions are dangerous based on appearance. The size 
of the scorpion does not correlate to its aggressiveness or 
venom potency.’ Commonly, however, scorpions with 
slender pedipalps are more toxic than those with thicker 
ones.°® Additionally, one structural difference that helps 
distinguish Buthidae scorpions from other families is a 
triangular sternal plate as opposed to a more pentagonal 
plate seen in the other families. 

Scorpions are primarily nocturnal creatures that prey 
on insects, arachnids, and small lizards. They grab their 
prey with pedipalps, inject the venom from their telson 
by arching their tails over the back, and then tear their 
prey apart with their chelicerae. They are often found 
around dwellings, hiding in woodpiles and other con- 
cealed locations. C. sculpturatus does not burrow like 
some scorpions but prefers to be in or around trees, 
particularly sycamore, mesquite, and cottonwood trees.! 
The life span of scorpions varies by species but generally 
ranges from several months to several years. 


Epidemiology 


Worldwide, scorpions are the most important cause of 
arachnid morbidity and mortality.” In Mexico, Tunisia, 
Algeria, Morocco, and Libya, scorpions are the most 
important venomous animal, and in many other tropical 
areas, they are second only to snakes.° There are an 
estimated 5000 deaths from scorpion stings worldwide 
each year.’ In Tunisia, each year an estimated 40,000 
people are stung by scorpions, of whom 1000 require 
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Medically Important Scorpion Species 


NAME LOCATION APPROXIMATE SIZE COLOR 





Androctonus australis North Africa (Tunisia, Algeria), Israel Up to 10 cm Brownish yellow 
(Yellow fat tail scorpion, 
yellow desert scorpion, 
Sahara scorpion) 

Androctonus crassicauda North Africa (Egypt), Saudi Arabia, Persian Gulf Upto 8.5 cm Black or dark brown 
(Black fat tail scorpion, 
black scorpion) 

Buthus occitanus North Africa (Tunisia, Algeria), Spain 4-7.5 cm Yellow 
(Common European 
scorpion, Tunisian scorpion, 

Moroccan scorpion) 


Centruroides sculpturatus Southwestern United States, Northern Mexico 6.5 cm Yellow, tan, or brown 
(Bark scorpion) without stripes 

Centruroides suffusus Mexico 5-8 cm Yellow, tan, or brown 
(Mexican scorpion) 

Hemiscorpius lepturus Middle East (Iran, Iraq, Pakistan, Yemen) Females 5 cm Yellow to yellow brown 

Males 8.5 cm 

Leiurus quinquestriatus Saudi Arabia, Middle East, Egypt Females 8 cm Yellow 

(Yellow scorpion, death Males 7 cm 


stalker, five-keeled gold 
scorpion, Egyptian scorpion) 
Mesobuthus tamulus India Up to 10 cm Yellow to black 
(Red scorpion, Indian red 
scorpion, Eastern Indian 


scorpion) 
Parabuthus species Southern Africa Up to 10-14 cm, Brownish 
depending on species 
Tityus serrulatus Brazil 6-7 cm Yellowish brown 


(Brazilian scorpion, 
yellow scorpion) 


Adapted from references 1, 2, 4, 6, 7, 8, and 28. 
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FIGURE 22B-2 Scorpion morphology. A, Ventral view. B, Dorsal view. (Courtesy of Scott Stockwell, PhD.) 
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hospitalization and 100 die.'° In Algeria, 50,000 people 
are stung and 150 die.'! Mexico records about 100,000 
cases each year, with 800 dying, and North Africa reports 
about 30 fatalities a year.® 

In the United States in 2003, the Toxic Exposure 
Surveillance System reported 14,417 exposures to 
scorpions, 908 (6.3%) of which were treated in medical 
facilities. The majority of exposures were in adults 20 
years and older (71.7%). Of the 3245 persons in whom 
follow-up was conducted, most (88%) had no or minor 
effects from the sting, 11.7% had moderate effects, and 
10 people (0.3%) had life-threatening effects.'* No 
deaths from scorpions were reported by U.S. poison 
centers in 2003. In 2002, however, two deaths were 
reported: one from a Centruroides sting and one resulting 
from the antivenom. In 2000, there was one death due 
to anaphylaxis from a scorpion sting.'* The National 
Vital Statistics System also reported one death in 2001 
from a scorpion sting.” 

Scorpion stings to humans are usually accidental. 
Scorpions are not aggressive and would rather escape 
from humans. Stings most commonly occur when a 
human unintentionally steps on or squeezes a scorpion 
or reaches under a stone or piece of wood. Children are 
often stung when playing with scorpions.° Since scorpions 
are nocturnal, envenomations occur more commonly at 
night. In areas where scorpions are endemic, care should 
be taken to prevent scorpion envenomations (Box 22B-1). 


Pharmacology and Pathophysiology 


Scorpion venom has evolved primarily to aid in the 
immobilization of prey.’ Scorpion venom in general 
contains a complex mixture of mucopolysaccharides, 
hyaluronidase, phospholipase, acetylcholinesterase, 
serotonin, histamine, protease inhibitors, histamine 
releasers, and neurotoxins.* Serotonin is thought to 
mediate most of the immediate pain experienced after 
an envenomation. Hemiscorpius venoms contain cytotoxic 
substances that cause significant tissue destruction; this 
is not typical of most scorpion venoms, which cause 
systemic toxicity. In humans, the neurotoxins are the 
most clinically significant component of scorpion 
venom. Each species of scorpion has its own collection 
of neurotoxins, but they share a similar structure. The 
neurotoxins are low-molecular-weight proteins composed 
of a single chain of 60 to 70 amino acids. The com- 
position of the venom and its toxicity varies not only by 
species but also with the season, and with the age and the 
nutritional status of the scorpion.'® 

Of more than 14,000 scorpion species, the venoms of 
only 30 or so have been thoroughly characterized.” 
Scorpion venom composition varies by species, and this 
variation may aid in taxonomy disputes.? Only 0.02% of 
the estimated 100,000 unique peptides have been 
identified at present. Many of these peptides bind to and 
alter the function of cell membrane, voltage-dependent 
ion channels, specifically Nat, Cl, Kt, and Ca** 
channels.*” The affinity and effect of these ion channel 
effectors vary by species. Although not completely 
understood, action potentials are thought to be affected 





te) 2:5 PREVENTION OF SCOR 


There are a number of precautions that you can take if you live in 

or are traveling in an area where scorpions are endemic: 

Reduce the amount of garbage and keep it covered. Insects are 
attracted to garbage and scorpions to insects. 

Avoid the accumulation of wood and other building materials near 
the house; such piles are good homes for scorpions. 

Before putting on clothes and shoes, check for the presence of 
scorpions. 

Check the covers and around the room before going to sleep. 

Do not walk barefoot at night. 

Wear gloves, closed-toe shoes, and other protective clothing when 
working in areas where scorpions may live (piles of wood, 
stones, etc.). 

Monitor children when they may be playing near areas where 
scorpions may hide. 

Keep beds and other furniture away from walls. 

Ensure windows have screens. 

In Mexico and other endemic areas, a row of glazed tiles around 
the walls and steps are recommended because scorpions cannot 
climb smooth surfaces. 

To attract scorpions, lay a piece of damp burlap on the floor before 
going to sleep. Scorpions will move under the burlap during the 
night where they can be killed the following morning. 

Chickens are natural enemies of scorpions, as are birds, bats, ducks, 
and monkeys. 

If chemical control is employed, it should be understood that 
scorpions can hide for extended periods of times. Insecticide 
effect should be long lasting or applied frequently. 

If you do feel something crawling on you, removed it with the palm 
of your hand instead of slapping it. 


Data from references 2, 3, 4, 6, 7, and 35. 


by several mechanisms. Certain peptides produce in- 
complete inactivation of sodium channels, thus resulting 
in a slowing and prolonged duration of the action 
potential. Other peptides produce spontaneous opening 
of sodium channels, which results in spontaneous 
depolarization, hyperexcitability, and repetitive neuronal 
firing.’ Increased calcium channel permeability of 
presynaptic neurons enhances neurotransmitter release 
and enhanced neuronal activity. Neurons of the auto- 
nomic nervous system (nicotinic, muscarinic, and 
adrenergic neurons) are largely affected and result in 
enhanced parasympathetic and sympathetic nervous 
system activity. Peripheral sensory and motor nerves are 
also affected and result in significant pain and motor 
hyperactivity.'* The human lethal dose of venom ranges 
from 100 to 600 ug, which is equivalent to the maximum 
amount of venom present in the scorpion’s telson at any 
one time.’ 


Pharmacokinetics 


Many of the distribution and pharmacokinetic studies 
on scorpion venom were carried out by Ismail and 
colleagues in animals.’ Scorpion venom is injected 
subcutaneously and rapidly absorbed into tissues.’ Using 
radiolabeled venom from Leiurus quinquestriatus, Buthus 
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FIGURE 22B-3 Androctonus australis. (Courtesy of Scott 
Stockwell, PhD.) 
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judaicus, and Androctonus amoreuxi, they demonstrated 
that the venoms appeared to demonstrate a two- 
compartment pharmacokinetic model. Following intra- 
venous administration, there is rapid tissue redistribution 
(alpha phase) over 4 to 7 minutes followed by an overall 
elimination (beta phase) half-life of 4.2 to 13.4 hours.*!® 
An Algerian study using an enzyme-linked immunosor- 
bent assay (ELISA) in 182 cases of Androctonus australis 
envenomations showed a correlation between the 
clinical severity of envenomation on presentation and 
blood venom concentrations (Fig. 22B-3). They showed 
an elimination half life of 2 hours, and antivenom 
administration did not effectively neutralize the scorpion 
venom.'! In another study, which used a sandwich ELISA 
method in three victims of Centruroides envenomation, 
the elimination of venom was consistent with a two- 
compartment model, with half-lives ranging from 313 to 
515 minutes.!9 


Special Populations 


The severity of envenomation will depend on both 
scorpion and host factors. The species and size of the 
scorpion, number of stings, and amount of venom 
delivered will affect illness severity.* Host factors that are 
important include age, weight, and health of the victim.® 
Because the severity of symptoms is age and weight 
dependent, children usually sustain more severe scorpion 
envenomations than adults.!° The mortality rate in chil- 
dren is also higher. Children younger than 5 years stung 
by Centruroides sculpturatus are more likely to develop 
severe neuromuscular hyperactivity and respiratory 
effects.*° Elderly patients with preexisting cardiac prob- 
lems are also considered to be at a greater risk for severe 
effects and mortality from scorpion envenomation.°© 
Little is known about the effect of scorpion enven- 
omation in pregnant women.”! Animal studies have shown 
that the uterus of pregnant rats may be more sensitive to 
scorpion venom early in pregnancy.** In humans, there 
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FIGURE 22B-4 Leiurus quinquestriatus. (C 
Stockwell, PhD.) 
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are some anecdotal reports of first-trimester spontaneous 
abortion in pregnant women stung by L. quinquestriatus 
(Fig. 22B-4).*! 


Clinical Manifestations 


Most scorpion stings are characterized by severe 
localized pain with little visible evidence of envenom- 
ation. There may be slight edema, pruritus, numbness, 
and occasionally small blisters at the bite site. Pares- 
thesias and hyperesthesias travel up the extremity and 
may become generalized.’ Performing a tap test may be 
helpful to distinguish a C. sculpturatus from other 
envenomations in the United States. Tapping gently on 
the site of the sting will substantially worsen the pain if 
the sting is from a C. sculpturatus scorpion.* 

Local tissue effects vary among species. The Hemiscorpius 
lepturus can cause significant dermal lesions. However, 
the presence of significant local effects practically rules 
out C. sculpturatus envenomation.*° 

There have been several grading systems developed 
for use in scorpion envenomations. One has been 
developed for C. sculpturatus envenomations commonly 
seen in the United States (Table 22B-2).' Grade I consists 
of pain and paresthesias at the site of envenomation only. 
In grade II, the pain and paresthesias have progressed to 
other areas distant from the envenomation site and the 
patient may also experience perioral numbness. Patients 
with a grade III envenomation exhibit either cranial 
nerve or skeletal neuromuscular dysfunctions. Grade IV 
consists of both cranial nerve and skeletal neuromuscular 
dysfunction. 

In Algeria, a three-grade system is used to classify 
scorpion envenomations.** Grade I envenomations are 
considered mild; patients manifest local pain and 
burning only. Grade II envenomations include systemic 
signs and symptoms (e.g., shivering, restlessness, faintness, 
or vomiting and other gastrointestinal signs). Grade III 
envenomations are characterized by serious systemic 
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Grades of Centruroides sculpturatus 


Envenomation 





Grade | Local pain and/or paresthesias at the site of 
envenomation 

Pain and/or paresthesias remote from the site 
of envenomation, in addition to local findings 

Either cranial nerve or somatic skeletal 
neuromuscular dysfunction: 

1. Cranial nerve dysfunction: blurred vision, 
wandering eye movements, hypersalivation, 
trouble swallowing, tongue fasciculations, 
problems with upper airway, slurred speech 

2. Somatic skeletal neuromuscular dysfunction: 
jerking of extremities, restlessness, severe 
involuntary shaking and jerking, which may 
be mistaken for seizure activity (but are not) 

Both cranial nerve and somatic skeletal 
neuromuscular dysfunction 


Grade Il 


Grade Ill 


Grade IV 


Adapted from reference 1. 





complications such as neurologic findings, hyperthermia, 
priapism, respiratory failure, pulmonary edema, or shock. 
A study of calls to the Arizona Poison Center,! where a 
majority of envenomations would be expected to involve 
C. sculpturatus, showed that evidence of grade I enven- 
omations such as pain and paresthesia was immediate in 
all cases. Progression to higher grades was variable but 
always happened in less than 5 hours. Infants sometimes 
progressed to grade IV in 15 to 30 minutes. A more rapid 
onset of signs and symptoms in young children is felt to 
reflect quicker absorption from their thinner dermis.®”° 
In general, clinical effects occur immediately after 
envenomation (local pain initially), progress to peak 
effects by 5 hours, and may last for over 24 hours.* 
Autonomic nervous system effects are prominent in 
higher-grade scorpion envenomations. Sympathetic or 
adrenergic signs include extreme agitation, hyperthermia, 
hypertension, tachycardia, mydriasis, piloerection, and 
diaphoresis. These effects may culminate in hypotension 





—— 


FIGURE 22B-5 Buthus occitanus. (Courtesy of R. David Gaban.) 


and cardiovascular collapse. Priapism has been noted in 
males. Scorpion envenomations often associated with 
autonomic storm include the Tityus species of the 
Caribbean and South America, Androctonus and Buthus 
occitanus of North Africa, and the Mesobuthus tamulus 
(also known as Buthus tamulus) of India (see Figs. 22B-3 
and 22B-5). Parasympathetic or cholinergic effects 
include bradycardia, salivation, bronchorrhea, nausea, 
vomiting, diarrhea, lacrimation, and urination. Without 
the history of a sting, these symptoms may be confused 
with exposure to an anticholinesterase pesticide, 
especially if such agents are being used for scorpion 
control.“ Scorpions often associated with cholinergic 
excess include the Centruroides of the United States 
and Mexico and Parabuthus species of southern Africa 
(Fig. 22B-6). 

Neurologic signs (peripheral and central effects) may 
include “roving eyes,” anisocoria, opsoclonus, disconjugate 
gaze, pharyngeal muscle dysfunction, and muscle and 
tongue fasciculations. Extreme muscle rigidity, twitching, 





FIGURE 22B-6 Color variations of Centruroides vitatus. (Courtesy of Scott Stockwell, PhD.) 


and jerking have also been described. Choreiform and 
ballistic motor activity is not uncommon. Seizures have 
been described with some scorpion envenomations but 
there is significant controversy among experts as to 
whether those envenomated by C. sculpturatus have true 
seizures. Most patients with motor hyperactivity are 
conscious. Cerebral infarction, cerebral thrombosis, and 
acute hypertensive encephalopathy have been described 
with Buthidae envenomations. 

Gastrointestinal symptoms may be a reflection of 
cholinergic excess and profuse nausea, vomiting, and 
abdominal pain. Envenomation by Tityus species are well 
known to cause pancreatitis and are a major cause in 
endemic areas. 

Severely symptomatic patients should be monitored 
for cardiac effects. Sequelae have included bradycardia, 
tachycardia, ventricular dysrhythmias, and cardiovascular 
collapse. Myocardial infarction has been documented 
with elevations of creatine kinase. This may be due to a 
direct myotoxic effect, although it is not well understood. 
Transient myocardial “stunning” or reversible mechanical 
dysfunction without tissue necrosis has also been 
documented with echocardiography.° Respiratory function 
may be compromised by increased secretions and loss 
of protective reflexes. Pulmonary edema and cardio- 
respiratory collapse have also been noted. Anaphylactic 
reactions to scorpion stings, while rare, should be con- 
sidered in people who have been previously exposed.’ 

Severe dermatologic changes, hemolysis, and central 
nervous system (CNS) changes are a prominent feature 
of the H. lepturus. In Southwestern Iraq, this scorpion is 
thought to account for only 10% to 15% of enveno- 
mations but for the majority of fatalities. Severe skin 
sloughing and disfiguring wounds have been described.*° 


Diagnosis 


The diagnosis of scorpion envenomation is made primarily 
from the patient’s history and physical examination. 


LABORATORY TESTING 

The extent of laboratory evaluation will depend on the 
severity of the patient’s clinical presentation. Even 
though venom assays have been used in studies, there are 
no routinely available tests for the detection of scorpion 
venom. Laboratory evaluation is used to rule out other 
medical illnesses and to facilitate the provision of sup- 
portive care (i.e., evaluate for complications of enven- 
omation). A complete blood count with platelet count 
and coagulation studies may be warranted since 
defibrination syndrome has been reported after M. 
tamulus envenomation,*°?” and massive hemolysis may 
occur after H. lepturus envenomation.’ Renal failure has 
occurred secondary to hemolysis or rhabdomyolysis and 
may merit monitoring of electrolytes, blood urea 
nitrogen, creatinine and creatine kinase, and urinary 
output. Because T. trinitatus envenomation has been 
associated with pancreatitis, amylase and lipase levels 
may be helpful. In addition, arterial blood gases may be 
necessary to guide therapy in patients with severe 
respiratory distress. 
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OTHER DIAGNOSTIC TESTING 

An electrocardiogram (ECG) may be helpful because 
some scorpions such as L. quinquestriatus have caused 
arrhythmias (e.g., atrioventricular block and bradycardia). 
Other ECG changes such as ST-T wave abnormalities and 
QTc segment prolongation have also been reported. 
Echocardiography of patients with shock typically 
demonstrates global hypokinesia.” Chest radiography 
may be helpful in patients with respiratory symptoms to 
assess for pulmonary edema. 


DIFFERENTIAL DIAGNOSIS 

If the scorpion is not seen at the time of the bite, the 
differential is wide. It includes spider bites, insect bites, 
and abrasions. The differential diagnosis for patients 
presenting with neurologic signs and symptoms includes 
acute dystonic reactions; seizures; poisoning with CNS 
stimulants, cholinergic agents, and strychnine; acute 
cerebrovascular accident; CNS infections; botulism; and 
tetanus. 

Occasionally, the similarity in presentations between 
Centruroides stings and CNS stimulant ingestion is used by 
parents to conceal the cause of their children’s illness. In 
a case series of 18 cases of methamphetamine ingestion, 
two children were misdiagnosed as victims of scorpion 
envenomation. The two children were treated with anti- 
venom, and one of the patients developed anaphylaxis.“ 


Management 
SUPPORTIVE CARE 


Most envenomations are minor and can be treated symp- 
tomatically with analgesics, local wound care, tetanus 
prophylaxis, and a period of observation to determine 
whether the envenomation will progress. In healthy 
adults, many envenomations can be managed at home. 
Judicious application of ice, light compression wrapping, 
and immobilization of the effected area often offer some 
relief.” Oral analgesics are helpful, but parenteral therapy 
may be required. Some recommend local anesthesia with 
lidocaine, bupivicaine, or dehydroemetine by infiltration 
or a nerve block.* Prophylactic antibiotics are not indi- 
cated and should be withheld until evidence of infection 
occurs. The use of steroids has not proven beneficial.'° If 
the scorpion has been killed and brought with the patient, 
it may be helpful to have it identified by an entomologist. 

For patients exhibiting systemic envenomation, 
advanced life support measures (including endotracheal 
intubation) should be instituted as necessary to treat 
respiratory compromise. Continuous cardiovascular 
and respiratory monitoring should be employed. Hyper- 
thermia and hypothermia should be addressed. Fluid 
resuscitation should be administered as necessary along 
with careful observation for pulmonary edema. Excessive 
secretions may require frequent suctioning. 

When envenomation is complicated by hyperthermia, 
acetaminophen and external cooling methods have been 
recommended.!® Dipyrone intravenously has been advo- 
cated in Tityus serrulatus envenomation. Vomiting should 
be treated with antiemetic therapy (e.g., metoclopramide) 
and aggressive rehydration with intravenous crystalloid. 
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Seizures or neuromuscular hyperactivity should be treated 
initially with benzodiazepines and/or barbiturates. 

Routine administration of atropine or neostigmine 
for their parasympatholytic effect is controversial. These 
agents have been used successfully to decrease secretions 
associated with Centruroides and Tityus envenomations.*°” 
These agents may also exacerbate sympathetic effects 
and result in hypertension and pulmonary edema.’ 
Thus, anticholinergics should probably be reserved for 
cases of severe bradycardia. 

Hypertension is a hallmark of most severe enven- 
omations and should be treated aggressively. Nitroprusside 
is the agent of choice for severe hypertension and can 
be more easily titrated to effect.” Prazosin is a selective 
œ-adrenergic receptor blocker that has been recom- 
mended for scorpion envenomation, particularly from 
M. tamulus envenomation. Case series in India have 
shown beneficial effect, and Bawaskar strongly recom- 
mends early administration.”?® The use of nifedipine for 
hypertension is discouraged because it may cause reflex 
stimulation of the sympathetic nervous system and lead 
to cardiac stimulation and dysrhythmia. Angiotensin con- 
verting enzyme inhibitors are discouraged because they 
may exacerbate venom toxicity by increasing bradykinin 
levels.'®? Hydralazine has been used extensively for the 
treatment of hypertension but has been associated with 
unpredictable hypotension. 

When it occurs subsequent to envenomation, pul- 
monary edema should be treated with oxygen and positive 
pressure mechanical ventilation as necessary. Loop 
diuretics should be used with caution due to volume 
depletion in many patients. 

Historically, initial treatment recommendations 
included heavy sedation with so-called “lytic cocktails.” 
Heavy sedation with benzodiazepines and aggressive 
opioid analgesic therapy is now sometimes discouraged 
due to the associated risk for respiratory compromise. 
When used, these therapies should be used judiciously. 

Hemiscorpius stings in Iraq have exhibited local tissue 
destruction and hemolysis. Local authorities have advocated 
early local excision, alkalinization of urine to prevent renal 
failure, and steroids. Randomized trials to support these 
recommendations have not been conducted.*° 


ANTIDOTES 
The use of antivenom for envenomations is controversial. 
Since the risk for death with scorpion envenomation is so 
small and the risk for allergic reaction from antivenom 
administration is high, the benefit of antivenom adminis- 
tration is unclear. Thus, supportive care is probably similar 
in efficacy and safer than the use of antivenom.’ Many 
complex antivenom regimens have been promulgated 
for symptomatic scorpion envenomations without clear 
evidence of efficacy. Rigorous testing of these regimens is 
difficult due to the wide variety of scorpions and the 
limited resources where most envenomations occur (i.e., 
limited availability of specific medications, critical care 
support, or antivenom). Perhaps not surprisingly, the extant 
regional literature seems to support regimens commonly 
used in each region. 

Antivenom recommendations are not clearly defined, 
and antivenom is not readily available in many areas or 


for many specific species. For areas that have antivenoms, 
there has been little control over their manufacture and 
quality, yet most are used in the belief that they represent 
the standard of care. Antivenom use has been predicated 
on the premise that any venom should respond to 
antivenom. Trials to prove efficacy have been rare, and 
future trials are questionable ethically in areas where 
administration has become the standard of care. In 
general, use of antivenom should be reserved for patients 
with severe signs and symptoms of envenomation (grades 
II and IV), particularly young children. 

To date, the greatest use of scorpion antivenoms has 
occurred in regions of frequent envenomations, such as 
Northern Africa, the Middle East, Mexico, and Brazil. 
Large series of patients treated with antivenom have 
been reported supporting the use of antivenom. In one 
series of patients, antivenom administration was reported 
for over 20,000 cases of Centruroides scorpions in Mexico.”! 
No patient developed immediate hypersensitivity from 
antivenom, and no deaths were recorded. In another 
large series of patients from Brazil, antivenom use was 
reported in 3860 patients stung by T. serrulatus.°* The 
mortality rate was 0.28%. All deaths occurred in children 
treated 3 or more hours after envenomation. In the few 
controlled clinical trials that have been conducted 
evaluating antivenom therapy, however, a benefit from 
antidotal therapy has not been shown.”'° Proponents of 
antivenom use argue that antivenom is the only specific 
treatment to directly counteract the primary physiologic 
effects of the venom, and its administration significantly 
improve outcomes. The disappointing results seen from 
the controlled trials probably result from inadequate 
dosing.* Opponents to antivenom therapy believe that 
since the major effects of envenomation result not from 
the toxin, but from the release of endogenous neuro- 
transmitters, antivenom will have minimal effect at 
reducing morbidity and mortality.* However, until more 
controlled trials are conducted, antivenom use appears 
to be justified in cases of severe systemic envenomation, 
particularly in high-risk groups such as children.®?°? In 
some areas where there is limited access to clinical care 
(e.g., rural Mexico), early antivenom use has become the 
standard of care. 

Until recently, a goat serum antivenom for Centruroides 
sculpturatus envenomation had been available in the 
United States from the University of Arizona. This anti- 
venom was not approved by the Food and Drug 
Administration (FDA), however, and could not be used 
outside the state of Arizona. In small, uncontrolled 
studies, this antivenom appeared to be effective but was 
also associated with a significant incidence of hyper- 
sensitivity reactions.” Its intravenous administration 
produced rapid resolution of the respiratory, cardio- 
vascular, and neurologic toxicity associated with the sting 
of C. sculpturatus.* Symptoms resolved within 3 hours for 
patients who received antivenom, whereas symptoms lasted 
15 to 24 hours for those not treated with antivenom.** Of 
those receiving the antivenom, however, 3% to 8% 
experienced an immediate hypersensitivity reaction and 
58% to 61% developed delayed serum sickness.*°** The 
production of this antivenom has recently ceased, and 
the remaining supply is becoming depleted. The FDA 


has approved clinical testing of an antivenom, Alacramyn 
Fab2 fragment, produced by the Mexican Ministry of 
Health. This product is polyvalent and equine derived and 
has been used extensively for the Mexican Centruroides.’ 

If antivenoms are used, they should be administered 
as soon as possible after envenomation to contain the 
release of endogenous reactive substances.*° In addition, 
the tissue distribution of the antivenom immunoglobulins 
is much slower than that of the venom, with redistri- 
bution half-lives 11 to 102 times longer than that of 
venom.!? The antivenom should be administered intra- 
venously because intramuscular administration further 
slows tissue distribution.®*°° The Mexican antivenom is 
administered with an H,-antihistamine (e.g., chlorpheni- 
ramine).* During administration of antivenom, patients 
should be observed closely for any signs and symptoms of 
type I immediate hypersensitivity reactions. Patients 
should also be monitored for serum sickness (typically 
occurs 7 to 21 days after antivenom), which can be 
treated with oral antihistamines and corticosteroids. 

Patients with grade III or IV Centruroides stings and 
other severe Buthidae envenomations should be 
admitted to an intensive care unit (ICU) and/or treated 
with antivenom. Occasionally, patients with grade IN 
envenomation are discharged home after resolution of 
their symptoms with antivenom. In general, young 
children are more likely to require inpatient observa- 
tion. 


Disposition 


The disposition of the patient depends primarily on the 
severity of illness at presentation. Those who exhibit 
significant symptomatology will require intensive care 
monitoring and support. Observational monitoring 
should continue until patients are hemodynamically 
stable and no longer at risk for rhabdomyolysis. For C. 
sculpturatus envenomations, the rapidity of sign and 
symptom resolution is dependent on the patient’s age 
and severity of envenomation. Improvement usually 
occurs by 10 hours for those not treated with antivenom.* 
However, the pain and paresthesias from the scorpion 
sting may persist for 1 to 2 weeks. 

Those treated with antivenom should be followed 
closely after hospital discharge due to the significant risk 
for serum sickness. These patients should be educated as 
to the signs and symptoms of serum sickness (e.g., 
arthralgias) and appropriate initial treatment (e.g., 
nonsteroidal anti-inflammatory drugs [| NSAIDs]). 


STINGING INSECTS AND OTHER 
VENOMOUS ARTHROPODS 


Hymenoptera 
INTRODUCTION AND RELEVANT HISTORY 


Hymenoptera is a very large order of the phylum 
Arthropoda and the class Insecta. Species of medical 
importance belong to the following families: Vespidae 
(wasps, yellow jackets, and hornets), Apidae (honeybees 
and bumblebees), and Formicidae (fire ants, Australian 
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jumper ant, and others). In general, hymenoptera are 
not aggressive toward humans. The greatest risk to 
humans is not the toxicity of their venom, but rather the 
risk of type I allergic reactions. The earliest depiction of 
such a reaction is in the tomb of the Egyptian pharaoh 
Menes, who died in 2621 Bc following an insect sting.” 

The family Apidae contains a number of types of bees. 
Honeybees (Apis mellifera) are social creatures that live in 
colonies of 30,000 to 50,000 workers. These creatures 
most frequently sting to protect their colony from honey- 
loving predators.° “Killer” bees (Apis mellifera scutellata) 
are African honeybees that were introduced to Brazil 
because they were thought to be more efficient at pro- 
ducing honey in tropical climates. They first escaped 
from hives in Brazil in 1957 and have since spread widely, 
reaching the southern United States in 1990. There are 
now populations in Texas, Arizona, New Mexico, and 
California.°*® Killer bees are of concern because they are 
more aggressive than typical hymenoptera, attack in 
swarms, and chase victims for greater distances from 
their hive than other species.** Bumblebees (Bombus and 
related genera) are generally mild mannered and live in 
smaller colonies of around 1,000 individual insects in 
underground nests or in hollow trees.°°> Sweat bees 
(family Halictidae) are small insects attracted to sweaty 
skin. Their sting is not very painful but can cause 
anaphylaxis, and their venom is not immunologically 
related to that of other bees and wasps.’ 

The family Vespidae mainly contains social wasps; a 
small number of solitary species are also included. Social 
wasps are found throughout the world but are pre- 
dominantly a medical problem in the United States and 
Europe (Fig. 22B-7).°° They live in colonies of 30 to 
several thousand individuals.*? While some species may 
use their stinger to capture prey, the stinger is primarily 
used to defend the colony. Wasps seldom sting away 
from the nest unless trapped or disturbed.*° 

Ants are social insects whose venom is used primarily 
for defense and, occasionally, for capturing prey.°°* The 
most medically important ant in the United States is 
the fire ant. Fire ants (Solenopsis invicta) were initially 





FIGURE 22B-7 Paper wasps. (Courtesy of Nancy Hinkle, PhD, 
University of Georgia.) 
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introduced to Mobile, Alabama, in 1939 as a stowaway in 
a shipment of nursery products and sod.***! Currently, 
fire ants infest Alabama, Arkansas, Florida, Georgia, 
Louisiana, Mississippi, North Carolina, Oklahoma, South 
Carolina, Tennessee, Texas, Virginia, Puerto Rico, 
Arizona, New Mexico, and California.** Harvester ants 
(Pogonomyrmex), which are found in the Southwestern 
United States and Mexico, also have some medical 
importance. They can produce a painful sting, which 
may result in systemic symptoms and anaphylaxis.*® 

The venom apparatus of hymenoptera is located at 
the end of the abdomen and consists of venom glands, a 
reservoir for the venom, and a hollow structure for 
piercing the integument and injecting the venom.” The 
stingers are actually modified ovipositors, and therefore, 
only the females can sting.° When honeybees sting, they 
leave the entire venom apparatus in their target and 
eventually die. Because bumblebees and wasps do not 
have barbed stingers, they can remove their stinger and 
sting repeatedly.°*! In some species of ants, the stinger is 
absent and the ant sprays venom into a wound created by 
its bite.?” 


EPIDEMIOLOGY 

In 2003, the American Association of Poison Control 
Centers reported 12,516 exposures to bees, wasps, yellow 
jackets, and hornets and 2480 exposures to ants.'* There 
was one reported death in a 3-month-old from fire ant 
stings and one death from multiple yellow jackets stings 
to a 2-year-old.'* Between 40 and 55 deaths a year in the 
United States are attributed to insect stings, primarily 
from anaphylaxis.®!* Current numbers may underestimate 
the problem because many unexplained sudden deaths 
in outdoor workers and others may be undiagnosed 
anaphylactic reactions to hymenoptera.**** In the 
United States and Europe, the majority of deaths due to 
venomous animals are caused by hymenoptera.”” 

Hymenoptera stings more frequently occur to the head 
or neck, followed by the lower and upper extremities. 
Stings in the mouth, pharynx, and esophagus can occur 
when an insect is accidentally ingested.’ In temperate 
areas, stings occur more frequently in the summer and 
early fall because hymenoptera are more active in higher 
temperatures and humidity.**°? About twice as many 
men experience severe reactions to stings than females, 
but this may likely be a difference in exposure rates 
rather than a physiologic difference.“ Adults are more 
likely to experience severe reactions than children*’; 
most deaths are in people over 40 years of age.” In the 
United States, 0.4% of the population exhibits some type 
of allergic reaction to insect venom.’ Large local 
reactions to hymenoptera stings occur in 2% to 19% of 
patients. Systemic reactions are seen in 1% to 3% of adults 
and less than 1% of children.?’ Of those individuals 
who exhibit a systemic reaction, 27% to 57% will react 
systemically to a future envenomation by the same type 
of insect.°” 

Multiple stings often occur when a nest is disturbed. 
Either the venom or an alarm pheromone released by 
the first insects threatened stimulates the other members 
of the colony to attack.°*®°* Another dangerous situation 


te) yy): PREVENTION OF HYMEN( 


Precautions that can reduce the risk of sustaining a hymenoptera 

sting: 

Bees and wasps are attracted to sweet things and wasps are also 
attracted to meat, so keep food covered when eating outdoors. 

Frequently clean garbage cans and recycling bins and dispose of 
decaying fruit to make the area less attractive to bees and 
wasps. 

Do not walk around barefoot outside. 

Wear gloves, shoes, and other protective clothing when gardening. 

Do not wear strong-smelling perfumes and lotions when spending 
significant time outdoors. 

Dark-colored clothing and that with colorful patterns are attractive 
to bees and wasps; white and light khaki clothing is less 
attractive. 

Exercise caution around fallen tree trunks because wasps may build 
nests inside. 

Avoid fast movements around bees and wasps. 

If you disturb a nest, stay still as opposed to running away. Fast 
movements will attract the attention of the insects and make 
multiple stings more likely. 

Insect repellents used with mosquitoes are not effective with 
hymenoptera. 

Hymenoptera are susceptible to many insecticides. It is safer to 
spray nests at night. 

Antihistamines taken prophylactically before high-risk activities 
(e.g., beekeeping) can prevent large local reactions but are not 
protective against more severe reactions. 

Allergic individuals should carry an emergency kit with epinephrine 
and wear a medical identification tag indicating the allergy. 

Kits should be available in work and recreation areas where the 
possibility of stings is high. 


Data from references 6, 37 through 40, and 47. 





exists when wasps or bees are accidentally trapped in 
motor vehicles. Not only are the occupants at risk for 
stings, but they are also at risk for crashes as they attempt 
to kill or remove the insect from the car.** General 
measures that can be taken to prevent hymenoptera 
envenomation are listed in Box 22B-2. 

Fire ant stings usually occur in children and to the 
lower extremities. Stings most often occur in the sum- 
mer, although there may be a seasonal difference in the 
venom protein concentrations.” It is estimated that 30% 
to 60% of people in endemic areas are stung each year." 
There have also been reports of massive sting attacks in 
residents of nursing homes.** Approximately 0.6% to 
16% of people stung will exhibit an anaphylactic reaction. 
Most of these individuals have received previous stings, 
but some will develop a reaction after their first sting. 
However, most of these people appear to be sensitized to 
yellow jackets and research suggests that these two 
venoms cross-react.” 


PHARMACOLOGY AND PATHOPHYSIOLOGY 

The venoms of hymenoptera varies by family and species, 
but in general, most contain a mixture of low-molecular- 
weight substances (i.e., peptides) and high-molecular- 
weight substances (i.e., enzymes). During one single bee 


or wasp sting, a volume of only 0.5 to 2 UL of venom is 
injected.***9 Most venoms cause predominantly local pain 
and discomfort. More severe sequelae can be caused by 
their respective allergenicity. 

The low-molecular-weight substances include histamine, 
tyramine, dopamine, serotonin, epinephrine, and norepi- 
nephrine. These agents predominantly cause pain, mast 
cell degranulation, and further catecholamine release. 
Ant venoms contain formic acid, and fire ant venom 
contains dialkylpiperidines.*” 

Peptides present in hymenoptera venom are responsible 
for further mast cell degranulation. These include a 
number of wasp kinins, mastoparans, and chemotactic 
peptides. About 50% of dry bee venom is melittin, a 
peptide consisting of 26 amino acids. It acts as a 
detergent in cell membranes and is responsible for pain. 
Other peptides found in bee venom are Oa-Adolapsin, 
apamin, and mast cell degranulating peptide. Apamin 
blocks calcium-dependent potassium channels.* 

Enzymes or high-molecular-weight substances include 
hydrolytic enzymes that have a digestive effect on tissues. 
These high-molecular-weight substances include phos- 
pholipase A2, phospholipase B, hyaluronidase, acidic 
phosphatase, alkaline phosphatase, cholinesterase, 
histidincarboxylase, saccharidase, DNAse, and protease. 
These high-molecular-weight compounds are potential 
allergens and may precipitate severe allergic reactions in 
sensitive people.” 

Allergic manifestations are the result of an immuno- 
globulin E (IgE)-mediated (type I) hypersensitivity 
reaction. The initial contact with the allergenic venom 
components, usually phospholipase A2, hyaluronidase, 
or melittin, stimulates the body to produce IgE anti- 
bodies. Upon subsequent contact with the sensitizing 
allergen, there is aggregation of the IgE antibodies by 
mast cells, which leads to degranulation and histamine 
release.° 

There is little cross-sensitization between bees and 
wasps. There is, however, almost 100% cross-sensitivity 
between yellow jacket and hornet venom. Cross- 
sensitivity is also seen between fire ants and bees or 
wasps. Of people allergic to bees or wasps but without 
exposure to fire ants, 51% of patients had a positive 
radioallergeosorbent test reaction to fire ant venom.”® 


PHARMACOKINETICS 

In general, the venom is injected 2 to 3 mm into the 
subcutaneous tissue.° In the case of intravenous injection 
or a sting in a highly vascular area, systemic reactions 
may be more likely.*’ 

Toxic reactions are produced by venom in a dose- 
dependent manner.*’ The amount of venom injected per 
sting varies by species. Bees usually inject 50 to 100 ug of 
venom per sting, while wasps and hornets inject 2 to 10 ug 
per sting.° The number of stings necessary to produce a 
life-threatening reaction vary from 40 to 50 for a large 
species like the white-faced hornet to 500 to 1400 stings 
for a honeybee.” For Africanized “killer” honeybees, 
50 stings can cause systemic toxicity and an estimated 
500 are necessary to cause death due to toxicity. The 
intravenous median lethal dose in mice for honeybees 
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in 6 mg/kg and for different hornet venoms is 1.6 to 
4.1 mg/kg.°® 


SPECIAL POPULATIONS 

Due to the dose-dependent toxicity from hymenoptera 
venom, those with smaller body mass are more sus- 
ceptible to the toxic effects produced by multiple stings. 
Thus, fewer stings are needed to become life-threatening 
in children. Glucose-6-phosphate dehydrogenase defici- 
ency may predispose some populations to greater hemo- 
lytic toxicity from envenomation.” 


CLINICAL MANIFESTATIONS 

Most patients will present with instant pain and a wheal 
and flare reaction at the site of envenomation.* Stings in 
the mouth, throat, or larynx can cause swelling of mucous 
membranes and laryngeal edema.? Local erythema and 
swelling may also occur. 

Large local reactions spreading more than 15 cm and 
persisting more than 24 hours are thought to represent 
cell-mediated (type IV) hypersensitivity. Half of the patients 
with large local reactions, however, will also have elevated 
serum IgE (indicative of type I reaction) or a positive 
skin test result. Subsequent stings in these victims usually 
result in another large local reaction as opposed to a 
more severe systemic reaction.** 

Fire ant stings start with the typical wheal and flare 
reaction that occurs within 20 minutes of the sting. Sterile 
pustules or necrotic lesions develop within 24 hours, and 
may last for several days and are pathognomonic for fire 
ant stings. Pustules are often observed in a ring pattern 
because the ant bites the skin and then stings as it pivots 
around the bite site.*! 

The most serious complication of hymenoptera 
envenomation is an allergic reaction. Severe allergic reac- 
tions and anaphylaxis are common. Allergic symptoms 
may include skin rash, edema, bronchial constriction, 
cardiovascular failure, difficulties swallowing and speaking, 
labored breathing, burning sensation in the pharyngeal 
cavity, itching of palms and soles, hot flashes, hypotension, 
and general weakness. Over 50% of severe reactions 
occur within 10 minutes, and almost all in the first 5 
hours. Most deaths occur within 1 hour.*® 

Massive hymenoptera envenomations, as occur from 
multiple stings (i.e., 20 to 50), may also cause systemic 
effects. These effects include vomiting, diarrhea, gener- 
alized edema, dyspnea, hypotension, tachycardia, and 
cardiovascular collapse. Widespread necrosis of skeletal 
muscle (rhabdomyolysis) may occur and result in hyper- 
kalemia, acute renal failure from acute tubular necrosis, 
and hepatorenal syndrome. In addition, hemolysis, 
hemoglobinuria, acute pancreatitis, disseminated intra- 
vascular coagulation, acute respiratory distress syn- 
drome, myocardial infarction, atrial fibrillation, optic neu- 
ropathies, and cerebral infarction have been reported 
after multiple stings.” 

Atypical reactions can include serum sickness, Arthus 
reaction, nephritic syndrome, thrombocytopenic purpura, 
grand mal or focal motor seizures, transient ischemic 
attacks, Guillain-Barré syndrome, and progressive demye- 
linating neurologic disease.’ 
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DIAGNOSIS 

Diagnosis is usually made by history and suggestive physi- 
cal findings. If the patient has not seen a hymenoptera 
insect or is unable to give a history, the diagnosis may be 
more difficult. It is often difficult to distinguish between 
symptoms of an immediate allergic reaction and a 
systemic, dose-related, toxic reaction to multiple stings.” 


Laboratory Testing 

Laboratory evaluation should be based on clinical 
presentation. Most uncomplicated envenomations will 
require observation only. For severe allergic reactions 
and patients with multiple stings, urinalysis, complete 
blood count, and serum measurements of electrolytes, 
renal function, creatine phosphokinase, and lactate 
dehydrogenase should be obtained.*® 

Serum IgE levels and tryptase levels may be elevated 
following allergic reactions to hymenoptera stings, 
although this is rarely readily available or helpful in 
acute management of patients. In a study of sera col- 
lected in 142 cases of sudden unexpected death, 23% 
contained elevated IgE to at least one insect venom as 
compared with 6% of sera from 92 living blood donors.’ 
In an additional study of 68 of the previous samples, 9% 
were found to have elevated tryptase levels in addition to 
the elevated IgE levels.* Similarly, anti-fire ant IgE and 
an elevated tryptase level were observed in a fatal fire ant 
envenomation.*® Patients with significant reactions 
should be referred for evaluation by an allergist for more 
specific testing and consideration of immunotherapy. 


Differential Diagnosis 

Hymenoptera envenomations can be confused with 
stings from other insects and spiders. Similar signs and 
symptoms may also occur with allergic reactions of 
unknown etiology. 


MANAGEMENT 


Decontamination 

Many authorities recommend immediate removal of 
retained stingers with the thought that the retained 
venom apparatus continues to pump venom.?”*’ The 
time until stinger removal is correlated with severity of 
reaction.” Although many procedures are advocated, 
the stinger can be removed by gentle scraping of a 
straight edge such as a credit card. For most cases, 
washing the area with soap and water is the only 
decontamination necessary. If the person is sprayed with 
ant venom, water should be used to rinse the formic acid 
from the eyes and mucous membranes.° 


Supportive Care 

For most envenomations, all that is necessary is local 
wound care, analgesia, tetanus prophylaxis, and a brief 
period of observation to make sure hypersensitivity does 
not occur. Secondary infections are likely greater with 
vespid envenomations as compared with honey bees 
since vespids reuse their stinger and sometimes break 
the skin with their mandible.*” Regardless, the risk for 
infection is small, and prophylactic antibiotics are not 


recommended. Ice packs, antihistamine lotion/cream, 
and topical antimicrobials may be helpful. Oral anti- 
histamines are often used but are of questionable 
effectiveness except with more severe local reactions or 
generalized urticaria.*’°* Oral corticosteroids may be 
effective in extensive local reactions.” Immobilization 
and elevation of the stung extremity will help reduce 
swelling.?” 

There are no uniformally effective treatments for fire 
ant envenomation.*® Cold compresses, oral antihistamine, 
and corticosteroids may be helpful for symptoms.” 
Reactions are thought to be primarily immunogenic, and 
prophylactic antibiotics are not routinely recommended. 
Proactive breaking of blisters is discouraged.’ Massive 
fire ant stings in the absence of allergic reactions can 
usually be managed with topical corticosteroids and oral 
antihistamines.” 

Treatment of severe signs and symptoms of ana- 
phylaxis is beyond the scope of this chapter. Multiple 
stings that produce systemic toxicity or severe hyper- 
sensitivity reactions (e.g., anaphylaxis) require aggressive 
therapy and ICU observation. Those patients with 
greater than 50 to 100 bee stings should be hospitalized 
and observed for signs of systemic toxicity.’ The treat- 
ment of all severe reactions includes the administration 
of intravenous crystalloid, parenteral corticosteroids, H,- 
and H,-receptor antagonists (antihistamines), epineph- 
rine (subcutaneous or intravenous), and inhaled B.-adren- 
ergic receptor agonists. Close cardiac, hemodynamic, and 
urine output monitoring is warranted in such patients. 
All patients with systemic symptoms or that require 
epinephrine should have a 12-lead electrocardiogram 
performed.®?”> These patients should be admitted and 
monitored for 12 to 24 hours for coagulopathy and 
evidence of renal compromise.’ Massive envenomations 
may be at risk for subsequent delayed type III serum 
sickness reactions that can typically be treated with 
NSAIDs and corticosteroids. 


Antidote 

A group in the United Kingdom has developed an 
antivenom for use in patients with multiple bee stings. 
While it has been effective in animal models, there has 
been no documented use in humans.*® 


DISPOSITION 

Patients presenting immediately after envenomation 
should be monitored for an appropriate period of time, 
usually 1 to 2 hours, for signs and symptoms of hyper- 
sensitivity progression and anaphylaxis. Patients who are 
asymptomatic or have minimal local reactions without 
progression may then be safely discharged. ‘They should 
be instructed to return immediately for recrudescent or 
delayed-onset allergic signs and symptoms (e.g., urticaria, 
difficulty breathing). For mildly symptomatic patients 
with appropriate access to health care or asymptomatic 
patients with a documented prior sensitivity, many 
advocate a short 3-day course of oral antihistamines and 
corticosteroids. Moderate hypersensitivity reactions, 
such as isolated urticaria without hypotension or 
respiratory difficulty, may be treated with a short 


observation period until their signs and symptoms 
improve or resolve. They should also receive a 3-day 
course of antihistamines and corticosteroids. If a patient 
has been treated with epinephrine prior to arrival or 
during observation, they should be observed for at least 
2 hours after the administration of epinephrine to ensure 
that they exhibit no hypersensitivity recrudescence; signi- 
ficant symptom recurrence is uncommon. Severe 
symptomatology requires observation for 24 hours or 
longer if persistently symptomatic. Fifty stings in a child 
or 100 stings in an adult may also be life threatening,” so 
patients who are victims of severe attacks with multiple 
stings merit 24-hour observation. 

Patients that develop moderate to severe hyper- 
sensitivity reactions should always be discharged with a 
prescription for an epinephrine auto-injector and 
education regarding the use of the auto-injector and 
prevention of further hymenoptera stings (see Box 22B- 
2). In addition, they should schedule outpatient follow- 
up with an allergist for more specific testing and consid- 
eration for immunotherapy. 


OTHER VENOMOUS ARTHROPODS 


Lepidoptera 


Lepidoptera is the order of the class Insecta that includes 
butterflies and moths. Sixteen families have venomous 
species, which are largely caterpillars with venomous 
spines. One such stinging caterpillar is the saddleback 
caterpillar (Szbine stimulea) in the family Limacodidae 
(Fig. 22B-8). Envenomation generally occurs accidentally 
when brushing against one of these caterpillars or 
attempting to remove it by hand from clothing or on the 
body. These sharp hairs or spines are either hollow, 
connected to poison glands (venom flows on contact), or 
similar to glass fibers (hairs break off in skin easily) 
sometimes causing pain like a needle prick. The venom 
of stinging caterpillars is poorly characterized and 
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typically produces an urticarial rash and minimal local 
discomfort after contact.” This rash may develop over a 
few hours and last for a week. In addition, detached 
spines can lodge in the eye and cause conjunctivitis or 
keratitis.” The recommended treatment is to remove 
the spines with an adhesive tape while trying to avoid 
rubbing the area of contact. Analgesics, including anti- 
inflammatory drugs (e.g., NSAIDs), antihistamines, and 
topical corticosteroids are also recommended. Patients 
with a spine lodged in their eye need to be referred 
to an ophthalmologist for microscope-assisted removal. 
Lepidoptera envenomations can be prevented by not 
handling caterpillars, wearing protective clothing when 
participating in activities that put one in contact with the 
caterpillar habitat, spraying trees with appropriate 
pesticides, and using window screens.°*® 

The puss caterpillar or woolly caterpillar (Megalopyge 
opercularis) is the most medically significant species in the 
southern United States (Fig. 22B-9); its habitat extends 
between Texas and Missouri. Puss caterpillar stings can 
cause dyspnea, seizures, abdominal pain, hypotension, 
and characteristic hemorrhagic pinpoint papular lesions 
(Fig. 22B-10).°° 

In South America, Lonomia achelous and Lonomia 
oblique are caterpillars that can cause severe enven- 
omations and have a mortality rate three to six times 
higher than envenomations from snakebites.° The venom 
contains a component (Lonomine V) believed to be 
responsible for coagulopathy by inactivating factor XIII.® 
Contact with Lonomia spines causes immediate pain 
followed by headache a few hours later. The contact site 
develops ecchymosis that may spread to the rest of the 
body. Brain hemorrhages secondary to coagulopathy can 
develop.® Patients with coagulopathy may benefit from 
administration of L. oblique antivenom.” 


Hemiptera (Sucking Bugs) 


These bugs include the traitomines (kissing bugs, 
vinchuca bugs), assassin bugs (family Reduviidae), and 





FIGURE 22B-8 Saddleback caterpillar (Sibine_ stimulea). 
(Courtesy of J.D. Hinkle.) 


FIGURE 22B-9 Puss caterpillar (Wegalopyge opercularis). 
(Courtesy of Christopher Holstege, MD, University of Virginia.) 
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FIGURE 22B-10 Papular lesions from contact with the pus 
caterpillar. (Courtesy of Alexander Baer, MD, University of Virginia.) 


bed bugs (family Cinicidae). They are 2 to 4 cm in length 
and have a proboscis that allows them to suck blood from 
their prey. The venom is used to subjugate prey and may 
aid with their digestion. The bites are painless but cause 
pruritic papules that form a line or a cluster. Patients may 
develop fever, lymphadenopathy, hemorrhagic bullae, 
urticarial wheals, and even anaphylactic reactions. Treat- 
ment is supportive and symptomatic. Preventive actions 
include using insecticides and wearing protective 
garments. 


Beetles 


Blister beetles (family Meloidae) and rove beetles (genus 
Paederus from family Staphylinidae) are found in the 
Eastern United States, Europe, Africa, and Asia. These 
beetles produce harm to humans primarily when they 
are crushed against the skin, releasing secretions that 
contain cantharidin (blister beetles) and pederin (rove 
beetles), respectively. Skin contact with cantharidin causes 
noninflammatory vesicles or bullae that are painless 
unless they are ruptured.” Ingestion of Spanish fly, an 
aphrodisiac composed of dried blister beetles, may lead 
to burning sensation in the pharynx and esophagus, 
hematemesis, flank and suprapubic pain, and occasion- 
ally nephritis. Eye contact with cantharidin causes severe 
edema and conjunctivitis. Skin contact with pederin 
causes vesicular lesions that appear 12 to 36 hours after 
the exposure. The lesions follow the shape of the area of 
contact with the crushed beetle. They last up to 2 weeks 
and are followed by a postinflammatory hyperpigmen- 
tation. Other parts of the body such as the eyes may 
become affected secondary to autoinoculation.°? The 
skin should be washed promptly with water after contact 
with the beetle’s secretions. General chemical burn care 
should be followed; treatment with antihistamines and 
steroids is not helpful. Preventive actions include turning 
off lamps at dusk in endemic areas and avoiding 
crushing the beetles on the skin.*° 


Ticks 


Ticks belong to either one of two families: Ixodidae 
(hard body) or Argasidae (soft body). They are ovoid 
in shape and reach a maximal size of 1.5 cm when 
engorged with blood. They are known for their ability to 
stick to their prey using their teeth and secretions. Ticks 
are better known as vectors for infectious diseases such as 
Rocky Mountain spotted fever, typhus, tularemia, and 
Lyme disease, among others. However, tick paralysis 
is a toxin-mediated syndrome. Tick paralysis is caused 
by 43 species of ticks, only 4 of which are medically 
important. These are Dermacentor andersoni and Dermacentor 
variabilis in North America and Ixodes holocyclus and 
Ixodes cornuatus in Australia. Ticks produce a neurotoxin 
in their salivary glands that inhibits the release of acetyl- 
choline at the neuromuscular junction, thus leading to 
flaccid paralysis. The toxin that is injected along with 
their saliva has local anesthetic and anticoagulant 
properties.° 

Clinically, the symptoms of tick paralysis appear within 
4 to 7 days after the bite. It is an acute, ascending, flaccid 
motor paralysis that can be confused with Guillain-Barré 
syndrome, botulism, and myasthenia gravis. Prodromal 
symptoms are seen with Dermacentor bites, which include 
facial and limb paresthesias. Children bit by Ixodes ticks 
may present with ataxia. Symptoms progress further to 
generalized weakness, flaccid paralysis, and respiratory 
and bulbar paralysis. Treatment of tick paralysis is tick 
removal and supportive care. The signs and symptoms 
typically improve with time after removal of the tick but 
may initially progress for 48 hours prior to clinical 
improvement. Australian antivenom is occasionally used 
in cases of severe muscle paralysis. Its efficacy, how- 
ever, is unproven.” Preventive measures include wearing 
long-sleeved garments when present in a forest, use of 
insect repellants, checking for ticks on a regular basis, 
and avoiding squeezing the tick if attached to the 
skin. Medium-tipped, blunt forceps may be used, if avail- 
able, to remove the ticks.°! When using insect repel- 
lants, permethrin applied to garments, and N,N- 
diethyltoluamide applied to exposed skin are effective 
agents. 


Centipedes 


Centipedes are arthropods that belong to the Chilopoda 
family. They comprise more than 3000 species within 
four orders, only two of which, Scolopendromorpha and 
Scutigeromorpha, are of medical importance.” They 
have an elongated segmented body with a pair of legs in 
each segment. The first pair of legs is modified into a 
biting structure that injects venom stored in a sack to 
paralyze the prey. Centipedes range in size from 1 to 30 
cm and are distributed widely in warm, temperate, and 
tropical regions.°? Their venom contains proteins like 
serotonin, histamine, and various enzymes.* 

A bite from a centipede consists of two puncture 
wounds with localized pain, edema, and regional 
lymphadenopathy (Fig. 22B-11). In a prospective study 
that examined the clinical course of 44 centipede bites, 





FIGURE 22B-11 Centipede bite. (Courtesy of Scott Stockwell, 
PhD.) 


it was found that systemic symptoms were absent and the 
clinical course was usually short (less than 2 days). 
Occasionally, the wound is complicated by necrosis and 
gangrene, possibly from secondary infections.° 

Certain tropical centipedes may cause systemic findings 
such as nausea, headache, restlessness, tachycardia, and 
fever. Myocardial ischemia has been reported after cen- 
tipede envenomation.” Eosinophilic cellulitis or Wells’ 
syndrome has also been associated with a centipede 
sting.” Treatment for centipede envenomation includes 
local wound care, analgesics, and tetanus prophylaxis. 
Antibiotics should be reserved for infected wounds.°??” 


Millipedes 


Millipedes are arthropods that belong to the Diplopoda 
family. They have elongated segmental bodies with one 
pair of legs per segment. They do not bite, but can 
secrete and spray a noxious substance that causes a 
mahogany-colored skin lesion. This skin discoloration 
has been confused with child abuse, thermal burns, and 
gangrene. It may persist for months.” Some can spray 
secretions up to 25 cm, which can affect the eyes, leading 
to periorbital edema, chemical keratoconjunctivitis, 
corneal ulcers, and even blindness, in rare cases.°? 
Management is symptomatic and supportive. Eye 
exposures require irrigation with normal saline followed 
by examination with fluorescein dye to look for corneal 
abrasions. Antibiotic, corticosteroid, and cycloplegic (for 
ciliary spasm) eyedrops are recommended.”9 
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2 3 Mushrooms 


JEFFREY BRENT, MD, PHD m ROBERT B. PALMER, PHD 


At a Glance... 


m Life-threatening or major organ—-threatening mushroom 
syndromes typically present with symptoms starting greater 
than 6 hours following ingestion. 

Æ Gastrointestinal symptoms that occur within a few hours of 
ingestion do not rule out poisoning by the more dangerous 
mushrooms. 

m As with most poisonings, supportive care is of primary 
importance in toxic mushroom ingestions. 

m The mushrooms of greatest concern are the hepatotoxic species 
of Amanita. 

m Although several antidotes have been proposed and are used 
for the treatment of hepatotoxic Amanita poisoning, none have 
been proven to be efficacious. 

m Mushrooms containing orellanine may cause renal failure, 
which may not become evident for days to weeks postingestion. 

© Poisonings by mushrooms containing gyromitrin, such as the 
Gyromitra spp. (false morels), may benefit from treatment with 
pyridoxine. 

© Poisonings by mushrooms containing muscarine, such as some 
Inocybe and Clitocybe spp., may benefit from treatment with 
atropine if there are excessive muscarinic cholinergic effects. 


INTRODUCTION AND RELEVANT 
HISTORY 


Mushrooms are the sexual organs, or fruiting bodies, of 
fungi. The word mushroom is derived from an early Greek 
term which roughly translates to “mucus’—the stuff the 
ancients thought to be the substance of origin of both 
mushrooms and frogs.' Of the possibly 10,000 species of 
mushrooms worldwide, only 50 to 100 are known to be 
toxic. Little is known about the toxic effects of ingestion 
of most mushrooms, although fatalities do occur. However, 
toxins derived from mushrooms cannot be universally 
condemned because many such compounds have been 
used as leads for antimicrobial and antineoplastic agents. 
Mushroom poisonings most frequently result from the 
growing trend worldwide of foraging for edible fungi. 
They are used for food, in religious ceremonies, and 
even as medication by herbal healers. Typically, mush- 
rooms are identified by experience, through guidebooks, 
or simply by feeding them to domestic animals as a 
bioassay of toxicity. Of the earliest reports of mushroom 
poisoning, the most notable was the tragic account of the 
Greek poet Euripides, who described the death of his wife 
and three children due to the ingestion of poisonous 
mushrooms. 

It is probably easiest to understand mushroom 
toxicology by categorizing mushrooms into groups based 
on the toxins they contain and the symptoms and signs 


they may cause. For a patient with a history of toxic 
mushroom ingestion, the clinical picture may help deter- 
mine to which group the mushroom belonged, pending 
definitive identification. In the majority of cases, the true 
identity of the offending mushroom is unknown. 
Analysis of exposures reported to poison control centers 
in the United States indicates that the precise species of 
mushroom is identified in only 3.4% of all exposures.” 
However, even in the absence of positive identification, 
the clinical syndrome being treated may be identified 
and appropriate therapeutic measures undertaken. In 
the majority of cases, no illness results from mushroom 
ingestion.’ The possible mushroom-associated syndromes 
and the typical causative species are listed in Table 23-1. 
Determining the type of mushroom ingested based on 
the presenting syndrome is analogous to what is 
encountered daily in the clinical practice of clinical 
toxicology with patients who overdose on unknown 
medications. 


GENERAL MANAGEMENT 


Current concepts of the management of mushroom 
poisoning are evolutionary and dynamic, and, thus, 
fraught with debate and controversy. As with all 
poisonings, supportive care is of primary importance in 
toxic mushroom ingestions. Airway management and 
cardiopulmonary resuscitation, along with maintenance 
of vital signs, should take priority over positively 
identifying the toxin or searching for specific antidotes. 

Guidelines for initial management of toxic mushroom 
poisoning are listed in Box 23-1. Most patients with 
symptoms after mushroom ingestion have prominent 
gastrointestinal (GI) complaints: vomiting, diarrhea 
(possibly bloody), and abdominal pain. If vomiting and 
diarrhea are severe enough to result in significant 
hypovolemia, intravenous fluid and electrolyte repletion 
with a glucose-containing solution should be initiated. It 
is critical to determine the time course of the develop- 
ment of symptoms after ingestion. Symptoms developing 
more than 6 hours after ingestion can be assumed to be 
due to mushrooms belonging to the cyclopeptide (com- 
monly the deadly Amanita), gyromitrin, or orellanine 
groups. With mushrooms from the orellanine group, 
symptoms may develop more than 24 hours after 
ingestion. It is emphasized, however, that GI symptoms 
occurring within a few hours of ingestion do not rule out 
poisoning by the more dangerous mushrooms. It is com- 
mon for people to ingest a number of different mush- 
rooms simultaneously, including those that cause early 
symptoms. In addition, ingestion of cytotoxic mush- 
rooms may rarely produce symptom onset within 6 hours 
of ingestion. 


455 


BIOLOGICAL TOXINS 





Summary of Common Mushroom-Associated Syndromes* 


SYNDROME CLINICAL COURSE 


Delayed gastroenteritis 
followed by hepatorenal 
syndrome 


Stage 1: 24 hr after ingestion: 
onset of nausea, vomiting, 
profuse cholera-like diarrhea, 
abdominal pain, hematuria 

Stage 2: 12-48 hr after 
ingestion: apparent recovery; 
levels of hepatic enzymes are 
rising during this stage 

Stage 3: 24-72 hr after ingestion: 


TOXIN(S) TYPICAL CAUSATIVE MUSHROOM(S) 


Cyclopeptides, principally 
amatoxins 


“Deadly Amanitas," Galerina 
species 


progressive hepatic and renal failure, 


coagulopathy, cardiomyopathy, 
encephalopathy, convulsions, 
coma, death 


Hyperactivity, delirium, 
coma 

Delayed gastroenteritis 
with central nervous 
system abnormalities 


30 min-2 hr after ingestion: 


delirium, hallucinations, and coma 


6-24 hr after ingestion: nausea, 
vomiting, diarrhea, abdominal 
pain muscle cramps, delirium, 
convulsions, coma; hemolysis and 


Muscimol, ibotenic acid 


Amanita muscaria, Amanita 
pantherina 


methemoglobinemia may occur 
30 min-2 hr after ingestion: 
bradycardia, bronchorrhea, 
bronchospasm, salivation, 
perspiration, lacrimation, 
convulsions, coma 
30 min after drinking ethanol 


Cholinergic syndrome 


Disulfiram-like reaction 
with ethanol 
coprine-containing mushrooms): 


flushing of skin of face and trunk, 


hypotension, tachycardia, chest 
pain, dyspnea, nausea, vomiting, 
extreme apprehension 


Hallucinations 30 min-3 hr after ingestion: 


hallucinations, euphoria, drowsiness, 


compulsive behavior, agitation 

Abdominal pain, anorexia, 
vomiting starting over 30 hr 
after ingestion, followed by 
progressive renal failure 
3 to 14 days later 

Syncope, gastroenteritis, 
oliguria, hemoglobinuria, back 
pain, hemolysis 

30 min-2 hr after ingestion: 
nausea, vomiting, abdominal 
cramping, diarrhea; may recover 
without treatment 


Delayed gastritis and 
renal failure 


Immune-mediated 
hemolytic anemia 


General gastroin- 
testinal irritants 


*See Box 23-2 for an extensive list of mushrooms causing these syndromes. 


(may occur up to 1 wk after eating 


Gyromitrin Gyromitra esculenta ("false 
morel”) 

Muscarine Boletus species, Clitocybe 
species, Inocybe species, 
Amanita species 

Coprine Coprinus atramentarius 


Psilocybin and psilocyn Psilocybe species 


Orelline, orellanine Cortinarius species 


Immunoglobulin mediated Paxillus involutus 


Unidentified, probably 
multiple 


Chlorophyllum molybdites, 
backyard mushrooms (“little 
brown mushrooms”), many 
others 





Activated charcoal, if administered in the first hour or 
two postinjection, may be of benefit in adsorbing any 
toxin remaining in the gut. Any gastric contents 
obtained by spontaneous emesis should be saved and 
examined for spores. To examine for spores, the gastric 
aspirate or emesis sample should be filtered through 
cheesecloth and centrifuged for 10 minutes. The heavier 
layer at the bottom of the test tube contains the spores, 
and a sample is carefully removed with a pipette. A drop 
of water is then added, a coverslip placed, and the slide 
examined under oil immersion. Generally, mushroom 
spores are similar in size to red blood cells (8 to 20 um). 
Spores found in either the gastric contents or the 
lamellae of the mushroom should be examined under 
the microscope for (1) general appearance, (2) shape, 


(3) color, (4) thick or thin walls, and (5) the presence of 
pores.* 

Identification of suspected toxic mushrooms can be 
difficult. In fact, because even veteran mushroom 
hunters occasionally make an error, many have adopted 
the practice of eating only one kind of mushroom at a 
time and saving a sample in case unanticipated effects 
occur. A spore print can be helpful in identifying the 
mushroom in question. This is formed by placing the cap 
of the mushroom on a white piece of paper (Fig. 23-1) 
and allowing the spores to fall on the paper, imparting a 
characteristic color. An example of a spore print is shown 
in Figure 23-2. Because an adequate spore print generally 
takes several hours to develop, one should be started as 
soon as possible. It is usually helpful to cover the cap with 
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. Determine history of ingestion: how many types of mushrooms 
ingested, what time, if anyone else ate them, and what 
symptoms are present. 

. Attempt to determine which of the possible syndromes (see 
Table 23-1) the patient may have. For example, gastrointestinal 
symptoms occurring more than 6 hr after ingestion strongly 
suggest cyclopeptide, gyromitrin, or Cortinarius poisoning. 

. Administer activated charcoal. If the patient has diarrhea, do not 
give a cathartic. If a cathartic is used, give it only with the first 
dose of activated charcoal. Use repeated doses of activated 
charcoal for suspected amatoxin poisonings. 

. If feasible and when indicated, send gastric aspirate or emesis, 
along with any remaining mushrooms, to a mycologist for 
identification. 

. Try to perform a preliminary identification of mushroom and 
spores. Start to develop a spore print as soon as possible. 

. Maintain supportive measures, including airway support, 
intravenous fluids, and vasopressors (if needed). Monitor volume 
status. 

. Avoid antispasmodics for gastrointestinal symptoms. 

. Anticipate the clinical course (see Table 23-1). 








Rights were not granted to include this figure in electronic media. 
Please refer to the printed publication. 








FIGURE 23-1 Technique of drawing a spore print. (From Rumack 
BH, Salzman E [eds]: Mushroom Poisoning: Diagnosis and 
Treatment. West Palm Beach, FL, CRC Press, 1978. Copyright the 
Chemical Rubber Company, CRC Press, Inc.) 
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FIGURE 23-2 Spore print of Chlorophyllum molybdites. 
(Courtesy of Lynn Augenstein, MD, and the Rocky Mountain 
Poison Center, Denver, CO.) 
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a glass or bowl while the spore print is being formed to 
prevent the dispersion of spores by drafts. Other 
techniques, such as digital imaging, may also assist in 
mushroom identification.” 

A professional mycologist should be able to describe 
the principal types of mushrooms in a given region and 
may also assist in mushroom identification. Local or 
regional poison centers should know how to reach 
mycologists in their region. When a patient is seen after a 
mushroom ingestion, family members or friends should 
be asked to bring in a similar mushroom (if possible) for 
identification purposes. The specimen should be 
refrigerated, wrapped in wax paper, and stored in a paper 
bag (a thorough discussion of mushroom identification 
may be found in appropriate references).° It should also 
be kept in mind that, with the Internet and the asso- 
ciated increase in international commerce, even profes- 
sional mycologists may have difficulty identifying foreign 
mushroom species. 

Of greatest concern in mushroom poisoning is the 
ingestion of the potentially deadly Amanita species. 
Although many antidotes and treatments have been 
suggested for Amanita poisoning, most of them are 
unproven. By consulting Table 23-1, the group to which 
the ingested mushrooms may belong should be 
apparent. For ease of discussion, further management 
recommendations are described under the specific toxins. 
Common mushroom species containing the toxins 
discussed are listed in Box 23-2. 


CYCLOPEPTIDE POISONING 


Overview 


The cyclopeptide-containing mushrooms are responsible 
for more than 90% of all deaths due to mushroom 
poisonings in the Western world. These mushrooms are 
found predominantly throughout Europe and North 
America. The cyclopeptides are found mainly in species 
from three genera: Amanita, Galerina, and Lepiota (see 
Box 23-2 and Figs. 23-3 to 23-5). The vast majority of 
serious poisonings and fatalities in this group of 
mushrooms, however, result from Amanita, particularly 
Amanita phalloides (see Fig. 23-3). Ingestion of deadly 
Amanita most commonly occurs after misidentification of 
the mushroom by foragers, although the possibility of 
criminal or terrorist use of toxins isolated from Amanita 
species has also been suggested.” These mushrooms are 
most commonly found during the late summer or 
autumn in well-forested areas. The cyclopeptide toxins 
consist primarily of amatoxins, which contain eight amino 
acids, and the seven residue phallotoxins and virotoxins. 
More than 15 cyclopeptides have been isolated from the 
genus Amanita. Note, however, that not all mushrooms of 
the Amanita species contain significant quantities of ama- 
toxin. Amanita muscaria and Amanita pantherina, for example, 
contain no amatoxin, and ingestion of these mushrooms 
is not associated with development of hepatotoxicity. 
The phallotoxins are extremely potent hepatotoxins 
but are not well absorbed from the GI tract and therefore 
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BOX 23-2 


Cyclopeptides (Amatoxins, Phallotoxins) 


Amanita phalloides ("death cap” or "green death cap”) 
A. verna ("death angel”) 

A. virosa ("destroying angel” or “white destroying angel”) 
A. bisporigera ("white destroying angel”) 

A. ocreata 

A. suballiacea 

A. tenuifolia 

Galerina autumnalis 

G. marginata 

G. venenata 

Lepiota helveola 

L. brunneoincarnata 

L. chlorophyllum 

L. vosserandii 

Conocybe filaris 


Muscimol, Ibotenic Acid 


Amanita muscaria ("fly agaric") 
A. pantherina 

A. gemmata 

A. cokeri 

A. cothurnata 

A. regalis 


Monomethylhydrazine 
Gyromitra esculenta ("false morel”) 
G. gigas 

G. amabigua 

G. infula 

G. caroliniana 

G. brunnea 

G. fastigiata 

Paxina spp. 

Sarcosphaera coronaria 
Cyathipodia macropus 


Muscarine 
Boletus calopus 

B. luridus 

B. pulcherrimus 

B. satanas 
Clitocybe cerrusata 
C. dealbata 

C. illudens 


*Typically contain only trace amounts of muscarine. 


contribute little to Amanita toxicity following ingestion. 
They may contribute to the initial gastroenteritis-like 
picture, although this has also been questioned.’ 
Laboratory animals cannot be poisoned by oral adminis- 
tration of the phallotoxin phalloidin, whereas they die 
within hours after intravenous injection of the same 
compound. 


Pathophysiology 


Amatoxins are not only extremely potent hepatotoxins 
but are also actively absorbed from the GI tract. 


C. rivulosa 

Inocybe fastigiata 
|. geophylla 

l. lilacina 

|. patuoillardi 

l. purica 

l. rimosus 

Amanita muscaria * 
A. pantherina* 


Coprine 


Coprinus atramentarious (“inky cap”) 
Clitocybe clavipes 


Indoles 


Psilocybe cubensis 

P caerulescens 

P cyanescens 

P. baeocystis 

P. fimentaria 

P. mexicana 

P. pelluculosa 

P. semilanceata 

P silvatica 

Conocybe cyanopus 
Gymnopilus aeruginosa 
G. spectabilis 

G. validipes 
Panaeolous foenisecii (“mower's mushroom”) 
P. subbalteatus 
Stropharia coronilla 


Orelline/Orellanine 
Cortinarius orellanus 
C. speciosissinus 

C. splendoma 

C. gentilis 

Mycena pura 
Omphalatus orarius 


General Gastrointestinal Irritants 

Many species from diverse genera 

“Little brown mushrooms” (backyard mushrooms) 
Chlorophyllum molybdites 

Omphalates illudens (“jack-o-lantern”) 


Although O-amanitine is the principal toxin in this 
group, nine cyclic octapeptide amatoxins with molecular 
weights of approximately 900 Daltons, have been 
identified. Nucleoli of liver cells disintegrate soon after 
exposure to O-amanitine, resulting in interference with 
transcription of DNA by inhibiting RNA polymerase II. 
a-Amanitine accomplishes this by binding to the 
140,000-Dalton subunit of RNA polymerase II. Because 
the primary action of amatoxins is inhibition of DNA 
transcription, tissues that are highly dependent on 
protein synthesis (namely, the GI tract and liver) are 
most sensitive to this poisoning. Once absorbed through 





FIGURE 23-3 The death cap, Amanita phalloides (cyclopeptide). 
(Courtesy of Marilyn Shaw, Denver, CO.) 
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FIGURE 23-4 The destroying angel, Amanita virosa 
(cyclopeptide). (Courtesy of D.H. Mitchel and the Denver Botanic 
Gardens-Herbarium of Denver, CO.) 
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FIGURE 23-5 Fool's mushroom, Amanita verna (cyclopeptide). 
(Courtesy of Donald Simon, Wilmington, DE.) 


the gut, amatoxins are transported into hepatocytes by a 
nonspecific transport system. Circulating amatoxin is not 
metabolized but excreted by the biliary system and the 
kidneys. Enterohepatic recirculation and biliary excre- 
tion of amatoxins are significant. The cyclopeptides are 
not denatured by boiling, and hence cooking deadly 
Amanita mushrooms does not render them nontoxic. It 
is estimated that approximately 0.1 mg/kg of oral 
amatoxin or the amount contained in one A. phalloides 
mushroom may be lethal to an adult.® 


Clinical Presentation 


The classic clinical presentation of Amanita poisoning can 
be divided into three stages (see Table 23-1). Patients do 
not have GI symptoms for at least 6 hours after ingestion, 
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and then they develop colicky abdominal pain, vomiting, 
and severe diarrhea (stage 1). The onset of symptoms 
may occur from 6 to 24 hours after ingestion. The 
diarrhea may contain blood and mucus and may be so 
severe that it has been termed cholera-like. 

Even without treatment, patients may apparently 
recover (stage 2), although their hepatic enzyme levels 
may be rising. Two to 4 days after ingestion, patients may 
suffer fulminant hepatic, cardiac, and renal failure (stage 
3). Pancreatitis, disseminated intravascular coagulation, 
convulsions, and death may then occur in the 
subsequent 2 to 4 days. The pathologic picture of hepatic 
necrosis tends to be most marked in the centrilobular 
(zone III) areas. In series of treated patients, the death 
rate due to A. phalloides poisoning ranges from 10% to 
30%. Although many patients with cyclopeptide-induced 
hepatotoxicity recover fully, approximately 20% develop 
immune complex—mediated chronic active hepatitis with 
anti-smooth muscle antibodies. It is important to 
understand that not every patient will develop fulminant 
hepatic failure but may develop mild gastrointestinal and 
hepatoxic effects. 


Diagnosis 


The diagnosis of cyclopeptide mushroom poisoning is 
made largely from a positive history of ingestion coupled 
with suggestive physical findings (e.g., acute gastro- 
enteritis, toxic hepatitis). Any patient with gastroenteritis 
should be specifically questioned about recent wild 
mushroom foraging and ingestion. Optimally, the 
mushroom (obtained from meal leftovers or from 
visiting the site of foraging) could be identified by an 
experienced mycologist, but this is rarely possible. 
Several analytical techniques may be employed to assist 
diagnosis, which include detection of amatoxins from 
body fluids or utilization of bedside tests. Circulating 
amatoxins can be detected for hours after ingestion.” 
Most of the ingested O-amanitine is excreted renally, and 
urine levels tend to be higher than serum levels. 
Although amatoxins can be detected by very sensitive 
radioimmunoassay or high-pressure liquid chromato- 
graphic methods, these assays are not usually clinically 
available. The Meixner test is a bedside assay that can 
detect substituted indoles such as amatoxins. In this test, 
gastric material or pulverized mushroom juice is spotted 
on pulp paper and allowed to dry. Although newspaper 
is generally recommended in most references, it may be 
too thin to give a clear reaction and the ink may bleed, 
further obscuring the result. Telephone book paper gives 
a more satisfactory result.'? Several drops of concen- 
trated (10 to 12N) hydrochloric acid are added to the 
spot. A blue response developing within 30 minutes of 
acid treatment constitutes a positive test result. If the 
mushroom has been dried, it should be extracted with 
methanol and the methanol washings tested as described 
above. Because some types of paper can actually produce 
a false-positive result, a section of paper on which no 
mushroom material has been applied should also be 
tested as a control. Other substituted indoles such as 
serotonin or indoles in other mushroom genera may also 
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give a positive Meixner test result.*!° Thus, the Meixner 
test is not specific. Although the amount of amatoxin 
present in deadly amanitas theoretically should give a 
positive reaction, the sensitivity of the Meixner test in 
clinical practice has not been determined. 

Identifying deadly Amanita mushrooms in the field 
should not be difficult, but for various reasons even 
those who have picked and consumed mushrooms with 
impunity for many years are not immune to making that 
fatal mistake. Figure 23-0 demonstrates the maturation 
course of a typical Amanita mushroom and how the 
classic annulus and “death cup” develop. These structures 
are not always obvious, however, and may be obliterated 
in the act of picking the mushrooms out of the ground. 
The immature “buttons” in many ways resemble edible 
puffballs. It is useful to remember that all species of 
deadly Amanita have white gills and spore prints. 


Management 


The basic facets of treatment of known or suspected 
cyclopeptide mushroom poisoning includes the provision 
of supportive care (e.g., fluid and electrolyte repletion 
and antiemetic therapy), gastrointestinal decontami- 
nation (e.g., administration of activated charcoal), 
enhanced elimination techniques (e.g., multiple-dose 
activated charcoal and/or charcoal hemoperfusion), 
antidotal therapy (e.g., penicillin G and silibinin admin- 
istration), and treatment of secondary complications 
(e.g., coagulopathy, and liver and renal failure) as 
necessary. All patients with suspected or confirmed 
cytotoxic mushroom ingestion should be admitted to the 
hospital for close observation. 

A wide variety of antidotes to Amanita poisoning have 
been touted to be beneficial, but clinical assessments of 
these therapies have for the most part been anecdotal. 
The use of thioctic acid has been lauded in the literature 
on the basis of anecdotal reports. Being a dithiol 
compound, it has been postulated to function as a free 
radical scavenger. However, there is no convincing 
human evidence of its efficacy in A. phalloides poisoning. 







Partial veil 


“mene veil 


3 





“Buttons” A 


Oe. 


Mycelia 





Intravenous penicillin has also been recommended 
on the theory that it inhibits the uptake of amatoxins by 
hepatocytes. Various other protective mechanisms for 
penicillin have also been proposed. Animal data and 
retrospective human data suggest that benzylpenicillin 
(penicillin G) in a dose range of 300,000 to 1,000,000 
units/kg per day is hepatoprotective; however, this could 
not be demonstrated in a prospective study. 

Silibinin, a water-soluble preparation of silymarin, which 
is composed of a group of falvenoligants isolated from 
milk thistle (Silybum marianum), has been shown to be 
effective in animals in reducing hepatotoxicity by inhibit- 
ing amatoxin uptake by hepatocytes and interfering with 
enterohepatic recirculation of amatoxin.'''* It has also 
been postulated to act as a free radical scavenger. 
Intravenous silibinin (20-30 mg/kg/day in three or four 
divided doses or as a continuous infusion) is routinely 
administered in Europe when amatoxin-containing 
mushroom ingestion is suspected.'* The oral preparation 
of silymarin is the only preparation available for use in 
the United States. Oral silymarin is available in health 
food stores as a food supplement and can be dosed at 
140 mg two to three times daily. Definitive studies for 
silibinin and silymarin as treatments in human amatoxin 
poisoning have not been conducted. Anecdotal reports 
of efficacy coupled with the lack of adverse effects of 
this therapy render it a potentially beneficial but still 
unvalidated therapy for human amatoxin poisoning.°!* 

A report of ll patients with apparent poisonous 
A. phalloides poisoning treated with infusion of N- 
acetylcysteine (NAC) reported survival in all, with only 
one patient requiring liver transplantation.'* However, 
these patients were also treated with an intensive 
regimen of venovenous hemodiafiltration with activated 
charcoal and high-dose penicillin G; thus, the contri- 
bution of the NAC could not be assessed. 

Anecdotal reports and preliminary animal data suggest 
a number of additional antidotes, including hyperbaric 
oxygen, plasmapheresis, cimetidine, ascorbic acid, 


cephalosporins, corticosteroids, cytochrome C, bile salts, 
heavy metal salts, 


D-penicillamine, and diethyldithiocar- 


FIGURE 23-6 Maturation of 
Amanita species. The early stages 
(“buttons”) may resemble nontoxic 
puffballs. The lamellae and spores 
are white in all Amanita species, 
whereas the pileus may be white, 
as in Amanita phalloides, Amanita 
verna, or Amanita virosa, or bright 
orange-red, as in Amanita muscaria. 
The distinguishing features of all 
amanitas include the annulus and 
volva (“death cup”); however, these 
are frequently destroyed in the 
process of picking and preparing 
the mushroom. Poisonous Amanita 
mushrooms are toxic during all 
stages of development. (Adapted 
from Litten W: The most poisonous 
mushrooms. Sci Am 1975;232;90.) 
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bamate. However, no firm clinical data indicate that any 
of these are useful. 

Although it is unclear if any of these specific antidotes 
are of value in the management of amatoxin poisoning, 
there is little doubt that optimization of a patient’s fluid 
status is of great importance. 

Hemoperfusion, hemodialysis, or plasma exchange!” 
may be theoretically useful in enhancing elimination 
early after ingestion. However, these have never been 
proved to be beneficial and may be impractical because 
most patients present late. 

Of these, plasmapheresis appears to be the technique 
of choice. A recent uncontrolled series of six children 
poisoned with hepatotoxic mushrooms reported dramatic 
improvement in multiple biochemical and clinical 
parameters in four after use of a molecular absorbent 
regenerating system (MARS) using albumin as the 
absorbent.'® One of the two nonresponders had been in 
cardiac arrest and remained in deep coma postresusci- 
tation. A second series!’ reported using the MARS system 
on six A. phalloides-poisoned patients (mean age 46 
years). Although the treatment was started an average of 
76 hours postingestion, there was substantial improve- 
ment in metabolic parameters, and five of these six 
survived. Because of the late use of MARS in these 
patients, it is likely that the survival advantage conferred 
by MARS was from correction of the effects of hepatic 
dysfunction rather than the removal of amatoxins. Since 
both of these series were uncontrolled, it is impossible to 
conclude definitively that the MARS treatments were 
beneficial. 

Antiamatoxin Fab fragments have been studied in 
animal models, but these strongly enhance the observed 
toxicity. 

Liver transplantation has been successfully performed 
on patients with severe cyclopeptide-induced hepatotoxi- 
city. Because most patients with amatoxin poisoning 
recover with aggressive supportive care, partial or total 
transplantation should not be considered to be standard 
treatment for hepatotoxicity. However, if a patient shows 
signs of severe hepatotoxicity, transfer to a transplanta- 
tion center may be beneficial to facilitate the procedure 
should it become necessary. Although no universally 
agreed on criteria exist for transplantation, high-grade 
encephalopathy is generally considered such a poor 
prognostic sign that liver transplantation should be 
considered. 

Because amatoxins have been reported to undergo 
enterohepatic recirculation, it may be useful to admin- 
ister multiple doses of activated charcoal for at least 
48 hours after ingestion. Duodenal suction is also of 
theoretic benefit during this period. However, neither of 
these therapeutic approaches has been proven helpful. 

Amanita (see Figs. 23-3 to 23-5) is by far the most com- 
monly ingested genus that results in significant clinical 
toxicity. As mentioned previously and noted in Box 23-2, 
several species of Galerina and Lepiota contain cyclopep- 
tides and are therefore capable of causing similar toxicity 
to Amanita spp.'®*° Galerina spp. (see Fig. 23-7) are 
common, indiscreet, small brown mushrooms; approxi- 
mately 15 to 20 Galerina mushrooms contain the same 
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FIGURE 23-7 Galerina autumnalis (cyclopeptide). (Courtesy of 
Linnea Gilman, Denver, CO.) 


amount of toxin as one mature A. phalloides. They may 
be ingested by crawling children or by those seeking 
psychoactive mushrooms. Galerina tends to contain small 
amounts of amatoxins, and it is commonly believed, 
although not empirically verified, that ingestion of at least 
one to two dozen mushrooms is required for toxicity. 
Several species of Lepiota contain amatoxin. Ingestion of 
these mushrooms has been associated with human 
fatalities from fulminant hepatic failure in France and 
Germany.” 

One of the common errors made in identification of 
mushrooms of the Amanita and Lepiota species is 
confusing them with Chlorophyllum molybdites mushrooms, 
which also possess an annulus and a swelling at the base 
resembling a cup. Persons ingesting C. molybdites mush- 
rooms, however, usually develop severe vomiting and 
diarrhea within 2 hours, although many are able to con- 
sume these mushrooms without becoming symptomatic. 
Differentiating between C. molybdites and Amanita and 
Lepiota spp. should not be difficult. Chlorophyllum spp. are 
the only mushrooms with greenish gills and spores 
(create greenish spore print), and the spores are thick 
walled and contain pores. The mushroom itself stains 
reddish orange where it is injured, and the annulus is 
movable; in Amanita and Lepiota, the annulus is fixed. 


MUSCIMOL AND IBOTENIC ACID 
POISONING 


Overview 


Certain Amanita species contain the closely related 
isoxazoles muscimol (a hallucinogen) and ibotenic acid 
(a potent insecticide) (see Box 23-2 and Fig. 23-8). 
Ingestion of these mushrooms often produces the rapid 
onset of altered sensorium and mentation. A. muscaria 
and A. pantherina (Figs. 23-9 and 23-10) are responsible 
for most cases of isoxazole mushroom poisoning.®** 
These two mushroom species are very common and have 
a wide geographic distribution. A. muscaria is found in 
conifer or deciduous forests and A. pantherina is usually 
found under Douglas fir trees. A. muscaria is commonly 
known as the “fly agaric” because it attracts and kills flies 
that land on it. These mushrooms have been used for 
their psychoactive effects for at least 3000 years in the 
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FIGURE 23-8 Chemical structures of ibotenic acid and muscimol 
and the analogy with the conversion of glutamic acid to y- 
aminobutyric acid. 


ay : a 
3 V SS 





: - {Amanita mascaria ~~ . 


© Facér Mower Powon-Conter 181 


FIGURE 23-9 The fly agaric, Amanita muscaria (muscimol, 
ibotenic acid). (Courtesy of Linnea Gilman, Denver, CO.) 
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FIGURE 23-10 Amanita pantherina (muscimol, ibotenic acid). 
(Courtesy of Linnea Gilman, Denver, CO.) 


rituals of many Asian and Indian tribes. Purposeful 
ingestion of urine from people who have eaten these 
mushrooms has been reported as a way to elicit the 
psychoactive effects of the excreted muscimol. Many 
cases of A. muscaria poisoning still occur in individuals 
who deliberately seek and ingest the mushroom for its 
hallucinogenic properties. Exposure history (e.g., 
patient intent) is, thus, very important in patient 
evaluation. 

A. pantherina (“panther caps”) may be confused with 
edible agarics (“meadow mushrooms”) by inexperienced 
collectors. Despite its toxic effects, A. pantherina is used 
as a food, mostly in the Pacific Northwest. This requires 
peeling off the skin of the cap, which contains the 
highest concentration of isoxazoles, and parboiling the 


remaining parts. Because the isoxazoles are water 
soluble, they are extracted by this process. Needless to 
say, the water should be discarded. 


Pathophysiology 


The pharmacologically active toxins in these mushrooms 
include the isoxazoles ibotenic acid, muscimol, and 
muscazone.®?’ Additional compounds have been isolated 
from these mushrooms but are present in insufficient 
quantity to be physiologically active. These inactive com- 
pounds include muscarine, muscaridine, pilzatropin 
(leveohyoscyamine or “mushroom atropine”), indole 
derivatives, stizolobic acid, and amino acids.° 

Although the pathophysiology of muscimol poisoning 
is imperfectly understood, its central nervous system 
(CNS) effects seem to be the result of its action as a 
y-aminobutyric acid (GABA) agonist. Conversely, ibotenic 
acid acts as an agonist at excitatory glutamic acid receptors 
(e.g., Mmethyl-b-aspartate receptor).** In addition, both 
toxins have produced increased brain levels of serotonin, 
decreased levels of brain dopamine, CNS sympathetic 
effects, and impaired CNS control of motor activity.° The 
resultant picture can be one of alternating CNS depres- 
sion and stimulation with varied motor effects. Both 
toxins readily cross the blood-brain barrier. Ibotenic acid 
is spontaneously decarboxylated to muscimol. Muscimol 
is approximately five times more potent than ibotenic 
acid. These compounds are excreted in the urine and 
detected within | hour of mushroom ingestion. 

Although toxic doses of both ibotenic acid and 
muscimol can be found in a single mushroom, large 
numbers of these mushrooms typically must be ingested 
before a toxic effect is manifested.* Typically, 2 to 4 A. 
muscaria mushrooms must be ingested to produce 
psychoactive effects and more than 10 mushrooms must 
be ingested to produce death.’ Fatalities, however, are rare. 


Clinical Presentation 


Toxic effects typically occur within 30 minutes of ingestion 
but may be delayed for up to 3 hours. Signs and symptoms 
include nausea, vomiting, abdominal cramps, diarrhea, 
CNS depression alternating with CNS agitation and 
excitation, ataxia, incoordination, dizziness, euphoria, 
visual perceptual changes, vivid dreams, hallucinations, 
frank psychosis, irregular pulse and respirations, hypo- 
tension, mydriasis or miosis, diaphoresis, pale or flushed 
skin, myoclonic jerking, muscle fasciculations, seizures, 
coma, and death. It appears that seizures are more com- 
mon in pediatric patients.*? Death as a result of poisoning 
from these mushrooms is rare.° Waxing and waning 
mental status and bizarre behavior are common. The 
clinical duration of toxicity may last from 4 to 24 hours.° 

Muscarine was first extracted from A. muscaria in 
1869, and its use as a pharmacologic research tool has 
enhanced our knowledge of the muscarinic receptors of 
the parasympathetic nervous system. Paradoxically, most 
patients poisoned by A. muscaria do not have cholinergic 
findings. In fact, poisoning by this group of mushrooms 
has been described as causing anticholinergic manifes- 


tations. However, despite some similarities to a classic 
anticholinergic syndrome, neither the pathophysiology 
nor clinical manifestations of poisoning by this group of 
mushrooms are truly anticholinergic. 


Diagnosis 


The diagnosis of isoxazole-containing mushroom pois- 
oning is made from a positive history of mushroom 
ingestion coupled with the rapid onset of symptoms and 
the presence of suggestive physical findings (e.g., altered 
sensorium, alternating agitation and obtundation, myo- 
clonic jerking). Diagnosis is greatly facilitated by either a 
description of the mushroom or uneaten specimens 
brought to the health care facility. Identification of A. 
muscaria and A. pantherina mushrooms should be rela- 
tively easy. The A. muscaria cap is 8 to 24 cm in diameter, 
bright orange or red in color, and covered with small 
white plaques, which are remnants of the universal veil 
(see Fig. 23-9). The A. pantherina cap is 5 to 12 cm in 
diameter, yellowish brown in color, with similar small 
white warts or plaques spread across its surface (see Fig. 
23-10). As in all Amanita species, the annulus and volva 
for these mushrooms are prominent, and the spores are 
hyaline, thin walled, and without pores. The spore prints 
are white.° 


Management 


Treatment of this group of poisonings consists of 
appropriate supportive care and GI decontamination 
(see Box 23-1). There is little to suggest, based on either 
pathophysiology or published clinical experience, that 
the once touted antidote physostigmine is effective in 
controlling any toxic manifestation of ibotenic acid or 
muscimol poisoning. Patients with unstable vital signs or 
significant alterations in their mental status should be 
admitted to an intensive care unit until their toxic effects 
resolve. 


GYROMITRIN 


Overview 


The Gyromitra spp., or false morels, are an extremely inter- 
esting genus toxicologically. Many species of Gyromitra 
contain the hydrazone gyromitrin (acetaldehyde meth- 
ylformylhydrazone) and small amounts of other hydra- 
zones. Gyromitrin is metabolized to monomethylhydra- 
zine (Fig. 23-11). The common toxic species in this genus 
are listed in Box 23-2. 

Gyromitra spp. are found in Asia, Europe, and North 
America. The Gyromitra species are nongilled fungi, the 
spores of which develop is asci, or microscopic sacs, on 
the surfaces of the fruiting bodies. The caps of Gyromitra 
are orange-brown to brown in color and highly convo- 
luted, hence the nickname “brain fungi” (Figs. 23-12 and 
23-13). Toxicity is variable and unpredictable but 
typically occurs only after intentional ingestion of 
Gyromitra spp. Many species of Gyromitra are edible, but 
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FIGURE 23-11 Chemical structures showing the conversion of 
gyromitrin to monomethylhydrazine. 





FIGURE 23-12 Gyromitra esculenta (monomethylhydrazine). 
(Courtesy of Joy Spurr, Issaquah, WA.) 





infula 
(Courtesy of the late George Grimes.) 


FIGURE 23-13 Gyromitra (monomethylhydrazine). 


determining which ones may be safely ingested is best 
left to experts. Despite their name, false morel, these 
mushrooms do not resemble members of the genus 
Morchella or true morels. 

In post-World War II Poland, death due to ingestion 
of Gyromitra esculenta exceeded that caused by A. 
phalloides.*° Poisoning by this mushroom occurs in the 
spring, in contrast to poisoning by A. phalloides, which 
tends to be common in the autumn. 

Poisoning can occur after ingestion of either raw or 
cooked mushrooms. The hydrazones in these mush- 
rooms may be destroyed and volatilized by cooking; 
however, this should not be considered a foolproof 
strategy for rendering them edible. In addition, toxicity 
has occurred from inhaling the steam during the 
cooking process.°?’ 


Pathophysiology 


The toxin gyromitrin (acetaldehyde Mmethyl-noform- 
ylhydrazone) and its breakdown product, monomethyl- 
hydrazine, produce toxic effects similar to those of 
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isoniazid overdose. These toxins inhibit the formation of 
GABA in the brain by inducing a state of pyridoxine 
(vitamin Bg) deficiency. Specifically, these toxins inhibit 
the enzyme pyridoxine phosphokinase, thus preventing 
activation of pyridoxine to pyridoxal phosphate (active 
form of vitamin B,). These toxins also bind and inhibit 
pyridoxal phosphate directly and inhibit glutamic acid 
decarboxylase, the enzyme that catalyzes the formation 
of GABA from glutamate. CNS depletion of GABA results 
in seizures associated with Gyromitra spp. poisoning. 


Clinical Presentation 


Six to 48 hours after ingestion of mushrooms from the 
Gyromitra spp., patients develop nausea, vomiting, abdom- 
inal pain and bloating, diarrhea, dizziness, fatigue, and 
muscle cramps.” These symptoms are usually mild and 
limited largely to gastrointestinal effects. Toxicity, how- 
ever, may progress to neurologic, hematologic, and hepa- 
torenal dysfunction. Serious neurologic effects include 
delirium, coma, and convulsions. Hematologic effects 
include methemoglobinemia and hemolysis. Hepatic 
failure usually occurs by 48 hours and is heralded by 
right upper quadrant tenderness, hepatic transaminitis, 
jaundice, coagulopathy, and hypoglycemia. Renal dys- 
function may result from rhabdomyolysis or prolonged 
hypotension or as part of the hepatorenal syndrome. In 
parts of Eastern Europe, fatalities due to G. esculenta 
are common; mortality rates as great as 10% have been 
reported.” 


Diagnosis 


The diagnosis of gyromitrin-containing mushroom 
poisoning is made from a positive history of mushroom 
ingestion, positive identification of uneaten specimens, 
and the presence of suggestive physical findings (e.g., 
seizures, hepatorenal syndrome). The presence of a 
latency between mushroom ingestion and the onset of 
clinical effects may assist diagnosis. Gas chromatography, 
gas chromatography-mass spectrometry, and thin-layer 
chromatography may be used to identify hydrazone and 
hydrazine compounds in mushrooms. Laboratory testing 
for gyromitrin is not likely to be readily available. 


Management 


Treatment consists of supportive care, administration 
of methylene blue for significant methemoglobinemia, 
blood transfusions if required, and intravenous 
pyridoxine for monomethylhydrazine-induced seizures. 
Replacement of ongoing fluid and electrolyte losses is 
an important aspect of early treatment. Gastrointestinal 
decontamination is unlikely to be useful due to the 
long latency between ingestion and patient presen- 
tation. Pyridoxine, which is depleted in poisoning by 
hydrazines, is a necessary cofactor for the synthesis of 
GABA. Pyridoxine also forms a chemical complex with 
hydrazines, and this may have a role in its antidotal effect 
in treating monomethylhydrazine poisoning. Hydrazines 
also inhibit the metabolic conversion of folic acid to its 


active form, tetrahydrofolate, and supplementation with 
folinic acid has been suggested on theoretical grounds. 

High doses of pyridoxine are known to cause 
peripheral neuropathy, and thus excessive use should be 
avoided. An empiric initial dose of 5 g administered 
intravenously (or 25 to 50 mg/kg) is generally regarded 
as appropriate for the initial management of seizures in 
an adult suffering from Gyromitra poisoning. This should 
be repeated only for recurrent seizures or coma. 
Pyridoxine does not reverse the other aspects of 
poisoning by these mushrooms.*” Benzodiazepines 
and/or barbiturates may be useful adjunctive treatments 
for seizures associated with Gyromitra poisoning. 


MUSCARINE 


Overview 


More than 30 species of Inocybe and 6 species of Clitocybe 
contain muscarine (see Box 23-2 and Figs. 23-14 and 
23-15). These inconspicuous mushrooms are found world- 
wide but commonly grow in lawns and public parks. A. 
pantherina and A. muscaria contain muscarine (hence the 
name) but usually in quantities that are insufficient to 
cause a cholinergic syndrome. Muscarine was initially 
isolated from A. muscaria.°! 


Pathophysiology 


Mushrooms in this group predictably cause symptoms 
and signs of poisoning by the cholinergic alkaloid mus- 
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FIGURE 23-14 /nocybe fastigiata (muscarine). (Courtesy of the 
late George Grimes.) 





Clitocybe Cerrusata var. difformis 
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FIGURE 23-15 Clitocybe cerrusata (muscarine). (Courtesy of 
Linnea Gilman, Denver, CO.) 
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FIGURE 23-16 Chemical structures of muscarine and acetylcholine. 


carine. Muscarine is a quaternary ammonium compound 
structurally similar to acetylcholine and causes depo- 
larization of neurons by binding to the acetylcholine 
receptor at postganglionic cholinergic neurons (Fig. 
23-16). Because muscarine does not possess an ester 
bond,” it is not hydrolyzed by cholinesterases. Thus, the 
cholinergic or parasympathomimetic effects of mus- 
carine are prolonged. As a quaternary compound that 
carries a charge, muscarine is not well absorbed from 
the gastrointestinal tract and does not readily cross the 
blood-brain barrier. Thus, CNS toxic effects do not 
readily occur. 


Clinical Presentation 


Minutes to an hour after ingestion, patients may develop 
the classic cholinergic syndrome consisting of diaphore- 
sis, bradycardia, bronchospasm, profuse bronchorrhea, 
miosis, seizures, salivation, lacrimation, involuntary loss 
of urine and stool, and vomiting. Unlike the cholinergic 
crisis occurring after poisoning by organophosphate 
insecticides, the syndrome in these cases, although 
highly uncomfortable, is usually mild compared with 
organophosphate poisoning and seldom life threat- 
ening. This may be at least partially due to the poor 
GI absorption of muscarine. Unlike organophosphates, 
muscarine does not stimulate nicotinic receptors. Mus- 
carine is heat labile, so vigorous cooking of these mush- 
rooms may prevent their cholinergic effects. Clinical 
effects are usually self-limited and last approximately 
2 hours but may persist for 6 to 24 hours if large amounts 
of muscarine have been consumed.® 


Diagnosis 


The diagnosis of muscarine-containing mushroom 
poisoning is made from a positive history of mushroom 
ingestion coupled with the rapid onset of parasympa- 
thomimetic clinical effects. The best analytical method for 
detecting muscarine in mushrooms is high-performance 
thin-layer chromatography.” Although of theoretic 
utility, this analytical technique has not been applied to 
body fluids. 


Management 


Treatment consists of GI decontamination, supportive 
care, and administration of atropine. Although activated 
charcoal is theoretically beneficial in preventing absorption 
of muscarine, it is important to emphasize that cathartics 
should not be administered to patients with diarrhea 
syndromes. Atropine has been recognized as a treatment 
for this poisoning since the mid-1800s.°! Atropine may 
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be given in sequential doses until pulmonary secretions 
are dried. The recommended intravenous starting dose 
of atropine is 0.1 to 0.5 mg in adults and 0.02 mg/kg in 
children. Glycopyrrolate is an alternative anticholinergic 
agent that may be preferable to atropine since it does not 
cross the blood-brain barrier. Like atropine, it is dosed 
sequentially with recommended intravenous doses of 
0.05 to 0.1 mg in adults and 0.005 to 0.01 mg/kg in 
children. The use of inhaled ipratropium bromide may 
be beneficial for patients with significant bronchospasm. 


COPRINE 


Overview 


Coprine poisoning is most commonly associated with 
ingestion of Coprinus atramentarius, or the “inky cap” 
(Fig. 23-17). It is so called because the mature specimens 
have lamellae that deliquesce or autodigest into an inky 
black fluid that is obvious on examination of the 
mushroom. The mushrooms themselves are edible, but 
disulfiram-like toxicity occurs when these mushrooms 
are ingested concurrently with or shortly before alcohol. 


Pathophysiology 


These mushrooms contain coprine, which is a glutamic 
acid derivative that induces hyperacetaldehydemia in 
the presence of ethanol by inhibiting acetaldehyde 
dehydrogenase. Coprine itself is not an inhibitor of this 
enzyme.°***° However, it has been speculated that a 
metabolite of coprine, l-aminocyclopropanol, functions 
like disulfiram and inhibits the metabolism of ethanol at 
the acetaldehyde dehydrogenase step, resulting in 
clinical symptoms (Fig. 23-18).°° Coprine is not a heat- 
labile toxin and, thus, toxicity will still occur if these 
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FIGURE 23-17 Coprinus atramentarius (coprine). (Courtesy of 
Joe H. Restivo, Savannah, GA.) 
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FIGURE 23-18 Chemical structure of coprine and its proposed 
active metabolite, 1-aminocyclopropanol. 
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mushrooms are cooked and consumed with alcohol. The 
active toxin, l-aminocyclopropanol, irreversibly inactivates 
aldehyde dehydrogenase by forming a covalent bond with 
the enzyme. Thus, a disulfiram-like reaction may occur 
even if alcohol is consumed up to 5 days after coprine- 
containing mushroom ingestion.° The symptom complex 
engendered by this interaction has been referred to as 
“Clayton’s hangover.”?’ 


Clinical Presentation 


Signs and symptoms usually occur within 20 to 30 minutes 
of ethanol ingestion and spontaneously resolve after 3 to 
6 hours.°® Symptoms, however, may persist for 24 hours. 
Sensitivity to alcohol usually occurs within 2 hours of 
eating coprine-containing mushrooms. Effects will be 
less prominent when ethanol is consumed concurrently 
with inky caps than when consumed after the mushrooms 
since coprine must be bioactivated to l-aminocyclopropanol 
to create the disulfiram effect. Clinical effects include 
flushing of the face, neck, and trunk; headache; a metallic 
taste; nausea; vomiting; palpitations; dyspnea; chest pain; 
tachycardia; and diaphoresis. Hypotension may occur 
secondary to peripheral vasodilatation.*°**" Other effects 
include cardiac arrhythmias, confusion, coma, and patient 
apprehension. 


Diagnosis 


Diagnosis is made by history and clinical effects 
suggestive of a disulfiram-like reaction. A positive history 
of mushroom ingestion and the rapid onset of clinical 
effects after consumption of ethanol is highly suggestive. 
Coprine may be detected by thin-layer chromatography. 
Because coprine is an amino acid, a coprine-containing 
spot stains when sprayed by ninhydrin.°***! 


Management 


Treatment of the coprine syndrome is supportive. 
Patient reassurance and rehydration are often the only 
necessary treatments. Gastrointestinal decontamination 
is not likely to be beneficial and is unnecessary. Although 
antihistamines and propranolol have been suggested as 
specific treatments, these agents have not been proven 
useful and are not recommended.” The coprine syndrome 
is self-limited and usually abates within several hours. 

Because of its disulfiram-like effect, coprine has been 
suggested as a potential agent for chemoprevention of 
alcohol abuse. However, the mutagenic, carcinogenic, 
and male gonadotoxic effects render it inappropriate for 
this use.°° 


INDOLES 


Overview 


The psilocin-psilocybin-containing mushrooms have 
been used by Aztec and American Indians in religious 
ceremonies for thousands of years*” and are frequently 





FIGURE 23-19 Psilocybe cyanescens (indole). (Courtesy of Kit 
Scates, Post Falls, ID.) 
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FIGURE 23-20 Psilocybe cubensis (indole). (Courtesy of the 
Rocky Mountain Poison Center, Denver, CO.) 


referred to as “magic mushrooms.” Psilocybin is found 
largely in four genera of mushrooms that include 
Conocybe, Gynmopilus, Panaeolus, and Psilocybe (see Box 23- 
2 and Figs. 23-19 and 23-20). These mushrooms are 
found throughout the United States but are more 
commonly found in warm climates. The Psilocybe genus 
contains more than 100 species of small brown, slender- 
stalked mushrooms. They are commonly, but not 
exclusively, found growing in piles of horse and cow 
dung and fertilized grasses, especially after a spring rain. 
Also growing in a similar environment and with a similar 
appearance is the cyclopeptide-containing mushroom 
Conocybe filaris. Indole-containing mushrooms are found 
in moist areas all over the United States, most commonly 
in the South. The spores are smooth purple and contain 
pores. A classic feature of the Psilocybe mushrooms is the 
blue-green areas where it has been injured or handled. 
Although this color is usually the result of the oxidation 
of psilocin,®’ this color change is not specific for 
hallucinogenic mushrooms. 


Pathophysiology 


The clinical effects from ingestion of these mushrooms 
are caused by the psychoactive indole tryptamine 
derivatives, psilocybin and psilocin, which are chemically 
related to both lysergic acid and serotonin (Fig. 23-21). 
The psychedelic effects of these compounds are 
mediated largely by agonist activity at CNS serotonin 
5-HT»o, receptors (see Chapter 45). Psilocybin was first 
isolated in 1958 by Albert Hoffman, the discoverer of 
lysergic acid diethylamide (LSD). Intravenous use of 
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FIGURE 23-21 Chemical structures demonstrating the structural 
relationships between lysergic acid, serotonin, psilocin and 
psilocybin. For clarity the structural comparison area in lysergic 
acid is shown in boldface. 


these mushrooms has also been reported.**44 Psilocybin 
is quite stable; both dried mushrooms and boiled extract 
retain their hallucinogenic potency. Although use of 
this mushroom is generally limited by its supply, these 
mushrooms tend not to be expensive. 

Concentrations of psilocybin vary greatly from 
mushroom to mushroom, by season, and location.®?!’ 
The initial hallucinogenic effects of psilocybin are 
evident with as little as 4 mg of toxin, while a dose of 
12 mg or more produces vivid hallucinations.®'’ Because 
of the small amounts of psychoactive indoles in these 
mushrooms, ingestion of several caps is usually required 
to elicit a hallucinogenic effect. It may take the ingestion 
of 3 to 60 mushrooms to achieve the desired effect. In 
general, 4 to 8 mg of psilocybin is present in 20 g of fresh 
and 2 g of dried mushroom. 


Clinical Presentation 


Thirty to 60 minutes after the psychotropic Psilocybe is 
ingested, a feeling of euphoria develops, followed by 
perceptual distortions and hallucinations that are 
usually, but not always, considered pleasant.” Sensory 
and perceptual distortions and illusions occur more 
commonly than true hallucinations. Tachycardia, mydri- 
asis, and paresthesias are common effects. Hyperadrenergic 
effects may occur. Seizures have been reported.“ The 
experience generally lasts 4 to 6 hours. Flashbacks may 
occur. Among connoisseurs of the psychoactive effects 
of indoles, these mushrooms are often preferred over 
LSD.'*+* Mortality is extremely rare following recreational 
use of psilocybin-containing mushrooms. 


Diagnosis 


Diagnosis is based on a positive history of mushroom 
ingestion and the presence of corroborating clinical effects 
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(e.g., sensory or perceptual distortions, hallucinosis, 
sympathomimetic effects). As with any illicitly purchased 
substance, the actual material used may not be what is 
suspected by history. In a study of 886 samples sold as 
psilocybin mushrooms, only 28% contained psilocybin. 
An additional 31% contained LSD or phencyclidine, and 
in 37%, no psychoactive substances could be identified.* 

Many analytic techniques have been described for the 
identification of psilocybin and other psychoactive 
indoles.*? However, it is unlikely that most hospital 
clinical laboratories will be equipped to perform these 
assays and the results will generally not affect the 
treatment or disposition of the patient. 


Management 


Most patients who ingest psilocybin-containing mush- 
rooms have no serious adverse effects and do not require 
hospital treatment. Patients who require medical care 
usually need little more than reassurance,* but sedation 
may be required. Benzodiazepines are generally con- 
sidered the drugs of choice in this case. Gastrointestinal 
decontamination is not necessary. 


ORELLANINE 
Overview 


Some mushrooms of the genus Cortinarius contain the 
bipyridyl toxin orellanine (Fig. 23-22).°° The syndrome 
of poisoning by these mushrooms was first described 
after a large outbreak of cases in Poland in 1952. 
Ingestion of these mushrooms may result in the 
development of gastroenteritis, thirst, polyuria, chills, 
headaches, and myalgias, after a hiatus of several days. A 
small percentage of these cases progress to renal failure, 
evident days to weeks later.°°°? Few cases of Cortinarius 
poisoning have been reported in the United States and 
Australia, but many occurrences have been documented 
in Europe and Japan. Some species of Cortinarius are 
edible, creating a dangerous temptation to seasoned yet 
adventurous mushroom hunters. Mushrooms of this genus 
are distinguished by their medium-sized orange-brown 
caps (2 to 5 cm) and rusty brown spores (Figs. 23-23 and 
23-24). Cortinarius is the largest genus of mushrooms, 
containing more than 800 species, making the differenti- 
ation between the edible and poisonous varieties extremely 
difficult. Although orellanine is the primary nephrotoxin 
in these fungi, some species appear to contain other 
related nephrotoxins known as cortinarins (cortinarin A 
and B).°*°° These nephrotoxins appear to require activation 
by cytochrome P-450.°° 
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FIGURE 23-22 Chemical structure of orellanine. 
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FIGURE 23-23 Cortinarius speciosissimus (orellanine). (Reprinted 
from Lampe KF [ed]: AMA Handbook of Poisonous and Injurious 
Plants. Chicago, American Medical Association, 1985.) 





FIGURE 23-24 Cortinarius orellanoides (orellanine). (Courtesy 
of Joseph Ammirati, PhD, University of Washington, Seattle.) 


Pathophysiology 


Orellanine is a heat-stable toxin that is chemically closely 
related to the herbicides paraquat and diquat. Orellanine 
is not deactivated by cooking, parboiling, drying, or 
freezing the mushrooms. The mechanism of cytotoxicity 
of orellanine is not well known, but it appears to involve 
disruption of the actin cytoskeleton and protein 
synthesis in renal tubular cells.””58 Poisoning by these 
compounds results in tubulointerstitial nephritis and 
fibrosis.°? Despite the structural similarity between 
orellanine and herbicides like paraquat and diquat, no 
cases of pulmonary damage as a result of Cortinarius 
poisoning have been reported. 


Clinical Presentation 


The onset of symptoms occurs after a latent period of 36 
hours to 17 days following mushroom ingestion.? Over a 
period of days, patients develop headache, thirst, chills, 
dizziness, malaise, nausea, vomiting, abdominal and back 
pain, myalgias, and polydipsia. Progressive renal insuff- 
ciency develops over 1 to 3 weeks and is manifested by 
polyuria, oliguria, microscopic hematuria, leukocyturia, 
proteinuria, and anuria. The severity of poisoning is 
inversely correlated with the length of the latent period, 
such that the shorter the latent period, the greater the 
severity of poisoning. Renal insufficiency occurs in 
approximately one third (30% to 46%) of patients and 
becomes chronic in about half of patients. Recovery is 
gradual and takes several weeks. 


Diagnosis 


Diagnosis is based on a positive history of mushroom 
ingestion, a long latency between the ingestion and the 
onset of clinical effects, and the presence of acute renal 
failure. Diagnosis is not commonly made prior to the onset 
of renal insufficiency. Orellanine may be detected by 
thin-layer or high-performance liquid chromatography.” 


Management 


There are no antidotes for poisoning by these mush- 
rooms. Because patients tend to become symptomatic 
more than 24 hours after ingestion, activated charcoal is 
unlikely to be helpful. Treatment therefore consists of 
ageressive fluid management and close monitoring of 
renal function. In the majority of cases (50% to 70%), 
renal failure improves over time.°? Chronic hemodialysis 
and renal transplantation may be necessary. 


AMANITA SMITHIANA 


A syndrome of delayed renal failure similar to orellanine- 
containing mushrooms has also been more recently 
attributed to the mushroom Amanita smithiana.’ A. 
smithiana is found in the Pacific Northwest of the United 
States. These mushrooms contain alienic norleucine, 
and pentanoic and aminoheadienoic acids, which are 
believed to produce renal toxicity.°?° Unlike Cortinarius 
spp., these mushrooms produce gastrointestinal effects 
within 2 to 12 hours of ingestion. Renal failure occurs 
2 to 5 days after mushroom ingestion. The treatment of 
A. smithiana mushroom toxicity is supportive. Most 
patients recover renal function within several weeks; 
hemodialysis may be required temporarily. 


TRICHOLOMA EQUESTRE 


In 2001, 12 cases of rhabdomyolysis were associated with 
the ingestion of Tricholomas equestre in France (Fig. 
23-25). Initial symptoms developed 24 to 72 hours after 
eating the last of several large consecutive meals of the 
mushroom.°®! Symptoms included fatigue, myalgias, 
weakness, nausea, and diaphoresis. Rhabdomyolysis was 
diagnosed by significant elevations of serum creatinine 
phosphokinase. Three cases resulted in fatality. In a 
subsequently performed animal study, extracts from 
Tricholomas equestre have been shown to produce 
rhabdomyolysis in rats.°! The myotoxin contained in the 
mushroom is still unknown. 

Tricholomas equestre (also known as Tricholomas flavovirens 
or “Man on Horseback”) is found in coniferous forests 
throughout North America in the late summer and fall. 
The mushroom has a smooth, yellowish-brown or 
greenish-brown cap (3 to 5 cm) with yellow gills. Sub- 
sequent cases of rhabdomyolysis resulting from repeated 
ingestion of large amounts of this mushroom have been 
reported. If this mushroom is to be eaten, small, non- 
consecutive meals (less than 100 grams) are recommended 
so as to avoid human toxicity. 





FIGURE 23-25 Tricholoma equestre (L.:Fr.) Kummer. (Photo- 
graph by R. E. Halling. Copyright 2003.) 


PAXILLUS SYNDROME 


Overview 


Paxillus involutus (“brown rim-roll” mushroom; Fig. 23-26) 
is, for most people who ingest it, a simple GI irritant.°* 
However, a small proportion of those eating this 
mushroom develop immune-mediated hemolytic 
anemia, referred to as the Paxillus syndrome.®*” This 
syndrome typically follows long periods of ingestion of 
these mushrooms and manifests, once started, as 
progressively worsening reactions.°*® This reaction is 
not a true mushroom poisoning but rather a food allergy. 
Given these characteristics, it is of little surprise that the 
Paxillus syndrome is rarely encountered clinically. 

Although the Paxillus syndrome is generally described 
as occurring after repeated ingestion of the brown 
roll-rim mushroom, one case was reported after ingestion 
of Suillus luteus (“slippery Jack”),°°°® a bolete generally 
regarded as edible, although this has been questioned.®”° 
The clubfoot mushroom, Clitocybe clavipes, has also been 
suggested as a possible cause of the Paxillus syndrome,” 
but it is more likely that any observed reactions to this 
mushroom are simply the result of its disulfiram-like 
effect.” 
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FIGURE 23-26 Paxillus involutus (hypersensitivity). (Courtesy of 
Marilyn Shaw, Denver, CO.) 


CHAPTER 23 Mushrooms 





Pathophysiology 


The precise mechanism defining the pathophysiology 
of the Paxillus syndrome is unknown. It appears to be an 
immunoglobulin-mediated hemolysis provoked by expo- 
sure to a yet unidentified antigen. 


Clinical Presentation 


The Paxillus syndrome typically manifests 1 to 2 hours 
after ingesting the fungi. Clinical features generally 
reported are syncope, gastroenteritis, decreased urine 
output, hemoglobinuria, decreased haptoglobins, and low 
back pain. 


Diagnosis 


The diagnosis is suggested by the presence of anemia, 
hemolysis on peripheral blood smear, a decrease in serum 
haptoglobin, and hemoglobinuria. A hemagglutination 
test in which a mushroom extract, the patient’s serum, 
and erythrocytes are incubated together has been 
described to assist diagnosis.®4"%4 Agglutination that 
occurs within 30 minutes of incubation is a positive test 
result and confirms diagnosis.’ 


Management 


Treatment consists primarily of aggressive fluid manage- 
ment and, if the mushroom was recently ingested, oral 
activated charcoal. Plasmapheresis has been used in 
severe cases,” but no convincing evidence shows that this 
technique provides any therapeutic benefit. 


GASTROINTESTINAL IRRITANTS 


This group has traditionally been a catch-all category for 
mushrooms that (1) usually produce nausea, vomiting, 
and diarrhea shortly (within 2 to 3 hours) after ingestion 
and (2) do not produce other significant systemic 
symptoms or signs. The number of species considered in 
this classification is so great that to list them would be 
unproductive. Not all species of this group of mush- 
rooms cause symptoms in all people. The same species 
may cause symptoms in one person at one time and not 
at another time. The toxins responsible for the GI 
symptoms are, for the most part, unidentified. 

Among the most common species causing acute 
gastroenteritis is C. molybdites.” In its juvenile form, it 
resembles the “shaggy mane,” and it is quite often mis- 
taken for this edible mushroom. It is, however, easily 
distinguished from virtually all other mushrooms by its 
green gills and spore print (see Fig. 23-2). However, 
sterile forms of this mushroom, which produce no 
spores, are known to exist.” Another common GI irritant 
mushroom is Omphalotus olearius or illudens (“Jack 
O’Lantern”). This mushroom has a bright orange stalk 
and large cap (7 to 11 cm) that may glow in the dark. 
Although formerly classified in the genus Clitocybe, more 
recent study confirms that this mushroom does not 
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contain muscarine but other GI irritants.° This mush- 
room is commonly found in Europe and North America. 
The European variety is associated with more severe 
illness and hepatotoxicity. 

Many common backyard mushrooms or “little brown 
mushrooms” can be considered to be in this group. 
When these mushrooms are ingested by children or in 
large quantities by adults, it is still safest to presume them 
to be toxic and to have them identified. 

Generally, no therapy is required for ingestion of 
gastrointestinal irritant mushrooms. If symptoms are 
significant or if signs of volume depletion are evident, it 
is advisable to provide hydration and GI decontami- 
nation with activated charcoal. However, it must be 
emphasized that administration of cathartics with activated 
charcoal is very likely to exacerbate the condition being 
treated and thus should be avoided. 


ENVIRONMENTAL AND MUSHROOM 
FARMING ISSUES 


Mushrooms are occasionally used as environmental 
sentinal species for toxins including pesticides’® and 
radionuclides.’”’® This is especially true with respect to 
monitoring heavy metals such as cadmium, lead, and 
mercury and radionuclides including potassium 40, 
cesium 137, cesium 134, and radon 222. These elements 
may not only be detected on the surface of the mush- 
rooms as a result of atmospheric deposition, but may also 
be incorporated into the flesh of the mushroom. 
Mushrooms also appear to be good accumulators of 
elements such as rubidium, copper, cesium, and 
selenium.” In most cases, the cap accumulates heavy 
metals to a greater extent than the stipe or stalk of the 
same mushroom. Furthermore, the species of mushroom 
may also influence the extent of metal accumulation. 
For example, fly agaric (A. muscaria) demonstrates a 
preferential uptake of mercury relative to other mush- 
room species.’ Despite the accumulation of these 
potentially toxic elements in mushrooms, the total 
exposure through ingestion of mushrooms is usually well 
below any level of concern. No cases of ill health effects 
as a result of exposure to toxic elements through mush- 
room ingestion were found. However, mushrooms should 
be considered as potential contributors to total body 
burden of metals such as mercury. 

Although the majority of mushroom-related toxicity is 
the result of ingestion, some additional maladies attrib- 
utable to mushroom exposure in the absence of ingestion 
have been described. Most often, these noningestion 
toxicities are the result of hypersensitivity reactions and 
can be broadly categorized as either dermatologic or 
pulmonary. The primary dermatologic effect is allergic 
contact dermatitis, which frequently clears with removal 
from the source. This is commonly seen in persons 
working on mushroom farms or mushroom packing 
facilities. 

A syndrome of hypersensitivity pneumonitis termed 
mushroom worker's lung has been described in mushroom 
farm workers in Japan and numerous American states, 


including Florida, Pennsylvania, and Washington.®”*? 


Patients often present with episodic shortness of breath, 
persistent cough, fever, chills, and malaise. In some 
instances, the cough may improve or disappear during 
weekends and holidays. Pulmonary function testing 
typically reveals restrictive ventilatory impairment with 
diffuse interstitial pulmonary infiltrates, while chest radi- 
ography shows diffuse infiltrates. Histologic examination 
of mushroom-related pneumonitis may reveal granulo- 
matous alveolitis. Some cases of mushroom workers lung 
have been severe enough to cause sufferers to seek alter- 
native employment. One case report exists in which the 
researchers suggest that chronic hypersensitivity pneumonitis 
from Shiitake mushroom spores was a causative agent for 
adenosquamous carcinoma of the lung,®** although this 
has not been a commonly reported complication. 

The causative agents appear to be constituents of the 
organic dusts, which are ubiquitous to nearly all areas of 
the mushroom farms. Spores of a variety of mushroom 
species as well as elevated airborne endotoxin concen- 
trations are reported causes of chronic cough and 
pneumonitis in mushroom workers. This has led at least 
one investigator to ask if mushroom workers’ chronic 
cough is actually the same as byssinosis and what the 
occupational exposure limits should be for endotoxin.” 
However, it is often not possible to isolate a specific 
antigen responsible for the condition, and the results of 
serologic assessments in many asymptomatic workers 
may demonstrate exposure to antigenic substances. 

The medical management of mushroom workers lung 
is symptomatic and supportive. Removal from the source 
of the antigenic substances is the first order. B- 
Adrenergic agonists and steroids may be warranted in 
cases with acute effects. Follow-up provocation testing 
may or may not be able to isolate a specific cause. 


CONCLUSION 


The management of mushroom poisoning is best thought 
of by dividing mushrooms into clinical syndromes based 


BOX 23-3 


Forgetting that “mushroom poisoning” may actually be an allergic 
reaction or food poisoning secondary to bacteria 

Forgetting that “mushroom poisoning” may actually be secondary 
to pesticides sprayed on the mushroom or edible mushrooms 
laced with drugs (e.g., phencyclidine) or from a concomitant 
medical or surgical disease 

Assuming that all persons ingesting the same mushroom must 


become ill 

Assuming that if symptoms occur before 6 hr after ingestion, deadly 
Amanita species could not have been eaten 

Discharging patients when they appear to have recovered from 
their gastrointestinal symptoms when those symptoms developed 
more than 6 hr after ingestion and therefore may have been due 
to a potentially very toxic mushroom 

Forgetting the principles of supportive care while concentrating on 
toxin identification and antidotes 





on the toxins they contain. The treatment of mushroom 
poisoning is not significantly different from that for drug 
overdose; supportive care must take highest priority 
pending identification of the toxin. 


Common pitfalls in the management of mushrooms 


poisoning are listed in Box 23-3. By avoiding these 
common errors and emphasizing supportive care and 
continued monitoring, the outcome in most cases of 
mushroom poisoning should be favorable. 
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At a Glance... 


m Most pediatric unintentional ingestions of plants and berries 
can be safely managed at home. 

mA few plants can cause serious toxicity with one bite of berry/ 
leat/root: 

Autumn crocus 

Castor bean 

Common oleander 

Glory lily 

Jequirity bean 

Lily of the valley 

Monkshood 

Poison hemlock 

Water hemlock, water hemlock dropwort 

Yellow oleander 

Gastric decontamination is generally not indicated. 

Few specific antidotes are available. 

Physostigmine can be considered for serious Datura exposures. 

Digoxin Fab fragments can be considered for cardiac glycoside 

poisoning. 

m Photographs of many toxic plants can be found on pages 14 
to 21. 


INTRODUCTION AND RELEVANT 
HISTORY 


Plants are one of the most common sources of accidental 
poisoning in children. In 2003, there were 57,778 plant 
exposures in children under the age of 6 years reported 
to the Toxic Exposure Surveillance System (TESS), 4.6% 
of total poisonings in that age group. In contrast, adult 
plant poisoning is much less common. In the same year, 
there were only 10,048 plant poisonings in patients older 
than 19 years.! Fatalities are rare in developed countries. 
Between 1983 and 2000 in the United States, there were 
30 fatal plant exposures; 7 were related to Cicuta species, 
5 to Datura species, 1 to Conium maculatum, 1 to oleander 
extract, and 1 to Gloriosa superba.* In 2003, there were 
three plant-related fatalities: a 34-year-old man who 
drank absinthe liquor and died of complications from 
aspiration pneumonitis, a 61-year-old man who injected 
crushed castor beans intravenously, and a 50-year-old 
patient who ingested yew. A series of five plant-related 
deaths were reported in Switzerland between 1966 and 
1994. Species involved were Colchicum (two cases), 
Oenanthe crocata, Taxus baccata, and Narcissus (daffodil) .° 

These facts are in contrast with international experi- 
ences with more widespread plant poisonings, particularly 
in developing countries, due to unsafe food-handling 
practices or cultural choice of plants as a common mode 
of suicide. For example, intentional ingestion of yellow 


oleander is a major clinical problem in Sri Lanka, with a 
fatality rate of up to 9%. In two studies, involving 631 
patients hospitalized for plant poisoning over 2 years, 
12% to 17% were related to Thevetia, with 6% to 7% fatal 
outcomes. A follow-up study in 1996 showed 4361 
patients over 3 years, with 32% to 36% related to Thevetia 
and 3% to 4% fatal.* In the Indian state of Kerala, plants 
are responsible for 10% of all poisonings, with Cerbera 
odollam (the suicide tree) accounting for half of the plant 
exposures, most involving suicide or homicide. Atractylis 
poisoning in Maghreb populations of Morocco, Algeria, 
and Tunisia carries a 65% case fatality rate. Ingestion of 
unripe ackee fruit is estimated to cause thousands of 
deaths annually in the Caribbean. Epidemics of ascending 
peripheral neuropathy are common in Mexico and Central 
America due to ingestion of buckthorn fruit. These examples 
serve as reminders that serious toxicity can occur from 
plant poisoning, particularly with intentional exposures. 

The antimuscarinic symptoms of various plants have 
been recorded throughout history. Henbane, deadly 
nightshade, and thorn apple (Datura species) are 
mentioned among favorite poisonings in ancient Rome.” 
The wives of the Roman emperors Augustus and 
Claudius are reputed to have used deadly nightshade to 
murder large numbers of Romans. The more famous 
history of intoxication from Datura species came in 1676, 
when British soldiers were sent to Virginia near 
Jamestown to stop the Rebellion of Bacon. As part of a 
final meal before entering the rebellion, several soldiers 
were offered a salad which included a local weed 
(Jamestown weed, today known as Jimson weed). The 
ensuing toxicity rendered the soldiers incapable of 
fighting for several days.®” 

Another historical example is provided by a paper 
presented by Dr. Barton to the American Philosophical 
Society in 1794. It described with great detail epidemics 
of poisoned honey made from toxic plants, including 
rhododendron, yew, oleander, water hemlock, and 
others, particularly in colonial America. In one European 
case cited, he described an account by Xenophon in the 
Anabasis that reported the poisoning of his troops by the 
honey of Rhododendron ponticum flowers.’ 

Table 24-1 lists toxic plants found in the United States 
and their characteristics. 


STRUCTURE-ACTIVITY RELATIONSHIPS 


Alkaloids 


Webster’s online dictionary traces the origin of the term 
alkaloid to popular literature sometime before 1887. At 
the time it was applied to any organic base, for example, 
a nitrogenous substance that forms salts with acids. In 
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Some Toxic Plants Found in the United States 





COMMON NAME 


Akee 
*Allamanda 

* Alocasia 

Aloe 
Anthurium 
Ape 

Apple 

Apricot 
Autumn crocus 
Azalea 
*Baneberry 
Belladonna 
Bethlehem star 
Bird of paradise 
Bittersweet 
*Black locust 
Bleeding heart 
*Blue flag 
*Buckeye 

Burn bean 
*Buttercups 
Daffodil 
*Caladium 
Candlenut 
Carolina jasmine 
*Castor bean 
Celandine 
*Century plant 
Chinaberry 
*Christmas rose 
Corn cockle 
*Cowbane 
Crab’s eye 
Daffodil 
Daphne 
Deadly nightshade 
Delphinium 
Desert potato 
Desert rose 
Dieffenbachia 
*Dogbane 
Dog's parley 
Doll’s eyes 
Donkeytail 
Dumbcane 
Dutchman’s breeches 
Elephant’s ear 
Fava beans 
Fool's parsley 
Four o'clock 
*Foxglove 
Golden chain 
Gordolobo 
Groundsel 
Heavenly blue 
Holly 
Honeysuckle 


Horse chestnut 
Hyacinth 
Hydrangea 
*Indian licorice 
*Indian tobacco 
Indian turnip 
*Inkberry 


* Iris 
Jack-in-the-pulpit 
Japan oil tree 


SCIENTIFIC NAME 


Blighia sapida 
Allamanda cathartica 
Alocasia species 

Aloe species 
Anthurium species 
Alocasia species 
Malus species 

Prunus species 
Colchicum autumnale 
Rhododendron species 
Actaea species 
Atropa belladonna 
Ornithogalum umbellatum 
Casesalpinia gilliesii 
Solanum dulcamara 
Robinia pseudoacacia 
Dicentra formosa 

Iris species 

Aesculus glabra 
Sophora secundiflora 
Ranunculus species 
Narcissus species 
Caladium bicolor 
Aleurites molluccana 
Gelsemium sempervirens 
Ricinus communis 
Chelidonium majus 
Agave americana 
Melia azedarach 
Helleborus niger 
Agrostemma githago 
Cicuta species 

Abrus precatorius 
Narcissus species 
Daphne species 
Atropa belladonna 
Delphinium species 
Jatropha macrorhiza 
Adenium species 
Dieffenbachia species 
Apocynum species 
Aethusa cynapium 
Actaea species 
Euphorbia myrsinites 
Dieffenbachia species 
Dicentra cucullaria 
Alocasia, Colocasia 
Vicia faba 

Aethusa cynapium 
Mirabilis jalapa 
Digitalis purpurea 
Laburnum anagyroides 
Senecio longilobus 
Senecio longilobus 
Ipomoea violacea 
Ilex species 

Lonicera species 


Aesculus hippocastanum 
Hyacinthus orientalis 
Hydrangea species 
Abrus precatorius 
Lobelia inflata 
Arisaema triphyllum 
Phylolacca 
americana/decandra 
Iris species 
Arisaema triphyllum 
Aleurites cordata 


TOXIC PART 


Fruit except aril 

All except root 
Leaves, stems 

Latex 

Foliage, fruit 
Leaves, stems 

Seed 

Seed kernel 

All 

All 

Berries, roots 

All 

All 

Pods 

Variable, foliage 
Seeds, young leaves 
Foliage, root 
Leaves, root stalks 
Foliage, seed, flower 
All 


All 

Bulb 

All 

All, seeds 
All, berries 


All (seeds mainly) 
Roots 

Sap 

Fruit 

Foliage, root 
Seeds 

All 

Seeds 

Bulb 

All 

All 

All 

Root 

All 

All 

Rhizome 

All 

Berries, roots 
Foliage, sap 
All 

Folliage, root 
All 

Seed, pollen 
All 

Root, seed 
Leaves, seeds 
Seed capsules 
All 

All 

Seeds 
Berries 
Berries 


Foliage, seed, flower 
Bulb 
All 
Seeds 
All 
Rhizome 
All parts, 
fruit least 
Leaves, root stalks 
Rhizome 
All, seeds 


TOXIC AGENT 


Hypoglycin A and B 

Unknown cathartic 

Oxalates 

Barbaloin 

Oxalates 

Oxalates 

Cyanide glycosides 

Cyanide glycosides 

Colchicine alkaloids 

Andromedotoxin 

Protoanemonin 

Atropine, scopolamine 

Colchicine alkaloids 

Unknown 

Solanine, tropane alkaloids 

Robin, robitin, phasin 

Isoquinolines 

lrisin, iridin, irigenin 

Esculin 

Cytisine 

Protoanemonin 

Lycorine, narcissine 

Oxalates 

Phorbol 

Gelsemine 

Ricin 

Isoquinoline alkaloids 

Unknown 

Possible resinoid 

Helleborin 

Githagin 

Cicutoxin 

Abrin, abric acid 

Lycorine and others 

Mezereinic anhydride 

Atropine, scopolamine 

Delphinine, ajacine 

Phytotoxins 

Cardiac glycosides 

Oxalates, proteins 

Apocynamarin 

Aethusanol A, coniine 

Protoanemonin 

Diterpenes, phorbols 

Oxalates, proteins 

Isoquinlines 

Oxalates 

Enzyme dificiency 

Aethusanol A coniine 

Trigonelline 

Digitalis glycosides 

Cytisine 

Pyrrolizidines 

Pyrrolizidines 

Ergine, isoergine 

llicin 

Unknown gastrointestinal 
irritant 

Esculin 

Narcissine 

Cyanide glycosides 

Abrin, abric acid 

Lobeline 

Oxalates 

Saponin, glycoprotein, 
and phytolaccotoxin 

lrisin, iridin, irigenin 

Oxalates 

Phorbol 
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COMMON NAME 


Jasmine, yellow 
*Jequirity bean 
Jerusalem cherry 
Jimsonweed 


Narcissus 
Nightshades 


Laburnum 
*Lantana 
Larkspur 

Lesser hemlock 
Lily of the valley 
*Marsh marigolds 


Mescal 
Mistletoe 


*Monkshood 
Moonseed 
Morning glory 
Mountain laurel 


Narcissus 
Nightshades 
*Oleanders 
Pasque flower 
Peach 

Pearly gates 
Pencil tree 
Peyote 
*Philodendron 
*Pigeon berry 


Poinciana 
*Poison hemlock 
*Poison ivy 
*Pokeweed 


*Precatory bean 
Privet 

Red squill 
Rhododendron 
Rhubarb 

*Rosary pea 
Snowdrop 

Skunk cabbage 
Sweet pea 

Texas mountain laurel 
Thornapple 
Threadleaf groundsel 
Tree tobacco 

Tung nut 

*Water hemlock 
White snakeroot 
Wild tobacco 
Wisteria 


*Wolfsbane 
Yellow jasmine 
Yellow oleander 
Yew 


SCIENTIFIC NAME 


Gelsemium sempervirens 
Abrus precatorius 
Solanum pseudocapsicum 
Solanum stramonium 


Narcissus species 
Solanum species 


Laburnum anagyroides 
Lantana camara 
Delphinium species 
Aethusa cynapium 
Convallaria majalis 
Caltha palustris, 

Caltha leptocephala 
Lophophora williamsii 
Phoradendron species 


Aconitum species 
Menispermum canadense 
Ipomoea violacea 
Sophora secundiflora 
Kalmia latifolia 

Narcissus species 
Solanum species 

Nerium oleander 
Anemone patens 

Prunus species 

Ipomoea violacea 
Euphorbia tirucalli 
Lophophora williamsii 
Philodendron species 
Phytolacca americana/decandra 


Casesalpinia gilliesii 

Conium maculatum 
Toxicodendron radicans 
Phytolacca americana/decandra 


Abrus precatorius 
Ligustrum japonicum 
Urginea maritime 
Rhododendron species 
Rheum rhaponticum 
Abrus precatorius 
Ornithogalum umbellatum 
Symplocarpus foetidus 
Lathyrus odoratus 
Sophora secundiflora 
Solanum stramonium 
Senecio longilobus 
Nicotiana species 
Aleurites fordii 

Cicuta species 
Eupatorium rugosum 
Nicotiana species 
Wisteria floribunda 
Wisteria sinensis 
Aconitum species 
Gelsemium sempervirens 
Thevetia peruviana 
Taxus species 


TOXIC PART 


All, berries 
Seeds 
Berries 

All 


Bulb 
Variable, foliage 


Seed capsules 
Berries (unripe) 
Seeds, young foliage 
All 

All 

All 


All (button) 
Berries 


Roots, seeds, leaves 
All 

Seeds 

All 

All 

Bulb 

Variable, foliage 
All 


All 

Seed kernel 
Seeds 
Foliage, sap 
All 

All 

All parts, fruit least 
Pods 

All 

All 

All parts, fruit least 
Seeds 

All 

Bulb 

All 

Leave blade 
Seeds 

All 

All 

Seeds 

All 

All 

All 

All 

All, seeds 
All 


Above ground parts 
All 
Seeds 


Roots, seeds, leaves 
All, berries 

All parts 

All part, aril least 


TOXIC AGENT 


Gelsemine 

Abrin, abric acid 

Solanine, tropane alkaloids 

Solanine and tropane 
alkaloids 

Lycorine, narcissine 

Solanine and tropane 
alkaloids 

Cytisine 

Lantadene A 

Delphinine 

Aethusanol A, coniine 

Digitalis-like alkaloids 

Protoanemonin 


Mescaline and others 

Phenylethylamine, 
tyramine, choline 

Aconitine 

Dauricine 

Ergine, isoergine 

Cytosine 

Andromedotoxin 

Lycorine and others 

Solanine alkaloids 

Oleandrin, nerioside 

Protoanemonin 

Cyanide glycosides 

Ergine, isoergine 

Phorbols 

Mescaline, others 

Oxalates 

Saponin, glycoprotein, 
and phytolaccotoxin 

Unknown 

Coniine 

Urushiol 

Saponin, glycoprotein, 
and phytolaccotoxin 

Abrin, abric acid 

Andromedotoxin 

Cardiac glycosides 

Andromedotoxin 

Oxalates, anthraquinones 

Abrin, abric acid 

Alkaloids (colchicine) 

Oxalates 

Aminopropionitrile 

Cytosine 

Solanine and tropane alkaloids 

Pyrrolizidines 

Nicotine alkaloids 

Phorbols 

Cicutoxin 

Tremetone 

Nicotine alkaloids 

Gelsemine and gelseminine 


Aconitine 
Gelsemine 
Thevetin A and B 
Taxine 





the updated 1911 version, the definition changed to 
restrict the term to bases of vegetable origin and charac- 
terized by remarkable toxicologic or pharmacologic effects. 
Treating the plant with a dilute acid and precipitating 


the bases with potash, soda, lime, or magnesia can 
chemically extract the base. The separation of the mixed 
bases obtained occurs through repeated fractional crys- 
tallization, or by taking advantage of certain properties 
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of the constituents. Structure-activity relationships of 
selected plant toxins are discussed in the ensuing 
paragraphs. 

Pyrrolizidine alkaloids, such as sececionine and sym- 
phytine, have three structural requirements for toxicity. 
They must contain an unsaturated (double bond at the 
1:2 position) heterocyclic ring, the ring nucleus must 
have an esterified hydroxyl group, and the ester side 
chains must contain at least one branched carbon chain. 
The parent compounds are converted by CYP1A2 and 
2E1 to pyrrolic esters and then further to pyrrolic 
alcohols. The acute toxicity is most likely related to the 
more reactive esters, which can alkylate DNA. 

Colchicine is an alkaloidal amine without a hetero- 
cyclic nitrogen atom. It contains four methyl groups. 
When hydrolyzed to trimethylcolchicinic acid, with loss 
of a methyl group, activity is lost. 

Grayanotoxins are diterpenoid alkaloids, also known 
as andromedotoxins. To produce toxicity, a hydroxyl 
group at RI is essential. An ester group at R3 decreases 
toxicity, but larger ester groups have greater toxicity. The 
interaction of grayanotoxin with the sodium channel 
involves contact by hydrogen binding with the 3-B-OH, 5- 
B-OH and 6-B-OH sites and by hydrophobic bonds in 
binding to the sodium channel. Grayanotoxins, and 
perhaps aconitine and vertradine as well, appear to 
contain four hydroxyl groups essential for optimal hydro- 
phobicity and biologic activity. Altering the number of 
hydroxyl groups reduces the toxin’s biologic activity.” 


Diterpene Ester Alkaloids 


Three groups of compounds are considered to be diter- 
pene esters. Phorbol esters are most commonly asso- 
ciated with irritant properties in Euphorbia species. 
Ingenol esters and daphnane esters are also irritants. 
Structural requirements for irritancy include an ester 
group at carbon 13, a rigid tetracyclic structure, a C ring 
in a cis transfiguration, AB rings in the trans transfigu- 
ration, and a four- function. Irritancy is enhanced when 
RI becomes unsaturated and with increasing chain 
length at R1. 

Another diterpene compound, salvinorin A, from 
Salvia divinorum, is a potent and selective K opioid 
receptor agonist, resulting in hallucinations. Screening of 
salvinorins and derivatives for binding affinity and 
functional activity at opioid receptors have suggested that 
the methyl ester and furan ring are required for activity 
but that the lactone and ketone functionalities are not.!° 

Aconitine alkaloids with diester bonds appear to have 
the most toxicity compared with those alkaloids with no 
ester side chain, which have few clinical effects.!! 


Glycosides 


Glycosides are defined as any compound that contains a 
carbohydrate molecule that is convertible by hydrolytic 
cleavage into a sugar (glycone) and a nonsugar com- 
ponent (aglycone or genin). Examples include the 
cardenolides, bufadienolides, amygdalin, anthraquinones, 
and salicin. Saponins consist of an aglycone with a 
triterpenoid or steroid backbone linked to a carbo- 


hydrate molecule. This confers their ability to form soap- 
like foams in aqueous solutions. 

Cardenolides are 23-carbon steroids with an œ,ß- 
unsaturated five-membered lactone ring on carbon 17. 
These include digitoxin, convallatoxin, and evonoside. 
Bufadienolides are 24-carbon steroids with a double 
unsaturated six-membered lactone ring on carbon 17. 
Examples include convallamarin, scillaren, and hellebrin. 
The lactone ring was initially considered to be respon- 
sible for the inotropic activity of the cardiotonic steroids. 
However, research conducted with digitalis and differing 
lactone rings demonstrated little cardiotonic activity 
among the lactone rings.’ The five- and six-membered 
lactone rings more likely contribute energy to the cardiac 
steroid/adenosine triphosphatase (ATPase) bond through 
a conformational change promoted by the steroidal 
binding.'® 

Three positions of the steroid nucleus appear to be 
essential for the activity of the cardiac glycosides. ‘These 
are the carbons at the 3-, 14-, and 17-positions. The 17- 
carbon position links the steroid nucleus to the lactone 
ring. The hydroxyl group at the C14 position is not an 
essential feature for inotropic activity, although when it is 
replaced by hydrogen, potency decreases considerably." 
To retain cardiac toxicity, the hydroxyl group at C14 
confers added potency, and the configuration of the 
C/D ring must be in cis configuration. Additional 
hydroxyl groups confer more rapid onset and shorter 
duration of activity. Its larger role probably resides in its 
ability to modify the spatial disposition of ring D 
enabling an interaction of the lactone with ATPase.!° 
Otherwise, the D ring does not appear to be essential for 
cardiotonic activity.'° 

The wide range of toxicity among the cardiac glycosides 
resides in the complex interaction of the steroid nucleus, 
sugar moiety, and the lactone ring with ATPase. The 
steroid nucleus is key to the cardiac glycoside interacting 
with ATPase. Plant cardiotoxin sterols differ from 
mammalian sterols in the ring orientation. The 
difference is mostly in the orientation of the A ring to the 
B ring. In mammalian steroids, the A/B ring juncture is 
in a trans configuration. However, plant cardiac glycosides 
have an A/B ring juncture that is cis, and the two 
hydrogens are on the same side of the rings.!’ The 
change of the A/B junction does not necessarily imply a 
decrease of activity of the steroid, although it does for 
the corresponding glycosides, indicating that the main 
influence of A/B junction arises from its ability to place 
the sugar into a suitable position. 

Although the fundamental pharmacologic activity of 
these plant toxins resides in the steroid nucleus, the 
sugar residues play an integral role in their activity. The 
sugar residue increases the water solubility of the steroid 
nucleus, making it more available for translocation into 
the myocardium. The lipophilic steroid nucleus is 
important in the compound’s onset and duration of 
action. The presence of an acetyl group on the sugar 
moiety also affects the lipophilic character and the 
kinetics of the entire glycoside. In general, cardiac 
glycosides with more lipophilic character are absorbed 
faster and exhibit longer duration of actions as a result of 
slower urinary excretion rate. Lipophilicity is markedly 


influenced by the number of sugar residues and the 
number of hydroxyl groups on the aglycone part of the 
glycoside. As the steroidal rings are substituted with 
polar hydroxy substitutes, the onset of action becomes 
faster and the duration decreases.'® Cardiac glycosides 
with monosaccharide sugar residues appear to have great 
potency, suggesting that only the first sugar molecule is 
involved in receptor binding.!*?! 


Polyacetylenes 


Cicutoxin is a noncompetitive y-aminobutyric acid 
(GABA)-mediated chloride channel antagonist. The 
compound is a long m-bond conjugated polyacetylene 
system, with a terminal hydroxyl, and an allylic hydroxyl 
group. The length and geometry of the m-bond and 
O-functional groups correlated with neurotoxicity and 
with potency in inhibition of the GABA channel. Other 
polyacetylene compounds, such as falcarinol, which have 
a carbonyl group conjugated with both double and triple 
bonds, have been associated with phototoxicity, but not 
neurotoxicity. Plants containing falcarinol include Hedera 
helix, Panax pseudoginseng, Schefflera arboricola, Tagetes patula, 
and Daucus carota. 


PHARMACOLOGY 


Pharmacokinetics 


Pharmacokinetic data are available for only a few plant- 
derived constituents. Examples of onset and duration of 
effect from plant poisonings are given in Box 24-1. 


PATHOPHYSIOLOGY 


Due to the multiple constituents of many plants, the 
mechanism by which a plant causes toxicity can be 
complex. Many plants may also possess features that 
cause toxicity in more than one organ system. The most 
common type of plant intoxication is gastrointestinal 
(GI) irritation. 


Gastrointestinal Irritation: 
Amaryllidaceae Alkaloids 


Plants from the Amaryllidaceae family contain several 
alkaloids that have been linked to GI distress in humans.”” 
Most of these alkaloids are derived from phenanthridine, 
and are typically in highest concentration in the outer 
layers of the bulbs.*? Daffodil bulbs may be mistaken for 
onions by the unwary consumer. Some plants containing 
Amaryllidaceae alkaloids include Narcissus spp. (daffodils 
and jonquils), Liliaceae spp. (spider lily), Momordica chara- 
ntia (balsam pear), Hippeastrum equestre (amaryllis), Hya- 
cinthus orientalis (hyacinth), Amaryllis belladonna (March 
lily), Ammocharis coranica (ground lily), Boophone disticha 
(fan-leaved boophone, poison bulb, sore-eye flower, 
tumblehead), Brunsvigia spp.(candelabra flowers), Clivia 
miniatah (St. John’s lily), Crinum spp., Cyrtanthus spp., 
Galanthus nivalis (snowdrop), Haemanthus coccineus (April 


CHAPTER 24 Poisonous Plants 





fool), Nerine spp., Scadoxus spp., and Zephyranthes spp. 
(zephyr lilies). The Amaryllidaceae alkaloids most well 
described include galanthamine, narciclasine, and lycorine. 
These alkaloids are specific protein inhibitors and have 
strong emetic properties. Galanthamine possesses 
anticholinesterase actions similar to physostigmine and 
has been evaluated in the treatment of Alzheimer’s 
disease.*! It also has antimuscarinic and analgesic effects. 
Narciclasine acts as a microtubule inhibitor similar to 
colchicine, particularly at concentrations above 0.5 mg/kg.” 


Gastrointestinal Irritation: Triterpene 
Saponin 


Another group of plant components that cause more 
specific intestinal mucosa irritation rather than gastric 
irritation is the triterpene alkaloids. Plants with triter- 
pene alkaloids include Aesculus hippocastanum (horse 
chestnut), Hedera helix (English ivy), Phytolacca americana 
(pokeweed), Actaea spp. (baneberry), and Medicago trun- 
catula (barrel medic). Triterpenes are related to ster- 
oids and cholesterol and are broadly described as sap- 
onins because of their ability to form a soapy consistency 
when concentrated. Pokeweed is the most well- 
described plant in this group. It has been commonly used 
in cooking, salads, and herbal remedies. Teas from poke- 
weed are reputed to treat rheumatism, helminth infec- 
tions, and constipation. The pokeweed root may also be 
mistaken for horseradish.“ The triterpene alkaloids are 
heat labile, but the process of parboiling is recom- 
mended if the leaves or berries are to be used. The toxic 
triterpene saponins of Pokeweed include phytolaccatoxin 
and phytolaccagenin. P americana also contains proteins 
exhibiting mitogenic?”*> and antiviral® properties. The 
mitogenic activity is attributed to pokeweed lectin, 
specific for Macetylglucosamine-containing saccharides, 
which stimulates peripheral lymphocytes to undergo 
mitosis by binding to their cell surfaces. 


Irritation from Plants that Contain 
Calcium Oxalate 


Plants may contain several types of oxalates, commonly 
separated into soluble and insoluble oxalates. Insoluble 
oxalates produce localized tissue injury. Plants with 
insoluble oxalates are found in a variety of common 
houseplants and ornamental plants. The most common 
include Philodendron, Dieffenbachia, Caladium, Axisaema 
triphyllum (Jack-in-the-pulpit), Colocasia (elephant ear), 
Rheum raponticum (rhubarb), Scindapsus aureus (pothos), 
Calla palustris (wild calla), and Symplocarpus foetidus 
(skunk cabbage). Oxalic acid is a by-product of a plant’s 
cellular metabolism and often takes the form of a crystal 
when it combines with calcium.*° The crystalline structure 
varies among calcium oxalate crystals, and the shape may 
dictate the extent of local injury. Parallel needle-shaped 
crystals arranged in bundles are known as raphides and 
are a common source of intoxication. Raphides are 
commonly contained within a cellular structure called an 
idioblast. Calcium oxalate crystals not contained within 
idioblasts (Inpatiens spp.) have not been shown to 
produce significant toxicity.°! When stimulated (chewing 
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Aconitine-like Alkaloids 


Symptoms: Numbness, tingling of lips and tongue, bradycardia or 
irregular pulse, gastroenteritis, respiratory failure, vagal nerve 
stimulation. 

Pharmacokinetics: three active metabolites, excreted in urine up to 
6 days, not dialyzable due to high molecular weight (645 kD) and 
lipophilicity; onset 3 minutes to 2 hours, usually 10-20 minutes; 
dermally absorbed. 

Source: monkshood 


Agave americana Irritant 


Symptoms: Sap contains an unknown dermal irritant that may 
produce rash (sometimes hemorrhagic). Systemic signs may be 
fever and leucocytosis. 

Source: Agave americana 


Aminopropionitrile 

Symptoms: Skeletal abnormalities, growth suppression, muscle 
paralysis with chronic ingestion. 

Pharmacokinetics: Onset 4-8 weeks; duration 1 month or more 
after removal from diet. 

Source: sweet pea (Lathyrus) 


Andromedotixin (Synonym: Grayanotoxin) 


Symptoms: Gastroenteritis, muscle paralysis, CNS depression, 
respiratory failure, heart muscle inhibition, cardiac poison, 
paralyzes vagus and motor nerve ends in striated muscle. 

Pharmacokinetics: Onset 30—120 minutes; duration less than 24 
hours. 

Sources: mountain laurel, buttercups, Andromeda species, 
Rhododendron species 


Anthraquinone Glycosides 


Symptoms: Purgative, irritant, nephritis with large doses. 
Pharmacokinetics: Onset 6-8 hours. 

Sources: Many Aloe species 

Example: barbaloin 


Casesalpinia Toxin 


Symptoms: Exact toxin unknown, usually produces severe vomiting 
and diarrhea that may lead to dehydration. 

Pharmacokinetics: Symptoms may persist for 24 hours. 

Source: Casesalpinia gilliesii 


Cicutoxin 


Symptoms: Abdominal pain, salivation, vomiting, mydriasis, 
delirium, severe seizures. 


Pharmacokinetics: Onset 5 minutes to 1—2 hours; may be dialyzable. 


Source: water hemlock 


Colchicine-like Alkaloids 


Symptoms: Symptoms include oral irritation and pain, vomiting, 
violent diarrhea, renal failure, and shock. 

Pharmacokinetics: Peak plasma levels in 30 minutes to 2 hours. 
Serious symptom onset may be delayed for 2—6 hours. Lethal 
cases have occurred after a quiescent period. High enterohepatic 
circulation; high volume of distribution (10—12 L/kg); elimination 
half-life 1.7—32 hours. 

Sources: autumn crocus, meadow saffron, star of Bethlehem 


Coniine 
Symptoms: Vomiting, initial CNS stimulation followed by CNS 
depression, muscle paralysis, respiratory failure. 


Pharmacokinetics: Onset within 30 minutes. 
Source: poison hemlock 


Cyanogenic Glycosides 


Symptoms: Cyanide-like, hyperpnea, shock, coma, marked metabolic 
acidosis. Lethal ingestions recorded, usually of large quantities of 
kernels or seeds. 

Pharmacokinetics: Onset 90 minutes to 2 hours or longer. 

Sources: Seed kernels of peach, pear, apricot, apple seeds, purified 
glycosides used medically, Hydrangea species 

Examples: amygdalin, prunisin, hydrangin, githagin, linimarin 


Cytisine 

Symptoms: Nicotine-like in effects; dysphagia, vomiting, headache, 
incoordination, vertigo, possible confusion, excitement, 
respiratory stimulation, renal failure, convulsions, mydriasis, 
death via asphyxiation possible. 

Pharmacokinetics: Onset 15—60 minutes; peak plasma level 2 hours 
in mice; elimination half-life 200 minutes in mice. 

Sources: Golden chain tree, Laburnum species, Texas mountain 
laurel 


Daphnin 
Symptoms: Skin vesicant; ingestion may lead to vomiting, diarrhea, 


renal failure, convulsions and death. 
Source: daphne 


Delphinine Alkaloid 


Symptoms: Gastroenteritis, respiratory depression, hypotension, 
paresthesias, salivation, headache, heart arrhythmias. 
Sources: larkspur, delphiniums 


Digitalis-like Glycosides 

Symptoms: Possible dizziness and vomiting; these are cardiac 
glycosides that may produce arrhythmias. Atrioventricular block 
may occur. 

Pharmacokinetics: Peak effect 4-12 hours; volume of distribution of 
digitoxin is 0.6 L/kg; digitoxin is metabolized to digoxin; half-life 
of digitoxin 4—6 days. 

Sources: Foxglove, lily of the valley 

Examples: digitoxin, digitalin, digitonin, convallarin, convallamarin, 
convallatoxin, apocynamarin, gitoxin, gitalin, hellebrin, evonoside 


Diterpene Irritants 


Symptoms: Irritation of skin, eyes, mucous membranes; vomiting, 
diarrhea. 

Pharmacokinetics: Form acyl groups upon hydrolysis, which are 
cocarcinogenic; onset 2-8 hours; peak skin irritation and vesicle 
formation 4—24 hours; duration 3—4 days. 

Sources: Euphoria species like donkey tail, pencil tree, crown of 
thorns 

Examples: phorbols, tigliane 


Esculin 


Symptoms: Vomiting, diarrhea, muscle twitching, ataxia, paralysis, 
mydriasis, CNS depression, death. 
Sources: horse chestnut, buckeye seeds 


Gelsemine 


Symptoms: Motor neuron depression and paralysis may lead to 
respiratory failure. 

Sources: yellow or Carolina jasmine 

Examples: gelsemine, gelseminine 
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Helleborin/Helleborein 


Symptoms: If ingested, oral inflammation and numbness leading to 
vomiting, diarrhea, and convulsions in severe cases. May affect the 
CNS and has a strong action on the heart, resembling digitalin. 

Sources: Christmas rose roots and leaves 


Hypoglycin A and B 


Symptoms: Vomiting, may progress to severe hypoglycemia 
convulsions or coma. Lethal ingestions are recorded. 

Pharmacokinetics: Hypoglycin is metabolized to a toxic metabolite, 
methylenecyclopropylacetic acid; onset 2—6 hours. 

Source: Blighia sapida “ackee" fruit, except edible ripe aril 


llicin 
Symptoms: Vomiting, abdominal pain, diarrhea. 


Sources: Primarily berries from various //ex (holly) species 
Example: other saponins 


Irisin 

Symptoms: A resinous agent that may produce dermatitis. Ingestion 
may cause oral irritation, vomiting, diarrhea, possible pancreas 
and liver damage. 


Sources: /ris species, commercial and wild 
Examples: Similar resinous agents are irigenin and iridin. 


Isoquinoline-type Alkaloids 


Symptoms: Dyspnea, excessive salivation, labored breathing, 
tremors, unusual gait, convulsions, death by paralysis. An 
uncommon human poisoning, since roots and foliage are most 
toxic. 

Sources: Bleeding heart, Dutchman's breeches, other Dicentra 
species 

Examples: apomorphine, dauricine, protoberberine, protopine 


Lantadene A 


Symptoms: Somewhat similar to anticholinergic poisoning; 
gastroenteritis, cyanosis, circulatory collapse, muscle weakness. 
Cholestatic hepatitis, jaundice, photosensitization from ingestion 
of leaves. 

Pharmacokinetics: Onset 2—6 hours. 

Source: lantana 

Examples: Lantadene is a polycyclic triterpenoid. 


Lobeline 


Symptoms: An alkaloid with nicotine-like symptoms. May cause 
vomiting, tremors, convulsions, weakness, coma, or death. 

Source: Indian tobacco (Lobelia species) 

Examples: lobelamine, lobeline 


Lycorine-like Alkaloids 


Symptoms: Gastroenteritis, possible liver toxicity, convulsions, 
hypotension. Most human cases result in mild gastroenteritis. 
Pharmacokinetics: Peak galantamine level in 2 hours, several active 
metabolites, duration of effect 3 hours; elimination complete in 

72 hours; half-life 5.7 hours. 
Sources: daffodils, narcissus, hyacinth (similar) 
Examples: lycorine, narcissine, galantamine, others 


Melia Resinoid 


Symptoms: Dyspnea, slowed movement, tachycardia, vomiting. 

Pharmacokinetics: Onset one to several hours: death can occur in 
12-24 hours; hepatorenal syndrome can develop after several 
days in survivors. 
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Sources: Chinaberry (Melia azedarach). Most often a poisoning in 
animals but gastrointestinal symptoms have been reported after 
6 to 8 berries in a child. 


Mescaline 


Symptoms: Visual hallucinations, altered sensorium. 
Pharmacokinetics: Onset 30 minutes to 2 hours; duration 6—12 hours. 
Source: peyote 


Mezerenic Acid Anhydride 


Symptoms: Skin vesicant, oral irritant, produces bloody vomiting 
and diarrhea. May lead to renal failure, conculsions and death. 
Source: daphne 


Nicotine 


Symptoms: vomiting, muscle tremors, initial CNS stimulation 
followed by CNS depression, muscle paralysis, and respiratory 
failure. 

Pharmacokinetics: Onset 15 minutes to 1 hour; duration 3—12 
hours; inactive metabolite continine is measured in the urine as a 
marker of exposure; nicotine half-life 0.5 hours in smokers, 

1.3 hours in nonsmokers; cotinine half-life 10—20 hours. 

Sources: tobacco, tree tobacco 


Olavine Alkaloids 


Symptoms: Psychotomimetic effects, nausea, euphoria, uterine 
stimulation. 

Pharmacokinetics: One morning glory seed is equivalent to about 
1 ug of LSD (effective dose 20-50 seeds); Agryreia is more 
potent (effective dose 4-12 seeds); onset 4—6 hours; duration 
12-24 hours. 

Sources: Morning glory, Hawaiian baby woodrose (Agryreia 
nervosa) 

Examples: ergine, isoergine, elymoclavine 


Oleander-type Glycosides 


Symptoms: Irritations of mouth and stomach, vomiting, diarrhea, 
irregular pulse, possible ventricular fibrillation. 

Pharmacokinetics: More rapid onset than digoxin; extensive 
enterophepatic circulation; oleander toxins cross-react with 
digoxin and digitoxin immunoassays. 

Sources: Oleander, red squill, yellow oleander 

Examples: oleandroside, oleandrin, nerioside, thevetin A and B, 
thevetoxin 


Oxalates 


Symptoms: Symptoms vary greatly. Initial oral pain may lead to 
swelling of the lips and tongue, dysphagia, and sometimes 
vomiting. Serious poisonings may lead to renal failure and 
dyspnea. Ocular exposure may produce corneal opacity. 

Sources: Philodendrons, caladiums, dumbcanes, calocasias, 
alocasias, Virginia creeper, rhubarb leaf, jack-in-the-pulpit, and 
many others 

Examples: Usually calcium oxalates in needle-like structures. Many 
of these plants also contains additional chemical irritants. 


Phytolaccine 


Symptoms: Gastroenteritis (characteristic foamy diarrhea), tremors, 
amblyopia followed by salivation, diaphoresis, weakness, 
prostration, respiratory depression, leukocytosis, heart block. 

Pharmacokinetics: Onset 2-3 hours, duration 48 hours. 

Source: pokeberry 

Examples: phytolaccine, phytolaccotoxin 
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Protoanemonin 


Symptoms: burning sensation of the mouth and throat, gastroenteritis 

Sources: clematis, anemones, buttercups 

Examples: anemonin, ranunculin (glycoside containing 
protoanemonin) 


Pyrrolizidine Alkaloids 


Symptoms: Hepatotoxicity (veno-occlusive disease), abdominal pain, 
vomiting, diarrhea, apathy, emaciation. 

Pharmacokinetics: Onset days to weeks, metabolized by CYP1A and 
2E to toxic pyrrolic esters and alcohols; eliminated within 24 
hours. 

Sources: Senecio species such as threadleat groundsel 


Saponins 


Symptoms: Emetic, mucous membrane irritant, gastroenteritis, 
growth suppression or bloat in some animals, increase cell 
membrane permeability, diuretic. 


Sources: common in plants 

Examples: A diverse group of glycosides; mainly of the 
triterpenoidal type (e.g., oleanolic acid and hedagenin). Coffee 
weed, purple sesban, yucca, rattlebox, and soapwort. 


Solanine 


Symptoms: Intact glycoalkaloid is an irritant. Vomiting, diarrhea, 
abdominal pain, may lead to respiratory depression, CNS 
depression, convulsions, circulatory collapse. 

Pharmacokinetics: Onset 1-25 hours after eating potatoes; peak 
levels 4-8 hours; half-life of «-solanine 11 hours; half-life of 
c-chaconine 19 hours; duration of gastroenteritis 3—6 days. 

Sources: potato leaves, tomato leaves, nightshades, eggplant, 
Jerusalem cherry, ground cherry, horse nettle, and bittersweets 

Examples: ot-solanine, o.-chaconine 


Taxine 


Symptoms: Gastroenteritis, dyspnea, circulatory failure, heart 
function depression, prolonged QRS. Possible dermatitis after skin 
exposure. 





or biting a leaf or stem), the idioblast releases the raphides 
with some force for a distance of two to three cell lengths.” 
Raphide microstructure and size both contribute to 
irritation. In addition, many calcium oxalate crystals 
contain barbs and grooves that may contribute to local 
tissue injury. However, tissue irritation is not consistent 
among crystals and the presence of an additional 
chemical toxin has been proposed as a second 
mechanism of toxicity.*° 


Delayed Gastroenteritis from Plants 
That Contain Ribosome-Inactivating 
Proteins 


A vast amount of research has been conducted into the 
pathophysiology of plants containing toxins that inhibit 
ribosomes. Ribosome-inactivating proteins (RIPs) are 
found in a number of toxic and nontoxic plants. RIPs are 
divided into two main groups: type 1 RIPs, consisting of 


Pharmacokinetics: Onset 30 minutes to 3 hours; duration up to 24 
hours. 
Source: yew 


Toxalbumins (RIPs) 

Symptoms: Initial symptoms are oral burning, violent vomiting and 
diarrhea, which may progress to shock, hemolysis, renal failure, 
CNS depression and death. Many sources have attractive seeds. 

Pharmacokinetics: half-life 2 days 

Sources: include black locust, castor bean, desert potato, and rosary 
pea 

Examples: abrin (rosary pea), robin, robitin, phasin (black locust), 
ricin, ricinine (castor bean) 


Trigonelline 

Symptoms: May cause skin irritation, eye irritation, vomiting, and 
diarrhea. 

Sources: four o'clocks, green coffee beans 


Tropane Alkaloids 

Symptoms: Antimuscarinic in nature, dry mouth, thirst, irritability, 
flushing, delirium, tachycardia, mydriasis, fever, convulsion, coma. 

Pharmacokinetics: Onset 2—6 hours; duration up to 72 hours. 

Sources: Datura (one seed equivalent to 0.1 mg atropine), 
Hyoscyamus, Atropa species 

Examples: hyoscyamine (atropine), scopolamine (hyoscine) 


Urushiol 

Symptoms: Allergic dermatitis, inflammation, blistering, vesicles 
Pharmacokinetics: Onset hours to 5 days; duration 1-3 weeks. 
Source: poison ivy 

Example: 3-N-pentadecylcatechol 


Wisterin 


Symptoms: gastroenteritis, dizziness, confusion 
Pharmacokinetics: Duration 5—7 days. 


a single polypeptide chain, and type 2 RIPs, consisting of 
an A (active) chain and a B (binding) chain with lectin 
properties. The type 2 RIPs have also been referred to as 
toxalbumins or as lectins based on properties of the B 
chain. The type | RIPs are considered nontoxic because 
they lack the ability to enter the cell membrane. For 
instance, pokeweed contains a type 1 RIP termed PAP 
that does not contribute to its cellular toxicity. 

The type 2 RIPs have been found in a number of plant 
species, including Ricinus communis (castor bean), Abrus 
precatorius (rosary pea), Robinia pseudoacacia (black 
locust), Hura crepitans (sandbox tree), Jatropha multifida 
(coral bush), and Phoradendron spp., and in small quan- 
tities of Viscum album (mistletoe). The most common 
type 2 RIPs described are ricin from the castor bean and 
the toxin abrin from the rosary pea. A wide range of 
toxicity is induced by type 2 RIPs. The mechanism of 
toxicity of the type 2 RIPs begins with the binding of the 
B chain to the cell surface. The cytotoxicity of type 2 RIPs 


is (partly) determined by the binding of the B chain toa 
sugar-containing receptor on the cell surface. The B 
chain (lectin) first binds to glycolipids and/or glyo- 
proteins containing B-1,4-linked galactose residues on 
the cell surface, inducing endocytosis of the A and B 
chains. The toxin is transported to the Golgi apparatus 
and endoplasmic reticulum (ER), with subsequent release 
into the cytosol.** A partial unfolding of the A chain 
enables it to translocate across the ER membrane via a 
translocon using the pathway normally followed by mis- 
folded ER proteins targeted for ER-associated degra- 
dation. Refolding of the A chain in the cytosol into a pro- 
tease-resistant, enzymatically active structure enables its 
interaction with the sarcin-ricin domain of the large 
ribosome subunit RNA.” The A chain acts as an Mglyco- 
sidase by hydrolyzing a single N-glycosidic bond between 
adenine and ribose within a highly conserved sequence 
on the large recombinant RNA of animal ribosomes.*° 
This interrupts translation at the step of guanosine 
triphosphate (GIP)-dependent binding of the elonga- 
tion factor 1 and/or 2 to ribosomes.*” There is recent 
evidence that the A chain is also capable of inactivating 
many nonribosomal nucleic acid substrates,” and hence 
can be considered a polynucleotide: adenosine glycosidase. 


Delayed Gastroenteritis from Plants 
That Contain Glycoalkaloids 


Plants containing glycoalkaloids, such as solanine, are a 
common cause of gastric irritation. This is due in part to 
the common variety of plants containing such glyco- 
alkaloids, including Solanum tuberosum (potato), Solanum 
nigrum (black nightshade), Lycopersicon esculentum (tomato), 
Solanum pseudocapsicum (Jerusalem cherry), and Physalis 
heterophylla (ground cherry). Young plants/roots and 
unripe fruit tend to have a much higher concentration 
of toxin. Glycoalkaloids have been shown to destabilize 
membranes and inhibit serum acetylcholinesterase,*? 
which may partially explain the GI toxicity. The glyco- 
alkaloids are able to interact strongly with sterol- 
containing membranes, thereby causing membrane 
disruption specific for the type of glycoalkaloid and 
sterol.*” Several of the glycoalkaloids have also demon- 
strated inotropic activity, which may be partly explained 
by the structural resemblance to the cardiac glycosides.*! 
Most relevant, the clearance of glycoalkaloids usually 
takes more than 24 hours, which suggests that the 
toxicants may accumulate after daily consumption.” 


Cytotoxic Plants That Produce 
Multiorgan Failure 


This diverse group of plants is commonly involved in 
research on cancer and cellular function. They contain 
alkaloids with the common characteristic of binding to 
microtubules. Microtubules are involved in a wide variety 
of cellular function, including cell division and axonal 
transport. Microtubules are required for the transport of 
various metabolites and the movement of organelles, 
including mitochondria and secretory granules, along 
neuronal processes. Microtubules are composed of the 
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protein tubulin, which consists of œ and B subunits. The 
o subunit binds GTP, retaining it within its structure. The 
B subunit hydrolyzes GTP to guanosine diphospate 
(GDP) during protofilament formation. The tubulin- 
binding alkaloids interfere with protofilament formation 
by binding to various sites along the tubulin molecule. 
Cell division is arrested during metaphase at the G/M 
phases of the cell cycle. 

Colchicine, found in the autumn crocus (Colchicum 
autumnale) and glory lily (Gloriosa superba), binds to the B 
subunit at the colchicine-binding site, inhibiting poly- 
merization of tubulin polymers. Podophyllotoxin from 
the mayapple plant (Podophyllum peltatum) inhibits GTP 
hydrolysis at the 6 subunit, thereby preventing B- and 
o-subunit polymerization during protofilament formation.“ 
The vinca alkaloids derived from Catharamus spp. 
(formally Vinca rosea) include the toxins vincristine and 
vinblastine. The vinca alkaloids also bind to the B subunit 
at the vinca-binding site, inhibiting the hydrolysis of GTP 
to GDP and inhibiting the binding of GDP to its 
nucleotide site.* 

Another antineoplastic drug with plant derivation is 
Taxus brevifolia, containing the alkaloid taxol. Taxol 
differs in its mechanism of microtubule inactivation by 
promoting assembly of microtubules. Early assembly of 
microtubules reduces the critical concentration of tubulin 
required for assembly. Other intracellular processes 
affected by microtubule inhibition include inhibition of 
synthesis of proteins and nucleic acids, elevation of 
oxidized glutathione, alteration of lipid metabolism and 
the lipid content of membranes, elevation of cyclic 
adenosine monophosphate (cAMP), platelet membrane 
integrity, and inhibition of calctum-calmodulin-regulated 
cAMP phosphodiesterase.*° 


Plants That Produce Cardiovascular 
Disturbances 


Plants containing cardiac glycosides (steroids) are well 
known because of their long history in the treatment of 
heart failure. Plants that have been known to contain 
cardiac glycosides include foxglove (Digitalis purpurea), 
lily of the valley (Convallaria majalis), oleander (Nerium 
oleander), squill (Liliaceae family), yellow oleander (Thevetia 
peruviana), dogbane (Apocynum cannabimum), wallflower 
(Cheiranthus cheiri), milkweed (Asclepiadaceae family), 
Strophanthus (Strophanthus kombe/hispidus), suicide tree 
(Cerbera odollam), hellebores (Helleborus spp.), star of 
Bethlehem (Ornithogalum spp.), splindle tree (Euonymus 
family), Crassulaceae family, crownvetch (Coronilla spp.), 
witstorm, Thesium lineatum, Iridaceae family, Melianthaceae 
family (Bersama and Melianthus spp.), Natal plum (Carissa 
spp.), and the frangipani tree (Plumeria rubra). 

Although a wide variety of plants contain cardiac 
glycoside toxins, their mechanisms of action are quite 
similar. The myocardial effects of these compounds are 
attributable to increased intracellular concentrations of 
calcium and sodium, resulting from inhibition of the 
transmembrane Na*/K*-ATPase pump. The cardiac 
glycosides consist of a Cys (cardenolide) or C4 (bufa- 
dienolide) steroid with one or more sugar moieties 
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attached to the C, carbon of the steroid nucleus.'’ The 
majority of plant cardiac glycosides are cardenolides. 
The exceptions are the Urginea spp., Hellebore spp., several 
toxins within Convallaria spp., several toxins within the 
Crassulaceae family, Thesium lineatum, Iridaceae family, and 
the Melianthaceae family (Bersama and Melianthus spp.). 


Plants with Sodium Channel-Binding 
Properties 


Plants and their associated toxins with sodium channel- 
binding properties include aconitine, from monkshood 
(Aconitum napellus); veratridine, from false or green 
hellebore (Veratrum family); grayanotoxins, from azalea 
and rhododendron (Rhododendron spp.), death camas 
(Zigadenus), mountain laurel (Kalmia latifolia), and taxine 
from Taxus brevifolia. The sodium channel-binding 
characteristics of this group of plants have been known 
for some time. Aconitine has been found in a number of 
Chinese herbals, including both chuanwu (A. carmichaeli) 
and caowu (A. kusnezoffit). These herbs are believed to 
possess anti-inflammatory, analgesic, and cardiotonic 
effects and have been used in Chinese traditional medicine 
mainly for the treatment of musculoskeletal disorders.“ 
Roots of monkshood have also been mistaken for 
horseradish (Armoracia rusticana). 

Grayanotoxins have largely been reported to cause 
intoxication in regions where honey is produced from 
Rhododendron spp. Approximately 18 different types of 
grayanotoxins have been isolated, but grayanotoxin I 
appears to be responsible for the majority of poisonings.*® 

Veratridine has historically been used in both insec- 
ticides and medicinals. Major toxicity from veratridine 
came from the use of sneezing powders in Europe that 
contained the ground root of white hellebore (Veratrum 
album). Veratrum species have also been ingested inten- 
tionally after being mistaken for leeks, skunk cabbage, 
ramps (Allium tricoccum), and plants from the Gentian 
family.’ 

All of the toxins from these plants are large, complex 
diterpenoid alkaloids. The diterpenoid alkaloids are 
lipid soluble, allowing them to access the sodium 
channel-binding site embedded within the plasma 
membrane.” Aconitine, veratridine, and erayanotoxins 
reversibly bind to site 2 along the inner membrane of the 
channel. Site 2 is an intracellular region expanding 
between domains I and IV. This site overlaps the known 
binding site of local anesthetics, and is shared by the 
Phylloides-derived toxin batrachotoxin. All the diterpenoid 
alkaloids preferentially bind to the open state of the 
voltage-gated sodium channel (VGSC.)°' They exert 
their action on nerve and muscle membranes by 
persistent activation of VGSC at the resting membrane 
potential.°* Veratridine’s persistent opening of the VGSC 
may reduce single-channel conductance by 75%.°° 

The activation of VGSC is explained by two effects: 
first, a shift of the voltage dependence of activation of 
VGSC toward more negative effects, and second, a block 
of the fast inactivation of these channels.°” Therefore, 
their binding is enhanced by other toxins or drugs that 
enhance prolonged opening of sodium channels. 


Prolongation of sodium channels with a subsequent 
increase in intracellular sodium causes an increase in 
intracellular calcium due to inhibition of the sodium- 
calcium pump. This increase in intracellular calcium has 
a similar effect as that seen with the cardiac glycosides, 
with increased ionotropicity. However, since Na‘t/K’- 
ATPase is not inhibited, hyperkalemia is notably absent. 
The negative ionotropic effects and cardiodepressant 
effects (particularly aconitine) are most likely due to 
vagal stimulation, since they are reversed with atropine.” 
Aconitine also has a propensity to cause early and 
delayed after-depolarizations in ventricular myocytes that 
may be due to increased intracellular calcium and sodium. 
This may explain the reports of biventricular tachycardia 
and torsades de pointes in patients with aconitine 
intoxication.””5 Other effects of these alkaloids include 
antinociceptive and antiepileptiform properties, and 
reuptake inhibition of norepinephrine and serotonin.” 
The Aconitum species also contain a compound called 
songorine that has demonstrated noncompetitive antago- 
nism at GABA, and agonistic action at dopamine 
receptors in the rat cerebral cortex.®® 

The toxins produced by Taxus brevifoli (yew) include 
both taxol and taxine. In Caesar’s time, the yew plant was 
known as the tree of death. American species, like Taxus 
cuspidaande (Japanese yew) and Taxus canadensis may be 
found as ornamental shrubs or Christmas decorations. 
All parts of the plant except the fleshy fruit contain 
taxane alkaloids. Taxine is a mixture of more than seven 
alkaloids, with taxine A and taxine B as its main 
constituents. Taxine B is the most potent cardiotoxin of 
this group. The taxines have been known since the 
1940s, but with the discovery of taxol (leading to 
paclitaxel) the taxines have since been overshadowed. In 
contrast to aconitine, grayanotoxin, and veratridine, 
taxine B reduces cardiac contractility and the maximum 
rate of depolarization of the action potential similar to 
class I antiarrhythmic drugs.*”’ Taxine B and paclitaxel 
share the same skeletal structure and differ only in their 
side chains. The taxines do not demonstrate antitumor 
activity, and the cardiotoxicity of taxol is lower than that 
of taxines. 


Plants That Act Primarily on the 
Nervous System 


PLANTS THAT HAVE A NICOTINE-LIKE ACTION 

Nicotine alkaloids have been in use for many centuries, 
and the presence and addictive potential of nicotine in 
tobacco is well known. The nicotine plant alkaloids are 
highly toxic. They are widely used as insecticides, which 
is most likely an extension of their natural role in the 
plant kingdom. Plants and plant alkaloids with nicotine 
or nicotine-like mechanisms of action include y-coniceine 
and coniine from poison hemlock (Conium maculatum), 
Aethusa cynaprium (fool’s parsley), nicotine from wild 
tobacco (Nicotiana tabacum; 0.5% to 9% nicotine), 
Nicotiana rustica (18% nicotine), lobeline (Lobelia spp.), 
anabasine (Anabasis aphylla), sparteine (Cytisus scoparius), 
N-methylcytisine from blue cohosh (Caulophyllum 
thalictroides), and cytisine from Sophora spp., golden chain 


(Laburnum spp.), and Gymnocladus dioicus (Kentucky 
coffee bean). Nicotinic pyridine and piperidine alkaloids 
share common receptor agonism for nicotinic acetyl- 
choline receptors (nAChRs). Nicotine and nicotine-like 
alkaloids interact with presynaptic nAChRs to facilitate 
the release of a variety of neurotransmitters, including 
acetylcholine, dopamine, norepinephrine, serotonin, 
GABA, and glutamate. Some nicotinic alkaloids also inhibit 
aromatase, preventing androstenedione conversion to 
estrogen.°' However, at high concentrations of nicotine, 
nAChRs become desensitized due to increasing affinity 
for substrate at the receptor. With this, initial central 
nervous system (CNS) and muscle stimulation is typically 
followed by paralysis of motor nerve endings and CNS 
depression. 

Poison hemlock (Conium maculatum) belongs to the 
Umbelliferae family and is closely related to carrots, 
parsnips, cow parsley, parsley, and caraway. Death from 
poison hemlock has often occurred from mistaken 
identity.°* Three main alkaloids are responsible for the 
toxicity of poison hemlock. The most toxic chemical, 
y ¥coniceine, is an unsaturated piperidine alkaloid and 
is abundant in the leaves and flowers but less common in 
the fruits, where it is quickly converted to coniine and N- 
methylconiine. Gamma-coniceine is considered to be 
seven or eight times more toxic than coniine.® The 
actions of coniine are similar to nicotine, but produce 
greater CNS and skeletal muscle nerve ending paralysis. 
The actions of coniine have been said to resemble that of 
strychnine. 


TROPANE ALKALOIDS: ANTIMUSCARINIC 

PLANTS 

The tropane alkaloids are found in a number of plant 
families, including Solanaceae, Erythroxylaceae (e.g., 
Erythroxylum coca; cocaine), and Convolvulaceae (morning 
glory family). Tropane alkaloids possessing antimuscarinic 
properties are primarily from the Solanaceae family. 
Common alkaloids in this family include atropine, 
scopolamine, hyoscyamine, and hyoscine. These plants 
include Atropa belladonna (belladonna; deadly nightshade), 
Solandra spp. (trumpet flower), Datura stramonium 
(jimson weed), Mandragon officinarum (mandrake; not to 
be confused with Podophyllum peltatum, also referred to as 
Mandrake), Brugmansia (angel’s trumpet), Cestrum 
diurnum (day jessamine), Lantana camara (lantana, shrub 
verbena), and henbane (Hyoscyamus niger). 

The tropane alkaloids from these plants are all 
structurally similar. Atropine and hyoscyamine are 
racemic isomers, as are hyoscine and scopolamine. 
Atropine consists of a mixture of equal parts of D- and 
L-hyoscyamine and does not exist as a single alkaloid in 
plant species. Both hyoscyamine isomers may bind to 
muscarinic receptors, although the pharmacologic 
activity is thought to be due almost entirely to 
L-hyoscyamine.**® Scopolamine and I-hyoscyamine are 
most likely the primary compounds responsible for the 
toxic effects of these plants. The toxicity of these 
compounds results from competitive blockade of acetyl- 
choline at peripheral and central muscarinic receptors. 
The most commonly affected organ systems include the 
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CNS, cardiac myocytes and conduction system, exocrine 
glands, and smooth muscle cells. 


NEUROLOGIC INJURY 

Plants that cause neurologic injury are some of the most 
well-known and toxic species. Several of these plants 
contain specific toxic alkaloids producing seizures upon 
ingestion. The water hemlock species Cicuta virosa and 
Cicuta maculata that belong to the Umbelliferae family 
have been responsible for a number of reported deaths. 
The Umbelliferae family also contains several edible 
plants such as celery, water parsley, parsnip, and wild 
carrot. Severe poisonings have occurred while foraging 
for these edible relatives.°° There are also reported cases 
of people mistaking wild ginseng for water hemlock.*’ 
The early practice of making toy whistles from the water 
hemlock stem has been was associated with several 
deaths in children.®* Cicutoxin is a noncompetitive 
GABA, receptor antagonist acting at both the GABA 
agonist site and on the chloride channel of the GABA, 
receptor-channel complex.®?”? This mechanism explains 
the high rate of seizures reported with cicutoxin 
exposure. 

The ginkgo tree (Ginkgo biloba) is the oldest tree living 
tree species. It has been employed in medicinal treat- 
ments for centuries and recently promoted for treatment 
of memory impairment, commonly as standardized 
extracts of G. biloba leaves. Ginkgo is primarily composed 
of two constituents: terpenoids and flavonoids. The 
terpenoids include ginkgolides A, B, C, J, and bilobalide. 
Flavonoids found in Ginkgo include a wide variety of 
compounds, but the best described is quercetin. 
Ginkgolides are moderate potent antagonists at GABA, 
receptor.” They also have been shown to cause 
vasodilation by inhibiting calcium influx through 
calcium channels and simulate the activation of nitric 
oxide release in the endothelium.” Ginkgolide B is a 
potent platelet-activating factor antagonist and 
ginkgolide C has demonstrated potent and selective 
antagonism at inhibitory glycine receptors.’4 Ginkgo- 
induced seizures are probably multifactorial. The 
flavonoid quercetin is an antagonist at both GABA, and 
GABAcg receptors, and probably modulates other ligand- 
gated ion channels.” In a recent case, a ginkgo seed 
constituent, 4-methoxypyridoxine, was thought to be 
responsible for seizure activity. The concentration of 4- 
methoxypyridoxine was elevated in this case and linked 
to decreased GABA synthesis.” 

Another hemlock species linked to seizure activity 
after ingestion is the Oenanthe species, hemlock water 
dropwort. The roots of water dropwort are yellow and 
typically composed of five or more tubers. This charac- 
teristic appearance has earned it the name “dead man’s 
fingers.” Water dropwort has produced significant 
toxicity from concentrated teas made from the plant or 
in its confusion with edible plants (i.e., water parsnips).”” 
The water dropwort produces oenanthotoxin, which is 
the cisisomer of cicutoxin. Oenanthotoxin is thought to 
inhibit neuronal sodium and calcium channels, resulting 
in potential seizure activity.” Its effect on GABA 
receptors has not been demonstrated. 
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The use and known toxicity of Anamirta species of 
plants also has existed for many centuries. Anamirta 
paniculata produces the toxin picrotoxin. The plant 
originates from the coast of Malabar and the islands 
around India. The common names for Anamirta 
paniculata (fishberries or Indian berries) derived from 
native fishermen using the crushed seeds to stupefy fish. 
It was also once employed in India and Great Britain 
as an antidote in morphine overdose.” Picrotoxin is an 
allosteric, noncompetitive inhibitor of both GABA, and 
GABA,’ receptors. The mechanism of picrotoxin is 
believed to involve binding to residues that line the pore 
in the second transmembrane domain (M2) of the o 
subunit. The M2 domain is a common feature of many 
transmembrane receptors, including GABA, glycine, and 
acetylcholine receptors. The common binding site is 
the probable mechanism for picrotoxin’s additional 
antagonism noted at nAChRs and glycine receptors.*! 

The Coriaria species of plants are most well known in 
Great Britain and New Zealand. Coriaria grows wild in 
southern Europe and may be cultivated in gardens 
because of its rich foliage. The leaves have been found as 
adulterants in senna and sweet marjoram. In the early 
1900s, a reported Mexican drug called Tlolocopetale was 
said to be the product of C. myrtifolia and was acutely 
poisonous.* The active toxin in Coriaria species is 
coriamyrtin. The New Zealand species of coriaria (New 
Zealand toot-plant; Coriaria ruscifolia, Coriaria sarmentosa) 
contains a glucoside similar to coriamyrtin, called tutin. 
Coriamyrtin and tutin are structurally similar to picro- 
toxin and appear be antagonists at GABA receptors.® 
However, the extent of their receptor binding and 
inhibition has not been revealed. 

The strychnos plant (Strychnos nux-vomica) is associated 
with violent seizures, paralysis, and death. Strychnos is a 
native plant of India and Southeast Asia. The strychnine 
alkaloid is a reversible and competitive inhibitor of 
glycine receptors in the spinal cord and cerebral cortex. 

The indolizidine alkaloid swainsonine isolated from 
the plants Swainsona canescens, Astragalus mollissimus 
(locoweed), and Oxytropis species (also locoweed) causes 
a debilitating chronic neurologic disease often leading 
to death. Swainsonine is a potent inhibitor of œ- 
mannosidase II, resulting in a lysosomal storage disease 
termed mannosidosis.** It is currently being investigated 
in the treatment of advanced neoplasms.®° 

Lathyrism, a disease caused by the grass pea (Lathyrus 
sativus), is mediated by a stereospecific plant amino acid 
(B-N-oxalylamino-L-alanine) that serves as a potent agonist 
at the (RS)-d-amino-3-hydroxy-5-methyl-isoxazole-4-pro- 
pionic acid (AMPA) subclass of neuronal glutamate recep- 
tors.®° 


HALLUCINATIONS 

The use of hallucinogenic drugs dates back many 
centuries. The vast majority of early plant use for 
hallucinogenic effects was through psychoactive snuffs. 
Recent literature supports the theory that hallucinogenic 
drugs produce their effects through partial agonist action 
at serotonin 5-HT, receptors.8” One of the most 


commonly known hallucinogens found in plant species 
is lysergic acid amide (LAA). It is structurally similar to 
lysergic acid (LSD). Lysergic acid amide is found 
primarily in Ipomoea violacea (morning glory) and 
Turbina corymbosa (ololiuqui). The content of LAA varies 
by plant but is most abundant in the Ipomoea varieties 
pearly gates, wedding bells, and Scarlet O-hara.8 In 
addition, Ipomoea seeds contain other alkaloids such as 
isolysergic acid amide 0.005%, chanoclavine 0.005%, 
elymoclavine 0.005%, and ergometrine 0.005%.*9° 
However, chanoclavine and ergometrine both possess 
open indole rings and lack hallucinogenic properties.*! 
Several species of plants and cacti produce their 
hallucinogenic effects from phenethylamine derivatives. 
Mescaline is a phenethylamine (3,4,5-trimethoxy-p- 
phenethylamine) found in cactus species of Lophophora 
williamsii (peyote), Trichocereus pachanoi (San Pedro 
cactus), and Trichocereus peruvianus (Peruvian torch). Its 
crown, or “button,” is used as the source of mescaline. It 
is cut from the cactus and dried into a hard brown disc.”” 

Nutmeg contains myrisiticin, which is metabolized to 
a methylenedioxymethamphetamine (MDMA) analog in 
animals; this pathway has not been demonstrated in 
humans. Myristicin is also a serotonin 5-HT, agonist. It 
contains elemicin, which is metabolized to 3,4,5- 
trimethoxy amphetamine.” 

The leaves of the tropical plant Mitragyna speciosa 
(ithang, korth, kratom) have been traditionally used as a 
substitute for opium. It has also been used in the Middle 
East as a traditional medicine for treating stomach and 
intestinal disorders (diarrhea). M. speciosa contains 
several alkaloids that possess opioid agonistic activities. It 
has been recently discovered that the 7-hydroxymi- 
tragynine metabolite of the parent alkaloid mitragynine 
(9-methoxy-corynantheidine) has the highest opioid 
activity of this plant.”° 


DEMYELINATION 

An illness associated with peripheral neuropathy has 
been associated with the plant Karwinskia humboldtiana 
(buckthorn, coyotillo). This plant is a large tree or bush 
that is commonly seen in northern Mexico and the 
southern United States. Intoxication typically results 
from the ingestion of the plant’s fruit. Only recently has 
the toxin been completely identified. The toxin from K. 
humboldtiana is called peroxisomicine. It is also known as 
T-514 or tullidol. Peroxisomicine destroys peroxisomes 
and generates free radicals, resulting in lipoperoxidation 
of cell membranes and leading to cell death.” 
Peroxisomicine has been shown to specifically target 
thick, distal nerve segments causing demyelination.” 
Histologically, there is widening of the periaxonal 
space and a redistribution of axonal organelles to a 
marginal position. Ultimately, axons undergo wallerian 
degeneration.”° 


CYANOGENIC PLANTS: AMYGDALIN, 

CYANOGENIC GLYCOSIDES 

Approximately 2500 different plant species have the ability 
to produce cyanogenic glycosides.” The compounds all 


share the common feature of yielding hydrogen cyanide 
on complete hydrolysis. Considering the vast of amount 
of plant taxa producing cyanogenic glycosides, the majority 
of exposures occur with cassava (Manihot esculenta) and 
seeds from the Prunus species (apple, peach, apricot, 
plum, etc.). Cassava contains the cyanogenic glycoside 
linamarin, which has been responsible for significant 
acute and chronic toxicity.”°”Y Toxicity typically occurs 
from improperly cooked cassava. The pathogenesis of 
the chronic diseases associated with cassava (e.g., 
epidemic spastic paraparesis or konzo) is probably 
multifactorial. The neurologic symptoms of konzo 
resemble that seen with neurolathyrism acquired from 
the grass pea. The principal metabolite of cyanide, 
thiocyanate, has been shown to be a potent agonist at 
AMPA receptors, similar to lectins from the grass pea. 
The metabolism of cyanide, however, is dependent on 
the sulfur-dependent enzyme rhodanese. In protein- 
deficient people where sulfur amino acids are low, 
cyanide may conceivably be converted to cyanate.'°” 
Cyanate has been shown to cause neurodegenerative 
disease in humans and animals.!°! It has been assumed 
that linamarin is enzymatically converted to cyanide by 
bacteria in the intestine. However, unmetabolized 
linamarin has been found in the urine after ingestion of 
cassava. Linamarin may be neurotoxic by entering cells 
via a glucose transporter and competing with cytocha- 
lasin B and glucose for those transporters. 

The principal cyanogenic glycoside found in the 
Prunus species is amygdalin. Amygdalin was first isolated 
from bitter almonds in 1830. It is metabolized to cyanide 
by the intestinal enzyme complex emulsin (glucosidase, 
benzocyanase, nitrilase). Amygdalin is the active ingre- 
dient in the apricot extract Laetrile (derived from 
laevorotatory mandelonitrile) that was promoted as an 
antineoplastic agent. It continues to be marketed 
primarily in Mexico as an anticancer drug. 


Metabolic Effects 


SAPONIN GLYCOSIDES 

The licorice root (Glycyrrhiza gabra) is one of the oldest 
known plant-derived medicines, having been used by 
Egyptians, Romans, and Greeks. It is one of the most 
frequently used traditional Chinese medicines!” and has 
become one of the leading natural compounds for 
clinical trials of chronic active viral hepatitis or human 
immunodeficiency virus infections. Glycyrrhizic acid is 
the major bioactive triterpene glycoside of licorice root. 
It has demonstrated a wide range of pharmacologic 
properties, including anti-inflammatory, antiulcer, anti- 
allergic, and antiviral effects.! The content of gly- 
cyrrhizic acid in licorice root is 2% to 24% of the dry 
weight. Upon ingestion, glycyrrhizic acid is hydrolyzed in 
the intestine to the pharmacologically active compound 
glycyrrhetic acid, which inhibits the enzyme 11-f- 
hydroxysteroid dehydrogenase. 11-B-hydroxysteroid is 
responsible for the interconversion of cortisol to cortisone 
and confers ligand specificity to the mineralocorticoid 
receptor.!°* Inhibition of 11-B-hydroxysteroid dehydro- 
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genase leads to increased serum cortisol levels. This 
promotes a hypermineralocorticoid state since cortisol 
binds with the same affinity as aldosterone at the 
mineralocorticoid receptor.!™ The ensuing pseudo- 
primary hyperaldosteronism is reversible, but may take 
several months to resolve. The protective function of 
glycyrrhizic acid on the liver has recently been explained 
as an inhibitory effect on nuclear factor x B, which is 
known to activate genes encoding inflammatory 
cytokines within the liver.!°° 


NEPHROTOXIC PLANTS 

Toxicity from Aristolochia species has most commonly 
been seen with Chinese herbal medications.!°7!° An 
epidemic occurred in Belgium when the Chinese herbal 
Stephania tetranda was substituted by Aristolochia fangchi. 
However, endemic nephropathy in Croatia has recently 
been linked to wheat grain flour, likely contaminated 
with seeds of Aristolochia clematitis during harvesting.'” 
Aristolochic acids present in Aristolochia species undergo 
reduction of the nitro group by CYPIAI and CYP1A2 
peroxidases in extrahepatic tissues to reactive cyclic 
nitrenium ions.'!? Reaction with intracellular proteins 
leads to a specific pattern of tubulointerstitial fibrosis!!! 
and Fanconi syndrome,' and may lead to urothelial 
carcinoma.’ 


HEPATOTOXIC PLANTS 


Hypoglycin 

The ackee tree (Blighia sapida) originates from West 
Africa and was introduced into Jamaica around 1778. Its 
scientific name derives from the British explorer Captain 
William Bligh, who apparently introduced the tree to 
Jamaica in 1793 as a food source for West African 
slaves.!!4 In West Africa, the green fruits are used for 
laundering and the crushed fruits are employed as a fish 
poison. When burned, the ashes from the seeds and 
jackets may be used as soap due to their oil and potash 
contents. Various parts of the Ackee tree are still used 
medicinally in South America for fever, headache, 
dysentery, and as an antihelminthic. Jamaican vomiting 
sickness (JVS) has been a well-described illness resulting 
from eating the fruit from the ackee tree. For many years 
the source of the toxin was thought to come from the 
overripe or decomposing arils. It is now known that the 
toxin in ackee fruit is found in the unripe arils and seeds. 
The ackee fruit contains two primary toxins, hypoglycin 
A and B." Hypoglycin A [o-amino-B-(2-methylenecyclo- 
propyl) propionic acid] is found primarily in the aril of 
the ackee fruit, but is degraded as the aril opens and 
ripens.'!° The ripe fruit may still contain a small portion 
of toxin, however. The seeds contain hypoglycin B [j-L- 
glutamyl o-amino-B-(2-methylene cyclopropyl) propionic 
acid], the y-glutamyl derivative of hypoglycin A. The 
seeds are always poisonous, but hypoglycin B is reported 
to be less toxic than hypoglycin A. 

Hypoglycin undergoes transamination and oxidative 
decarboxylation to form methylene cyclopropyl acetic 
acid (MCPA), which then combines with coenzyme A 
(MCPA-CoA). MCPA-CoA is a suicide inhibitor of several 
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FIGURE 24-1 Castor beans. 
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FIGURE 24-4 Dieffenbachia. (Courtesy of 


Donald B. Kunkel, MD.) 


FIGURE 24-3 Chinaberry. (Courtesy of Donald B. 


Kunkel, MD.) 
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FIGURE 24-5 Foxglove. 





FIGURE 24-6 Jequirity beans. (Courtesy of 
Donald B. Kunkel, MD.) 
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FIGURE 24-8 Lantana. (Courtesy of Donald B. 
Kunkel, MD.) 
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FIGURE 24-7 Jimson weed. (Courtesy of Donald B. FIGURE 24-9 Lily of the valley. (Courtesy 


Kunkel, MD.) of Donald B. Kunkel, MD.) 
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FIGURE 24-10 Mescal beans. (Courtesy FIGURE 24-11 Yellow oleander. (Courtesy FIGURE 24-12 Peyote. (Courtesy of Donald 
of Donald B. Kunkel, MD.) of Donald B. Kunkel, MD.) B. Kunkel, MD.) 
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FIGURE 24-14 Rhubarb. (Courtesy of Donald 
MD.) B. Kunkel, MD.) 
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FIGURE 24-15 Silverleaf nightshade. (Courtesy FIGURE 24-16 Tree tobacco. (Courtesy of 
of Donald B. Kunkel, MD.) Donald B. Kunkel, MD.) 
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FIGURE 24-17 Water hemlock. 
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FIGURE 24-19 Yew. (Courtesy of FIGURE 24-20 Wisteria. (Courtesy FIGURE 24-21 Yellow oleander, fruit with 
Donald B. Kunkel, MD.) of Donald B. Kunkel, MD.) “lucky nut.” (Courtesy of Donald B. Kunkel, 
MD.) 





FIGURE 24-22 Alocasia. FIGURE 24-23 Red baneberry. 
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FIGURE 24-28 Caladium. 


FIGURE 24-29 Lenten rose. (Courtesy of David G. Spoerke, MS, 
RPH.) 





FIGURE 24-31 Four o’clocks. 
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FIGURE 24-32 Lobelia. FIGURE 24-33 Pokeweed. 
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FIGURE 24-35 Monkshood. FIGURE 24-36 Lacy tree philodendron. 
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FIGUR 9 Snow on the mountain. (Courtesy of David G. 
Spoerke, MS, RPH.) 
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distinct acyl-CoA dehydrogenases: short-chain acyl-CoA, 
medium-chain acyl-CoA, and isovaleryl-CoA dehydroge- 
nases.!!7!8 Long-chain acyl-CoA dehydrogenase does 
not appear to be significantly inactivated. Inhibition of 
acyl-CoA dehydrogenase prevents the B-oxidation of fatty 
acids, leading to a decrease in the substrates needed 
for gluconeogenesis and oxidative phosphorylation. The 
release of insulin is not affected by MCPA, MCPA-CoA, or 
hypoglycin.!'9 


Pyrrilizidine Alkaloids 

More than 350 pyrrolizidine alkaloids have been iden- 
tified in over 6000 plants.'*° Not all pyrrolizidine 
alkaloids are known to be toxic. In those that are known 
to cause toxicity, a number have been discovered to be 
carcinogenic in rodents. Due to the vast number of 
plants containing pyrrolizidine alkaloids and their 
worldwide distribution, they probably are the most 
common poisonous plants affecting livestock, wildlife, 
and humans.’*! Plants containing toxic pyrrolizidine 
alkaloids belong to the Boraginaceae, Compositae, and 
Leguminosae families. The most commonly encoun- 
tered plants containing these alkaloids are Amsinckia spp. 
(fiddle neck, tarweed), Crotalaria spp. (rattle box), 
Cynoglossum officinale (hound’s tongue), Echium vulgare 
(blue weed), Heliotropium species (giant hog weed), 
Hypericum perforatum (heliotrope), Senecio spp. (ground- 
sels, Senecio), and Symphytum officinale (comfrey). 

The mechanism of hepatoxicity is thought to be the 
formation of toxic metabolites by cytochrome P-450.!”° 
Pyrrolizidine alkaloids are metabolized by CYP450 to 
highly reactive pyrroles such as dehydroretronecine. The 
toxicity of the necine alkaloids is inherent upon their 
ability to bind and alkylate various intracellular con- 
stituents. Intracellular toxicity leads to defects of 
sinusoidal endothelia, with increased permeability and 
red blood cell extravasation into the space of Disse. 
Obstruction of vessels is subsequently caused by reticulin 
fiber formation within the lumen of central and 
sublobular veins. The thickening of hepatic veins leads to 
a functional outflow obstruction and massive organ 
congestion. The end result is necrosis of hepatocytes and 
mesenchymal cells.'*° Signs of inflammation are usually 
lacking.'** Although the liver is the most commonly 
reported effect, other organ systems may also be affected. 
Endothelial defects may occur within the lung similar to 
those seen within the liver parenchyma, leading to the 
development of pulmonary hypertension.'”° 

In Western Europe, comfrey has been applied for 
inflammatory disorders such as arthritis, thrombophlebitis, 
and gout and as a treatment for diarrhea. Toxicity is most 
likely due to various hepatotoxic pyrrolizidine alkaloids 
such as lasiocarpine, symphytine, and symphytoxide 
A.126127 The main liver injury caused by comfrey 
(Symphytum officinale) is veno-occlusive disease. Sym- 
phytoxide A has also exhibited hypotensive effects in 
anesthetized rats. 

In the rat model the alkaloids have been found to be 
tumorogenic. Hepatocellular adenomas have been 
induced in rats fed a diet of comfrey roots and leaves.'*® 
There have been no definitive reports of human cancers 


in those exposed to pyrrolizidine alkaloids. Maté tea (Ilex 
paraguensis) contains pyrrolizidine alkaloids as well as 
tannins, and has been associated with increased risk for 
esophageal cancer, which is related to both amount and 
temperature of the ingested beverage.'*9 


OTHER HEPATIC PLANT TOXINS 

Germander has been used in herbal remedies for 2000 
years.'°° Alcoholic extracts may use germander as a flavor 
ingredient, providing a bitter aromatic taste to the 
beverage. In 1992, several cases of hepatitis surfaced in 
France due to germander. At that time, germander 
(Teucrium chamaedrys) was being used for supportive 
treatment of obesity and diarrhea. An interesting feature 
in the original cases in France was that in approximately 
half of the patients, a rechallenge of germander caused 
early recurrence, suggesting an immunoallergic type of 
hepatitis.'°''!°° The furan ring of the diterpenoids in 
germander has been shown to be oxidized by CYP3A4 
to a reactive epoxide neoclerodane.'**'*° Neoclerodane 
depletes cellular thiols, decreases cell glutathione, 
increases intracellular calcium, and causes DNA frag- 
mentation, resulting in apoptosis.!°° Research conducted 
on the mechanism of abrupt disease recurrence with 
reintroduction of germander demonstrated that epoxide 
hydrolase was the target of germander-induced auto- 
antibodies on the surface of human hepatocytes. 
Epoxide hydrolase may in turn act as a target for reactive 
metabolites from the neoclerodane diterpenoids. 
Teucrium polium (felty germander) has also been used 
as an herbal medication primarily in Iran as a 
hypoglycaemic adjunct. The Teucrium species contain 
saponins, glycosides, flavonoids, and a number of furan- 
containing neoclerodane diterpenoids (teucrolivin, 
teucrin A). Teucrium polium has been shown to reduce 
high blood glucose levels by enhancing insulin secretion 
in the B islet cell.!°” 

Sassafras (Sassafras albidum) contains the toxin safrole 
that is a potent inhibitor of human CYP1A2, CYP2A6, 
and CYP2E1.'°* Safrole has been used recently in the 
manufacturing of MDMA by way of an aminomercu- 
ration process. Safrole has been linked, however, to the 
development of cancer. The carcinogenicity of safrole is 
mediated through 1’-hydroxysafrole formation, followed 
by sulfonation to an unstable sulfate that reacts to form 
DNA adducts. 139 

The primary toxin in pennyroyal is the terpene 
pulegone. Pulegone may have toxic properties but it is 
likely its proximate metabolite methofuran that is 
responsible for significant hepatoxicity. Menthofuran 
is formed by oxidation of the allylic methyl groups of 
pulegone by CYP3A4.'*°!41 Menthofuran reacts with 
nucleophilic groups on proteins to form covalent 
adducts'** and extensively depletes glutathione.'* 
Histologically, dilatation of the central veins and dis- 
tention of sinusoidal spaces occurs within 6 hours of 
exposure. Centrilobular necrosis is evident within 12 
hours of exposure.!*4 

Both Atractylis gummifera (Mediterranean thistle) and 
Callilepsis laureoa (impila) have been shown to be con- 
siderably toxic, with a high rate of mortality. C. lawreoa 


thrives in the KwaZulu-Natal region of South Africa and 
has been used as a traditional herbal medicine by the 
Zulu. It is estimated that up to 1500 deaths occur 
annually in this region due to ingestion of C. laureoa.!® 
Ingestions of A. gummifera continue to occur in the 
Middle East and southern Europe because of its use as an 
herbal medicine. Children have been poisoned by this 
plant, mistaking the root for wild artichoke.'*° The 
toxicity of A. gummifera resides in its three diterpenoid 
glucosides: atractyloside, carboxyatractyloside, and apo- 
carboxyatractyloside. The atractylosides are capable of 
inhibiting mitochondrial oxidative phosphorylation as 
specific inhibitors of the mitochondrial ADP/ATP 
translocase.'*” Human poisoning may present with either 
acute hepatic or renal pathology. At varying concen- 
trations of atractyloside, cells may exhibit frank necrosis 
or apoptosis.'*8 Because of the varying pathology 
between the liver and renal tissue histologically, it is 
possible that there is a second, different mechanism of 
toxicity in hepatocytes.!*° 


Plant Dermatitis 
CHEMICAL IRRITANT DERMATITIS 


The spurge family (Euphorbiaceae) is notorious for its 
highly irritant latex. The classic plants in this family 
associated with dermatitis include Euphorbia myrsinites 
(creeping spurge), Euphorbia tirucalli (pencil cactus), 
Euphorbia lactea (candelabra cactus), Euphorbia pulcherrima 
(poinsettia), and Euphorbia milti (crown of thorns). The 
latex has been used medicinally for centuries. In AD 50, a 
Greek physician named Pedanius Dioscorides mentioned 
several species of Euphorbia in the treatment of warts, 
calluses, and torpid ulcers of the scalp.'**!°° The active 
toxins in the latex are phorbol (tigliane polyol) and 
diterpenoid esters. 151154 

Perhaps the most notorious plant known to cause an 
irritant dermatitis is the chili pepper. Members of the 
genus Capsicum have been used in recipes longer than 
any other spice, dating back to 7000 Bc.!°? Upon contact 
with the skin, capsaicin binds to C-polymodal nociceptors, 
causing depolarization and leading to vasodilation, smooth 
muscle stimulation, glandular secretions, and sensory 
nerve activation.’ Since only C-afferent nerve fibers are 
affected, and not the skin, no blistering is seen. 

Members of the buttercup family (Ranunculaceae) have 
also caused significant skin irritation. Buttercup leaves 
have long been used in Europe and elsewhere as 
vesicants.!°° Buttercups contain an unsaturated lactone 
called protoanemonin, which is formed after injury to the 
plant by the breakdown of the glycoside ranunculin.°°!57 
Local tissue injury may be due to inhibition of DNA 
polymerase and increase of oxygen free radicals by 
protoanemonin. Protoanemonin rapidly metabolizes to 
anemonin, which is nontoxic. Therefore, only freshly 
damaged plants typically cause a skin reaction. 


ALLERGIC CONTACT DERMATITIS 

Allergic contact dermatitis is the result of a type IV 
hypersensitivity reaction that requires a previous expo- 
sure before symptoms develop. The most common sub- 
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stances known to elicit such a reaction are the urushiol 
oleoresins. Urushiol contains a mixture of catechols (1,2- 
dihydroxybenzenes) and resorcinols (1,3-dihydroxy- 
benzenes) and is found in Toxicodendron (poison tree) 
species, including poison ivy (Toxicodendron radicans), 
poison oak (Eastern, Toxicodendron toxicarium; Western, 
Toxicodendron diversilobum), and poison sumac (Toxico- 
dendron vernix). It also includes fruit and nut trees such 
as gingko (G. biloba), cashew (Anacardium occidentale), and 
mango (Mangifera indica). Cashew nut shell oil contains 
cardol, a resorcinol with a similar side chain to poison 
oak and poison ivy allergens. Members of Ginkgoaceae 
and Proteaceae contain sensitizing resorcinols.'°° In 
severe cases, type I hypersensitivity reactions may develop. 
Occupational exposures to plants represent another 
common source of toxicity. People working in the tulip 
industry have known for years of the condition termed 
“tulip fingers.” This painful hyperkeratosis of the 
fingertips is caused by exposure to the toxin tuliposide 
A.!°9 People working with lilies of the Alstroemeria family 
have developed a similar condition due to the tuliposide 
found in Alstroemeria. Tuliposide is hydrolyzed to a 
butyrolactone, which probably acts as the true allergen 
in these cases. Cross-reactivity may occur among workers 
already sensitized to tulips or Alstroemeria species. 
Occupational exposure to primroses is another cause of 
allergic dermatitis due to the toxin primin (2-methoxy-6- 
pentyl-1,4-benzoquinone).!°° 


CONTACT URTICARIA 

Toxin-mediated contact urticaria occurs without prior 
sensitization and does not involve a hypersensitivity mech- 
anism. Members of the family Urticaceae, including 
stinging nettle (Urtica dioica), account for the majority of 
contact urticaria throughout the world.'®! Plant species 
known to cause contact urticaria contain small outgrowths 
of epidermal cells known as trichomes. A trichome is 
composed of two components: a proximal silicaceous 
hair and a distal calcified bulb. When traumatized, the 
bulb is dislodged from the end of the hair, revealing a 
beveled, hypodermic needle-like, silicaceous hollow.'™ 
Glandular trichomes linked to urticaria most often 
contain histamine, choline, and serotonin as active toxic 
components.!®*!® Cowitch (Mucuna pruriens) also 
produces a “sea bean,” which contains 6% levodopa and 
tryptamines. 


PHYTOPHOTODERMATITIS 

Recognition of plants associated with phytodermatitis 
developed through treatment of preexisting skin 
conditions such as vitiligo. Four plant families have been 
primarily implicated in causing phytophotodermatitis 
and include Umbelliferae (Apiaceae), Leguminosae 
(Fabaceae), Moraceae, and Rutaceae. Throughout the 
late 1800s and early 1900s, the dermatitis of a number 
of plants was recognized, although the necessity of con- 
comitant ultraviolet radiation (UVR) exposure was not 
identified until the 1940s. Photochemotherapy (e.g., 
pulsed ultraviolet actinotherapy) continues to be an avid 
treatment for skin conditions such as vitiligo, psoriasis, 
atopic dermatitis, and many others.!® 
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The compounds responsible for phytodermatitis are 
furocoumarins, which are tricyclic compounds with 
both linear (psoralens) and angular structures. The 
two most clinically relevant photosensitizing psoralens 
are 8-methoxypsoralen (8-MOP, or xanthotoxin) and 
5-methoxypsoralen (5-MOP, or bergapten). The photo- 
toxic effect of furocoumarins is related to their ability to 
absorb photon energy. In particular, psoralen molecules 
exposed to UVR are elevated into an excitable state that 
causes covalent bonding between the psoralen molecule 
and the cell’s DNA. The alteration of DNA structures 
stimulates mitosis in epidermal skin cells, particularly 
keratinocytes and melanocytes.'°® Melanocytes have 
been observed to have enhanced tyrosinase activity as 
well as larger, dispersed melanosomes contributing to 
enhance pigmentation. In general, the psoralens are 
more phototoxic than the angular furocoumarins, with 
the exception of angular furocoumarin (known as 
pimpinellin) found in members of the genus Heracleum 
(Umbelliferae). The most severe reactions occur with 
bergapten isolated from Citrus bergamia (Rutaceae), the 
bergamot orange, and xanthotoxin isolated from Fagara 
xanthoxyloides (Rutaceae). ‘The majority of toxicity develops 
from common fruits and plants in these families such as 
Citrus aurantifolia (lime), Apium graveolens (celery), Heracleum 
sphondylium (cow parsley), Ruta graveolens (garden rue), 
Ficus carica (fig tree), and Psoralea corylifolia (scurf-pea). 


TOXICOLOGY 


Clinical Manifestations (Acute and 
Chronic) 


GASTROINTESTINAL IRRITATION 
The majority of plant exposures result in mild toxicity, 
typically in form of GI distress. However, a number of 
animal cases have demonstrated more a significant level 
of toxicity, including hypotension, sedation, seizures, 
and hepatic degeneration with Narcissus.'° 

Calcium oxalate crystals are found in a wide variety of 
common houseplants and are frequently involved in 
pediatric poisonings. Dieffenbachia species are the most 
potent mucosal irritants. Mechanical stimulation is 
needed for forced extrusion of the crystals and other 
bradykinin-like substances, resulting in mucosal injury, 
salivation, and swelling of the lips, tongue, and mouth. 
Due to immediate tissue irritation, large amounts of the 
plant are seldom ingested, reducing the likelihood of 
systemic oxalate intoxication. In grazing animals, how- 
ever, oxalic acid poisoning has occurred due to larger 
ingestions. Swelling rarely causes obstruction, but loss of 
voice can last for several days. Plant juice exposures to 
the eye can also produce significant eye irritation, with 
calcium oxalate crystals detected up to 8 weeks after 
exposure.!® 

Plants containing RIPs [jequirity bean, castor bean, 
black locust, Barbados nut (Jatropha)| are only toxic if 
masticated or injected. One masticated seed is potentially 
lethal to a child, and 8 to 10 seeds to an adult.!®? Clinical 
effects include severe hemorrhagic gastroenteritis with a 


delay of 2 to 6 hours, followed by complications of fluid- 
electrolyte loss (hypotension, tachycardia, prerenal 
impairment). Transient liver damage occurs in most 
cases. Metabolic effects include metabolic acidosis, 
leukocytosis, hyperglycemia or hypoglycemia, and 
increased creatine kinase. QT prolongation was observed 
in 5 of 10 serious pediatric cases. Fever is an important 
initial finding. If death occurs, it is usually related to 
multiorgan failure after the third day.!”° 

Pokeweed contains phytolaccine, a saponin that 
produces a severe hemorrhagic gastroenteritis within 2 
to 4 hours of ingestion, consisting of hematemesis, 
abdominal cramps, foamy diarrhea, and melena. There 
is typically initial burning in the mouth and throat. 
Unripe berries are more toxic, but serious toxicity has 
occurred with as few as 10 ripe berries in a child. ‘Toxicity 
can generally be avoided by parboiling the shoots. 
Mitogens accompany the GI irritants and commonly 
result in the presence of immature plasma cells on 
peripheral smears; plasmacytosis may last 2 months or 
more. A tea made from leaves is more toxic and causes 
rapid onset of hypotension, respiratory depression, 
cholinergic symptoms, and seizures.!”! 

Solanine is a bitter-tasting alkaloid found in Solanum 
species such as climbing nightshade, horse nettle, potato 
eyes, eggplant, tomato, and Jerusalem cherry. It is 
removed by boiling but not baking. Ingestion results in 
both GI and neurologic symptoms. Unripe berries are 
more toxic, and it is estimated that up to 10 berries of 
Solanum dulcamara or up to three berries of Solanum 
nigrum or Solanum pseudocapsicum can be ingested with- 
out toxicity. Vomiting, diarrhea, headache, and flushing 
are the most common symptoms, with the potential for 
altered mental status, hallucinations, and delirium 
resembling the antimuscarinic toxidrome.!” 

Holly berries and leaves contain saponins, which may 
cause gastroenteritis. However, most casual ingestions 
result in no toxicity. Vomiting generally occurs within 
6 hours, and diarrhea follows within 20 hours. It is 
estimated that ingestion of 20 to 30 berries could be fatal 
to a child; however, this is poorly documented.!” 

The American variety of mistletoe contains phora- 
toxin, which is 10 times less toxic than the viscotoxin 
found in European varieties. Nevertheless, the berries 
from both remain a common source of GI poisoning, 
with all parts of the plant being potentially toxic. Up to 
20 berries or five leaves have been ingested without 
toxicity!”*; 90% of exposures reported to poison centers 
remained asymptomatic in a large series.!” The ingestion 
of mistletoe tea is potentially fatal, as concentrated forms 
of the toxins are cardiotoxic. Mistletoe hepatitis has also 
been reported.!” 

It is estimated that 15% of the world’s total population 
chews betel nut on a daily basis. The fruit of the areca 
palm tree (Areca catechu) is chewed alone or mixed with 
other components to form a quid, usually containing 
catechu gum from the Malaysian acacia tree, and 
calcium hydroxide. The chief ingredients are arecholine 
and arecatcine, which act as acetylcholine agonists at 
central and peripheral sites. Acute effects are similar to 
nicotine, with dizziness, nausea, diaphoresis, and vomiting. 


Cholinergic toxicity with classic SLUDGE (salivation, 
lacrimation, urination, defecation, gastric distress, 
emesis) syndrome occurs with initial or heavy use. 
Tachycardia is typically observed. A dose-related 
bronchospasm occurs in asthmatic subjects. Long-term 
effects include betel chewer’s perleche (fissures at the 
angles of the mouth), red staining of the oral mucosa, 
gingival leukoplakia that can progress to squamous cell 
carcinoma, brown staining of teeth, and milk-alkali 
syndrome related to the oyster shell lime paste 
component of the quid.!”” 


HEPATOTOXIC PLANTS 
JVS remains prevalent in the Caribbean. The Centers for 
Disease Control and Prevention reviewed reported cases 
of JVS from 1989 to 1991 and found 38 cases and 
6 deaths, with 76% of cases occurring between January 
and March.!78 Hypoglycin toxin is similar in structure 
to a valproic acid metabolite and causes hypoglycemia, 
hyperammonemia, lethargy, vomiting, coma, and 
cerebral edema resembling Reye’s syndrome. The ackee 
fruit is still available for sale in some European countries, 
but the U.S. Food and Drug Administration has banned 
its importation due to the potential risk for toxicity. 

Reports of hepatic disease surfaced in South Africa in 
1920 after ingestion of Senecio longilobus (threadleaf, 
groundsel) led to the development of liver cirrhosis in 
several people.'”? Another outbreak of severe liver 
toxicity occurred in Jamaica in the 1950s when several 
children developed ascites, hepatomegaly, jaundice, and 
eventually cirrhosis after the ingestion of “bush tea.” The 
tea consumed contained the leaves from Crotalaria species, 
now known to contain toxic pyrrolizidine alkaloids. More 
recent cases in both adults and infants have occurred in 
India, Afghanistan, and the United States.'®°!®! Reports 
to the French Regional Centers of Pharmacovigilance 
revealed an association of germander ingestion and 
hepatitis. The severity of the illness ranged from mild 
hepatitis to cirrhosis to fulminant hepatic failure.'8*!® 
More recently, the ingestion of Teucrium polium was 
implicated in acute cholestatic hepatitis in Greece.!*° 
The liver disease that has now been well described for 
the pyrrolizidine alkaloids resembles that of Budd-Chiari 
syndrome, with thrombotic and nonthrombotic occlusion 
of terminal centrilobular hepatic veins.'871°8 

Pennyroyal has long been used as an abortifacient, 
particularly in areas of central and South America.!*? The 
oil is also used in cosmetic formulations as a fragrance 
component. Pennyroyal oil has been an adulterant in 
mint teas used as home remedies to treat minor ailments 
and colic, resulting in at least one infant death.'”° Severe 
toxic effects may develop after ingesting as little as 
10 mL, and fulminant hepatic failure may be observed 
after ingesting as little as 15 mL."! 


Cardiovascular Toxicity 
CARDIAC GLYCOSIDES 


Cardiac glycoside poisonings are characterized by initial 
GI symptoms of nausea and vomiting, followed by 
bradycardia, dysrhythmias, hypotension, hyperkalemia, 
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and altered mental status. Dysrhythmias generally 
include various degrees of heart block and bradycardia, 
with subsequent ventricular ectopy. However, a wide 
range of toxicity exists among plants containing cardiac 
glycoside toxins. For example, although poisoning from 
yellow oleander,'’*!™ lily of the valley,” and squill!%° 
are remarkably similar, significant intoxication leading 
to mortality is rarely reported with lily of the valley 
ingestions. 

A 10-year analysis of TESS exposures to lily of the 
valley found only three patients with serious outcomes 
among 2639 cases. The great majority of these exposures 
occurred in children younger than 6 years (93%), and 
there is no documentation of amount of exposure in the 
report.!9” 


SODIUM CHANNEL TOXINS 

In a series of 356 ingestions of Taxus baccata (English yew 
tree), only 4% of patients had minor symptoms. In more 
severe Cases, systemic toxicity evolves within a few hours 
and consists of vomiting, abdominal cramps, syncope, 
bradycardia, hypotension, and cardiovascular collapse. 
Fatal cases have involved a toddler who chewed berries, a 
20-year-old woman who ingested yew to commit suicide, 
a man who developed ventricular arrhythmias after 
drinking a tea made from boiled leaves, a 28-year-old 
woman who ingested yew leaves, three prisoners who 
ingested a boiled extract of leaves, and ingestion of 150 
leaves by a psychotic woman. Preterminal arrhythmias 
reported in these cases included ventricular flutter, 
ventricular fibrillation, and idioventribular rhythms. In a 
previous report of the cardiac toxicity of Taxus brevifoli, 
the cardiac toxicity was partially attributed to cardiac 
glycoside activity.!” However, the cardiac toxicity in this 
case is most likely due to the plant’s taxine alkaloids 
and not a cardiac glycoside, since the plant does not 
appear to possess any cardenolide and bufadienolide 
compounds. 

Cardiovascular toxins such as hellebore, death camas, 
rhododendron, azalea, and monkshood share a mecha- 
nism of maintaining sodium channels in the open 
position, resulting in a combination of cardiovascular and 
neurologic toxicity. Initial symptoms may include 
sneezing, diaphoresis, chills, and paresthesias, followed 
by vomiting, diarrhea, bradycardia, dysrhythmias 
(including torsades de pointes), hypotension, CNS and 
respiratory depression, and seizures. The amount and 
composition of Aconitum alkaloids are the main factors 
determining the severity of intoxication and vary greatly 
with different species, time of harvesting, and the 
method of processing. 199400 


NEUROTOXINS 

Nicotine is an alkaloid that is well absorbed from the 
skin, lungs, and GI tract. Initially, it is a potent emetic, 
which somewhat limits its toxicity in small ingestions. 
Serious intoxication, however, is well reported. Early 
symptoms are those of both parasympathetic and 
sympathetic stimulation (GI distress, miosis, lacrimation, 
bronchorrhea, transient hypertension, and tachycardia 
followed by cardiovascular collapse). Neuromuscular 
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symptoms include fasciculations, weakness, paralysis, 
coma, and seizures. Several distinct illnesses have been 
described among the nicotine alkaloids. Green tobacco 
sickness is an illness associated with nicotine exposures 
among tobacco harvesters. This illness develops through 
transdermal absorption of nicotine through contact with 
the green tobacco plant. Symptoms include weakness, 
headache, nausea, vomiting, dizziness, abdominal cramps, 
diarrhea, chills, fluctuations in blood pressure or heart 
rate, and increased perspiration and salivation. The 
onset of the illness is 3 to 17 hours after exposure and 
the duration of illness is 1 to 3 days.*®% 

Coniine and its metabolites, found in poison hem- 
lock, act similarly to nicotine and characteristically cause 
an ascending paralysis with terminal asphyxia. Ataxia, 
salivation, and coma have been described. Seizures are 
usually absent. In humans, 3 mg of coniine is said to have 
produced symptoms, but 150 mg have been tolerated 
without discomfort. It has been reported that a lethal 
dose may be six to eight fresh leaves or approximately 
100 to 300 mg.™* The infamous death of Socrates in 
399 BC is attributed to the ingestion of a beverage that 
contained poison hemlock (Conium maculatum). After 
Socrates drank the poison, “he walked about and, when 
he said his legs were heavy, lay down on his back, for such 
was the advice of the attendant.” The jailor then began to 
examine Socrates, much in the way a modern physician 
might do. 


The man... laid his hands on him and after a while 
examined his feet and legs, then pinched his foot 
hard and asked if he felt it. He said “No”; then after 
that, his thighs; and passing upwards in this way he 
showed us that he was growing cold and rigid. And 
then again he touched him and said that when it 
reached his heart, he would be gone.*”° 


Anticholinergic toxins include scopolamine, atropine, 
and hyoscyamine and are found in a variety of plants, 
such as jimson weed (Datura stramonium), henbane, 
deadly nightshade (Atropa belladonna), night-blooming 
Jessamine, and mandrake (Madragora officinarum). The 
typical toxidrome involves dry mouth, mydriasis, fever, 
flushing, blurred vision, hallucinations, urinary retention, 
ileus, seizures, tachycardia, hypertension, and coma. 
Symptoms may be recurrent and prolonged. There are 
also reports of antimuscarinic symptoms developing 
following the use of Chinese herbal products. The 
Chinese herb yangjinhua contains dried flowers from 
Datura metel and has been used in treatment of bronchial 
asthma and chronic bronchitis.*°* Other herbal products 
linked to antimuscarinic toxicity include Panax ginseng 
and naoyangua. These products were most likely 
contaminated with Mandragon officinarum or other 
Solanaceae species and not part of the original Chinese 
material medica. There is also a case reporting the 
unintentional poisoning by deadly nightshade in a 
patient mistaking the plant for burdock (Arctium lappa) 
leaves while foraging.“ Datura has been used as a 
hallucinogen in the United States, resulting in sporadic 
cases of antimuscarinic poisoning and death.2°*" 

Cicutoxin, from water hemlock, is the most lethal 


indigenous North American poison. Most human 
exposures occur in patients who mistake Cicuta for wild 
edible species, such as wild carrot. The root contains the 
highest concentration of the toxic alkaloid cicutoxin. 
Ingestion of a 2- to 3-cm portion of the root can be fatal 
in adults.7!° Toxicity begins with severe GI symptoms 
within 15 to 90 minutes of ingestion. Seizures rapidly 
develop, with status epilepticus and respiratory arrest 
contributing to the 30% mortality rate. Other movement 
disorders and spasticity may occur. Complications 
include rhabdomyolysis and renal failure. 


HALLUCINOGENIC PLANTS 

Hallucinogenic plants include marijuana, nutmeg, 
peyote, morning glory seeds, Hawaiian baby woodrose, 
Scotch broom, ibogaine, khat, Salvia, Mitragyna, and 
yohimbine. 

Marijuana ingestion in children, with as little as 1 g of 
hashish or a few “cigarette” butts, causes rapid onset of 
drowsiness, conjunctival redness, mydriasis, ataxia, pallor, 
nystagmus, marked hypotonia, and eyelid lag. Rarely, 
coma, hypothermia, and respiratory obstruction can 
occur. Recovery typically occurs in 6 to 12 hours. Acute 
marijuana inhalation or ingestion can induce transient 
brief episodes of visual hallucinations, illusion, and 
auditory distortions, particularly with oral ingestion.?!!?!° 

Morning glory and Hawaiian baby woodrose seeds 
contain D-lysergic acids and produce a toxidrome similar 
to LSD. Altered sensorium and sympathomimetic 
toxidrome occurs with 20 to 50 morning glory seeds 
(equivalent to 20 to 50 ug of LSD) and 4 to 12 Hawaiian 
baby woodrose seeds. Very high doses (200 to 300 seeds) 
have resulted in lethargy, numbness, cool extremities, 
diarrhea, and dysuria. Onset is typically within 4 to 
6 hours and resolves in 12 to 24 hours.?!4 

Peyote cactus tops are ingested for the mescaline 
hallucinogenic effect, which is achieved with seven to 
eight dried cactus tops. An early phase of mild GI distress 
occurs, followed by a sympathomimetic phase, with 
the sensory phase peaking at 4 to 6 hours and lasting 6 to 
12 hours.?"° 

Nutmeg use continues to be reported among youths. 
The usual recreational dose is 1 to 3 tablespoons of 
ground nutmeg (approximately equivalent to one to 
three whole nutmeg kernels). Initially, nausea, vomiting, 
diarrhea, abdominal pain, and agitation occur. Later a 
hallucinogenic/delirium phase may ensue, but is incon- 
sistently present. Onset is 3 to 8 hours, with a duration 
of up to 24 hours.’ 

Ibogaine, from Tabernanthe iboga, is an Nmethyl-b- 
aspartate (NMDA) antagonist and opiate K agonist that is 
being used as a treatment for drug withdrawal. The 
typical experience is a dreamy state lasting 4 to 6 hours. 
Two fatalities have been reported, from ingestion of 
29 and 85 mg/kg. Vomiting, hypotension, and tremor 
preceded sudden collapse 2 hours and 24 hours after 
ingestion, respectively. 

Scotch broom (Cytisus scoparius) is touted as a legal 
high, containing hydroxytryptamine and sparteine. 
Blossoms are aged in a sealed jar for 10 days, then rolled 
into a cigarette and smoked. Deep relaxation, followed 


by enhanced color perception, without true hallucina- 
tions, is reported by users. Large doses can cause 
hypotension and tachycardia.*!° 

Ayahuasca (also known as daime, yaje, natema, 
vegetal) is ritually used by shamans in the Amazon. The 
preparation consists of two herbs prepared as a mixture. 
All contain a source of harmaline, Banisteriopsis caapi 
The second component is one of two plants that contain 
N,N-dimethyltryptamine (also known as DMT), either 
Psychotria viridis or Diplopterys cabrerana. ‘The harmaline 
alkaloids are monoamine oxidase inhibitors, and prevent 
presystemic metabolism of DMT, enhancing its 
psychotomimetic effects. In addition to hallucinations, 
mild sympathomimetic effects, such as hypertension, 
tachycardia, and fever, occur. 7!” 

Salvia divinorum is a hallucinogenic plant in the mint 
family that contains a diterpene compound called 
salvinorin A, the most potent known plant-derived 
hallucinogenic compound, with an effective dose of 200 
to 1000 ug when smoked. The plant’s leaves are dried 
and smoked, or chewed, to produce a rapid onset of 
hallucinations, within a minute, that last about 30 to 60 
minutes.7!® 

The Rhamnaceae family (buckthorn, wild cherry, 
coyotillo) consists of small woody shrubs and trees, the 
seeds of which are potent peripheral neurotoxins, 
causing a segmental demyelination, presenting as a 
neurologic syndrome similar to that for Guillain-Barré 
syndrome or other polyradiculoneuropathies.*'? GI 
symptoms may also occur. Onset is after a latency of 4 to 
7 weeks, with progression over months. The peripheral 
neuropathy classically starts in the lower extremities 
and may progress to respiratory compromise and 
death.**° Most patients recover after several months with 
supportive care. 


Multisystem Organ Failure 


There are several plants with cytotoxic mechanisms of 
action that produce multisystem organ failure. The most 
common are the colchicine-containing plants of autumn 
crocus and glory lily, and Podophyllum resin from 
mayapple. 

Colchicine plant poisoning often results from mis- 
taken identity for edible foods such as autumn crocus 
leaves for salad greens, bulbs for onions, and glory lily 
tubers for sweet potato. Children have been poisoned 
from use of the dried seed parts of autumn crocus as 
rattles. Each seed contains approximately 3.5 mg of 
colchicine. Ingestion of 10 to 12 flowers has been fatal in 
adults.**! Gloriosa superba tubers contain 6 mg per 10 g. 
Colchicine toxicity is characterized by oral paresthesias 
and hemorrhagic gastroenteritis within 2 to 12 hours, 
followed by progression in 24 to 72 hours to multisystem 
organ failure. Symptoms include fever, confusion, coma, 
ascending polyneuropathy, progressive respiratory dis- 
tress, renal failure, hepatic failure, leukocytosis followed 
by disseminated intravascular coagulation and bone 
marrow suppression, and cardiovascular shock or sudden 
cardiac arrest. Death is generally related to respiratory 
failure, cardiovascular collapse, sudden asystole, or sepsis 
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related to bone marrow suppression. Ingestion of more 
than 0.8 mg/kg is universally fatal.” 

Podophyllum toxicity is similar to that of colchicine, 
with a delay in onset of up to several hours after inges- 
tion, and up to 13 hours, following dermal application. 
However, neurologic toxicity is more predominant, with 
sensory motor peripheral neuropathy, paralysis, and 
encephalopathy reported after as little as 8 to 25 mL 
of the 25% resin ingested, with progression over 
months." 


CYANOGENIC GLYCOSIDES 

There are at least 150 plants that contain cyanogenic 
glycosides. Amygdalin is found in the kernels of plants in 
the Prunus species. The intact seed is not harmful. When 
the seed is crushed, the release of an enzyme, emulsin, 
catalyzes the hydrolysis of amygdalin to cyanide. Some 
gut bacteria also contain glucosidases. The clinical picture 
is like that of cyanide poisoning. Within 30 minutes 
of ingestion, dyspnea, cyanosis, vomiting, diaphoresis, 
weakness, seizures, coma, and cardiovascular collapse 
occur. Apricot kernels contain the highest concentration 
of amygdalin (8%), followed by peach pits (6%) and 
plum pits (2.5%). One gram of amygdalin releases 60 mg 
of hydrogen cyanide. Ingestion of 20 to 40 apricot 
kernels has resulted in serious toxicity.**?”*° Apple seeds 
also contain amygdalin, and ingestion of 50 seeds in one 
case and a cup of seeds in another case was fatal.'” 
Hydrangea contains hydrangin, another cyanide-releasing 
glycoside, in the leaves and buds; however, there have 
been no reported cases of cyanide toxicity from hydrangea. 


DERMATOLOGIC TOXINS 
The most notorious member of the Euphorbiaceae 
family is the manchineel tree. This tree once grew along 
beaches throughout the Caribbean, but is now mostly 
seen in areas of the Virgin Islands and Everglades 
National Park.'®! The manchineel tree was once planted 
on graves to deter grave robbers, and the latex has been 
used to brand horses.'*! The toxic effects from spurges 
vary by species, but many are capable of producing 
erythema, blistering, and desquamation. Contact with 
the latex from the spurge plants produces both local and 
mild systemic symptoms. Spontaneous, self-limited 
vomiting may occur in a small percentage of patients. 
Initial symptoms of skin reddening and swelling occur in 
2 to 8 hours, with formation of vesicles and blisters within 
4 to 12 hours. Eye contact often causes corneal abrasions, 
with effects lasting up to 3 weeks. Although poinsettia is 
in the same family, few cases of toxicity have been 
reported.?*’ Contact with sap caused caustic burns in an 
adult who was bundling plants in a greenhouse, with a 
latency of 24 hours. Poinsettia obtained an unwarranted 
reputation for significant toxicity after a poorly docu- 
mented case report in Hawaii in 1918. In general, 
poinsettia latex induces little local skin toxicity in 
humans and animals.” An analysis of TESS data showed 
oral irritation in 28%, vomiting in 24%, and throat 
irritation in 15% of poinsettia exposures.**9 

One of the most common plant exposures reported to 
poison centers is related to Capsicum peppers, producing 
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mucosal irritation and increased pain sensitivity, also 
known as hunan hand syndrome. Erythema and an 
intense burning sensation occur, generally without 
vesiculation. Massive ingestions can cause diarrhea or 
“jaloproctitis.” The New Mexico Poison and Drug 
Information Center receives up to 90 calls per year for 
“chili burns” of the hands. Their study showed that the 
best home remedy for chili burns was hand washing with 
soap and water followed immediately by 1 hour of 
immersion in vegetable oil.*°° 

Dermatitis following exposure to trichomes of such 
plants as stinging nettle usually lasts about 12 hours. The 
most impressive skin reactions result from contact with 
plants and trees from the genus Dendrocnide. This tree is 
primarily found in eastern Australia and has been linked 
to severe dermatitis lasting up to 3 weeks.!°° This 
reaction is exacerbated by water and has been attributed 
to one death.!°° 

Delayed contact dermatitis is associated with plants 
containing urushiol, such as poison ivy, poison oak, and 
poison sumac. Lacquer also contains urushiol. Cross- 
reacting compounds are present in mango, cashew, and 
ginkgo. Onset of rash is typically delayed for 24 to 48 
hours. Eruptions are classically linear streaks of ery- 
thema, followed by clusters of fluid-filled lesions that are 
intensely pruritic. The fluid contains no antigen and is 
not contagious, but patients often spread lesions by 
scratching areas contaminated with the oleoresin. 
Resolution typically occurs after 3 weeks or longer. Delayed 
contact dermatitis has also been reported from contact 
with ragweed, castor beans, and western red cedar. Urtica 
urens has also been reported to cause allergic contact 
dermatitis.?°! 

Photodermatitis due to furocoumarins and psoralens 
has been reported following exposures to lime, bergamot, 
bitter orange (Citrus aurantium), dill, celery, carrot, fennel, 
parsnip, mustard, fig, buttercup, and common rue. 
Bartenders have developed vesicles on their fingers from 
squeezing limes into cocktails. Phytophotodermatitis is 
an oxygen-independent, nonimmunologic reaction that 
may occur with only 15 to 30 minutes of exposure. The 
resulting hyperpigmentation may last for several months. 


DIAGNOSIS 


Laboratory Testing 


Osterloh and colleagues*** described cross-reactivity of 
oleander glycosides on radioimmunoassay for digoxin. 
Clinical symptoms, however, are more indicative of 
toxicity. Postmortem serum concentrations of cardiac 
glycosides are known to increase and do not predict the 
premortem levels.*®? The majority of polyclonal assays 
designed to detect digoxin or digitoxin will probably 
cross-react sufficiently to detect plant cardiac glycosides. 
If results are in question, a separate assay may provide 
additional confirmation. Other diagnostic testing used 
to detect plant toxins includes ultraviolet absorption, 
thin layer chromatography, high-performance liquid 
chromatography and mass spectrometry. There are 


sufficient case reports that chromatography can be a 
used to confirm plant exposure. Similar to the cardiac 
glycosides, however, clinical symptoms will be more 
indicative of toxicity. 


Differential Diagnosis 


The most common diagnostic dilemma is the pre- 
sentation of an asymptomatic child to an emergency 
department or a poison center with a history of ingesting 
an unknown berry. Although crude berry identification 
keys are available, these are not routinely useful.?* 
Identification of the plant through faxed copies of the 
material and/or having a family member bring the plant 
to a plant nursery has been successful. In patients pre- 
senting with suspected plant-related delirium in the 
presence of antimuscarinic findings, a diagnostic challenge 
with physostigmine can often provide the answer. The 
section on Pathophysiology contains a list of plants 
contained within each defined presenting toxidrome 
and can be used as a differential diagnostic tool when 
plant poisoning is suspected in a symptomatic patient. 


MANAGEMENT 


Supportive Measures 


As with other poisonings, support of airway, breathing, 
and circulation should be provided when necessary. 


Decontamination 


Gastric decontamination is not well studied for 
treatment of plant-related poisonings. The use of syrup 
of ipecac has declined in the United States to negligible 
amounts, but plant poisoning remain an indication for 
some poison centers, despite no evidence to document 
efficacy. A prospective randomized clinical trial of syrup 
of ipecac in 103 children who ingested less than six toxic 
berries showed no benefit from decontamination.”°? It is 
reasonable to assume that gastric emptying could benefit 
patients who present early and have ingested a 
potentially serious plant (see At a Glance section). In 
theory, large plant parts would be more completely 
retrieved by ipecac-induced emesis than by gastric 
lavage, particularly in children, in whom large-bore tubes 
are not practical. This same group of patients with very 
toxic plant ingestions may warrant more aggressive decon- 
tamination with whole bowel irrigation and activated 
charcoal. Given the benign nature of most plant 
ingestions in children, this should be a rare occurrence 
in the pediatric population. 

Nasogastric lavage performed 3 to 9 hours after 
ingestion of jimson weed seeds did not improve out- 
comes of length of stay or intensive care unit (ICU) 
admission, despite recovery of some seeds in 57% of 
patients where this was attempted. In cases where small 
seeds of plants with serious toxicity are ingested, it 
may considered when orogastric lavage cannot be 
performed.**° 


Skin decontamination is indicated for plants causing 
dermatologic toxicity. Plant trichomes from Mucuna or 
stinging nettle have been removed using such methods 
as adhesive tape, nontoxic glue dried and peeled, and 
facial masks. Skin areas in contact with poison ivy can be 
decontaminated with several washings of soap and water 
to remove the resinous material and prevent further 
areas of skin contamination. 

Eye decontamination is similar to that with other ocular 
exposures. It is particularly important following ocular 
exposures to plant saps known to cause eye irritation or 
injury, such as insoluble oxalates, Euphorbiaceae family, 
and trichome-containing plants. 


Laboratory Monitoring 


Laboratory studies will be dictated by the type of plant 
poisoning involved. Routine laboratory studies are 
seldom indicated for accidental plant exposures. 


Antidotes 


CARDIOVASCULAR PLANT POISONING 

Large doses of Fab-anti-digoxin antibodies (60 mg/kg) 
corrected both rhythm and hyperkalemia in dogs 
poisoned by oleander.™” Lower doses might have been 
effective, but were not tested. Shumaik and colleagues**® 
reported the use of digoxin-specific Fab fragments in the 
treatment of a 37-year-old man who had ingested Nerium 
oleander leaves, and other reports suggest efficacy of Fab 
fragments in this setting.**? Indications for Fab fragments 
include: 


1. Hyperkalemia (K* > 5 to 5.5 mEq/L) 

2. Life-threatening supraventricular and ventricular 
dysrhythmias 

3. Hemodynamically significant bradycardia unre- 
sponsive to atropine 


The treatment of aconitine and other sodium 
channel—opening plant toxins is therapeutically chal- 
lenging and based primarily on case report data. 
Bradycardia may respond to atropine. Amiodarone is a 
reasonable first-line agent for ventricular tachycardia, 
and was effective in five of nine patients in one series. 
Cardioversion was uniformly unsuccessful.?” 

It is reasonable to suppose that plants with sodium 
channel blocking activity may respond to intravenous 
sodium bicarbonate infusion. This was ineffective in a 
swine model of yew (Taxus) poisoning with widened 
ORS. Treated animals had lower blood pressures and 
wider ORS over time than controls. This treatment was 
effective in a case report of a patient with suicidal 
ingestion of yew cookies, however. Other anecdotal treat- 
ments have included vasopressors, transvenous pacing, 
cardioversion, atropine, magnesium sulfate, and lidocaine. 
Digoxin Fab fragments are ineffective, since the plant 
alkaloids have no cardiac glycoside structure. Taxine B 
also displays calcium channel blockade; therefore, 
intravenous calcium infusion may theoretically be 
beneficial. 
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HEPATOTOXICITY 
Pulegone is metabolized in a manner analogous to 
acetaminophen. N-acetylcysteine was administered in a 
patient who did not develop hepatotoxicity in one case, 
and should be considered in any patient with significant 
ingestion of the pennyroyal plant,?*! despite lack of 
efficacy shown in an animal model.** 

There is no specific antidote or treatment of hepatic 
veno-occlusive disease caused by plants containing 
pyrrolizidine alkaloids 


MULTIORGAN FAILURE 
Anticochicine Fab fragments have been developed in 
France, with evidence of efficacy in one human poisoning 
case and favorable animal research. However, these are 
not in commercial production and are currently not 
available.?* 

The U.S. army has recently developed an experimental 
vaccine against ricin. It has shown efficacy in mice. 


NEUROLOGIC PLANT TOXICITY 
Physostigmine has been compared with benzodiazepine 
therapy in the treatment of jimson weed-—induced 
delirium in two studies. Burn and colleagues found that 
only physostigmine reversed delirium, and was asso- 
ciated with decreased agitation, less complications, and 
shorter recovery time compared with benzodiazepines in 
a retrospective study of 52 patients with anticholinergic 
poisoning. Datura was the substance in 4 patients in each 
treatment group.”** In the second study, the com- 
bination of benzodiazepines with physostigmine did not 
reduce length of stay or ICU admission in 3 patients 
compared with benzodiazepines alone in 14 patients.*” 
Repeated doses of physostigmine are often necessary due 
to prolonged absorption of the plant toxins. 
Benzodiazepines remain part of the supportive care 
for other plant-related hallucinations and agitation 
syndromes, as well as initial therapy for plant-related 
seizures. Pyridoxine should be tried in cases of seizures 
suspected to be related to Ginkgo biloba, particularly with 
ingestion of the seeds, known to contain a pyridoxine 
antagonist. 


ELIMINATION 

There is no evidence for plant toxins to benefit from 
hemodialysis or hemoperfusion. Digitoxin, derived from 
Digitalis lanata, may benefit from enhanced elimination 
with multiple-dose activated charcoal. However, given 
the marked efficacy of the digoxin-specific Fab frag- 
ments, the utility of this modality will be low. 


DISPOSITION 

Patients who have ingested plants with a predilection for 
delayed onset of toxicity should be admitted, even if 
initially asymptomatic. This includes pennyroyal, RIPs 
(ricin, abrin), podophyllum, and colchicine-containing 
plants. Disposition for other toxic plants will be deter- 
mined by their exhibiting signs and symptoms. 
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2 5 Toxic Marine Life 


ROBERT P. DOWSETT, BM, BS 


At a Glance... 


m Marine life is toxic to humans through envenomation by: 

m Stinging: jellyfish, corals, and sea anemones. 

© Spinous puncture injury: stingray, catfish, scorpion fish, weever 
fish, starfish, and sea urchins. 

m Bites: sea snake, cone shell, and the blue-ringed octopus. 

m Poisoning by ingestion: paralytic shellfish poisoning, scombroid 
fish poisoning, puffer fish poisoning, and ciguatera. 

m Toxins injected by an animal into its prey are usually high- 
molecular-weight proteinaceous substances, and those that 
produce symptoms after consumption are generally low- 
molecular-weight molecules. 

m Management of marine toxins is largely supportive. 

m Specific first aid is required for jellyfish stings, spinous puncture 
injury, and envenomation by the blue-ringed octopus, cone 
shells, and sea snakes. 

m Careful débridement and cleaning of marine wounds is 
important. 

m Antivenom is available for the treatment of envenomation by 
the box jellyfish, stonetish, and sea snake but is only readily 
accessible in Australia. 

m A number of specific therapies have been suggested for the 
management of ciguatera poisoning, but the use of mannitol is 
no longer recommended. 


MARINE ENVENOMATION 


Introduction and Relevant History 


Some of the substances known to be most toxic to 
human beings are found in marine organisms (Table 
25-1 and Box 25-1). Important species causing marine 
envenomation are contained in the phylum Cnidaria, 
Mollusca, and Echinodermata (all invertebrates) and 
Chordata, Subphylum, and Vertebrata (vertebrates). The 
phylum Cnidaria (formerly Coelenterata) is composed 
of four classes of invertebrates that have the dominant 
characteristic of tentacles equipped with nematocysts 
that discharge toxins on contact. Three classes in the 
phylum are species commonly known as jellyfish; the 
fourth consists of the corals and anemones. The phylum 
Mollusca contains the blue-ringed octopus and cone 
shells. The phylum Echinodermata contains starfish and 
sea urchins. The phylum Chordata contains venomous 
fish, stingrays, and sea snakes.! 

Documented deaths from jellyfish worldwide probably 
only run into the hundreds, and Chironex fleckeri (the 
Australian box jellyfish) has only been associated with 72 
confirmed deaths despite its reputation as being nearly 
universally fatal. There are only 10 well-recorded deaths 
from cone shell envenomation, but sea snakes are 


estimated to cause 150 deaths a year. Deaths from marine 
spines are rare and, with the exception of the stonefish, 
appear to result from complications of infection.! The 
three most common marine organisms causing emergency 
department visits in the mainland United States are 
stingrays, catfish, and jellyfish. 


Epidemiology 
The four Cnidaria classes are as follows: 


1. Hydrozoa: This group of jelly-fish like animals 
includes Physalia physalis (the Atlantic Portuguese 
man-of-war and the Pacific man-of-war or blue 
bottle); Physalia utriculus, found off Hawaii and in 
the Indo-Pacific; and the hydroid corals, which are 
commonly found growing in tufts on rocks, seaweed, 
and dock pilings. Examples include Millepora alcicornis, 
the stinging fire coral; Gonionemus vertens, the 
orange-striped jellyfish; and Lytocarpus philippinus, 
the feather hydroid. 

2. Cubozoa: This group includes the “box” jellyfish 
(with tentacles at the corners of a square body), such 
as the Australian box jellyfish, Chironex fleckeri, the sea 
wasp of Indo-Pacific waters, Chiropsalmus quadngatus; 
and Carukia barnesi, the cause of Irukandji stings to 
swimmers around Queensland, Australia. 

3. Scyphozoa: This group of “true” jellyfish (with tentacles 
at regular intervals around their bell) includes 
Chrysaora quinquecirrha, the sea nettle of the Atlantic 
coast, Philippines, and Japan, and the thimble 
jellyfish, Linche unguiculata. 

4. Anthozoa: Only some species of coral have stinging 
nematocysts that harm humans. More dangerous are 
the cuts and lacerations one can suffer from 
handling coral or brushing against it. The class also 
includes the sea anemones, tube anemones, and 
zoanthids. 


Most jellyfish are pelagic (inhabiting the surface of 
the sea). They may vary in size from a few millimeters to 
more than 2 m across the bell, with tentacles up to 36 m 
in length. Because the tentacles in some species are long, 
it is possible to encounter them without seeing the bell. 
After a storm during which jellyfish have been broken up 
and washed ashore, one can be stung while walking 
along a beach. Even when dry, the nematocysts retain the 
capacity to discharge and produce typical symptoms. 

Nematocysts are cell organelles in specialized epithelial 
cells. They consist of a capsule wall enclosing a tightly 
coiled hollow tube that bursts forth like a dart on contact 
with a human being or animal (Fig. 25-1). During 
discharge, the coiled internal tubule everts progressively, 
bringing spines to the external surface. The venom in 
the capsule is conveyed to the victim through the now 
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Relative Toxicities of a Selected Group of Toxic Substances 


TOXIN MINIMUM LETHAL DOSE (ug/kg)* 
Botulinum toxin A 0.00003 
Tetanus toxin 0.00010 
Ricin 0.02000 
Palytoxin 0.15000 
Crotalus toxin 0.20000 
Diphtheria toxin 0.30000 
Cobra neurotoxin 0.30000 
Kokoi venom 2.7 
Tarichatoxin 8 
Tetrodotoxin 8 
Saxitoxin 3.4-9 
Bufotoxin 390 
Curare 500 
Strychnine 500 
Muscarin 1100 
Samandarin 1500 
Diisopropyl! fluorophosphate 3000 
Sodium cyanide 10,000 


SOURCE 


Bacterium: Clostridium botulinum 

Bacterium: Clostridium tetani 

Plant: castor bean, Ricinus communis 

Zoanthid: Palythoa species 

Snake: The rattlesnake, Crota/us atrox 

Bacterium: Corynebacterium diphtheriae 

Snake: Naja naja 

Frog: Phyllobates bicolor 

Newt: Taricha torosa 

Fish: Sohoeroides rubripes 

Produced by the dinoflagellate Gonyaulax catenella 
transvected by shellfish 

Toad: Bufo vulgaris 

Plant: Chondodendron tomentosum 

Plant: Strychnos nux-vomica 

Mushroom: Amanita muscaria 

Salamander: Salamandra maculosa 

Synthetic nerve gas 

Inorganic poison 


*Minimal lethal dose refers to mouse, except for ricin, in which it refers to guinea pig, and for bufotoxin and muscarin, in which it refers to cat. 
From Mosher HS, Fuhrman FA, Buckwald HD, Fisher HG: Tarichatoxin-tetrodotoxin: A potent neurotoxin. Science 1964;144:1103. Copyright 1964 by The 


American Association for the Advancement of Science. 











BOX 25-1 | REPRESENTATIVE TO) IC | 





Envenomation 


Jellyfish and the coelenterates 
Hydrozoa 
Portuguese man-of-war (Physalia physalis) 
Stinging fire coral (Millepora alcicornus) 
Scophozoa 
Jellyfish 
Sea wasp (Chironex fleckeri, Chiropsalmus quadrigatus, 
Carukia barnesi) 
Anthozoa 
Sea anemones (Actinodendron plumosum) 
Corals 
Stingrays 
Catfish 
Sea urchins 
Weever fish 
Scorpion fish and stonefish 
The blue-ringed octopus and cone shells 
Sea snakes 


Infection 
Vibrio vulnificus 


Poisoning 

Paralytic shellfish poisoning 
Amnesic shellfish poisoning 
Scombroid fish poisoning 
Puffer fish poisoning 
Ciguatera 


uncoiled tube. Although all coelenterates have nemato- 
cysts, most are not injurious to humans. 

The Portuguese man-of-war (Fig. 25-2) is characterized 
by a floating stem with several tentacles dangling from 








Thread tube 


Operculum 


Thread tube 


Venom capsule 


Nucleus 
Capsule 


FIGURE 25-1 Generalized coelenterate nematocyst. |, Undis- 
charged. Il, Discharged. (Modified from Halstead BW: Poisonous 
and Venomous Marine Animals of the World, revised ed. 
Princeton, NJ, Darwin Press, 1980.) 


the underside of the float. One or more of the tentacles 
are markedly elongated and are called fishing tentacles. 
Physalia is found worldwide in warmer waters. One fishing 
tentacle may contain almost a million nematocysts. Sea 
wasps (Fig. 25-3) are the potentially lethal cubomedusans, 
Chironex fleckeri of Australia and Chiropsalmus quadrigatus 
of the Philippines. Death in less than 3 minutes has been 
caused by stings of C. fleckeri. 

Hydroid corals are upright, clavate, bladelike, or 
branching calcareous growths that are important in the 
development of reefs. The stinging coral is not a true 
coral but a hydroid with an exoskeleton of calcium 





FIGURE 25-2 Portuguese man-of-war, Physalia physalis. 
(Courtesy of Bruce W. Halstead and the World Life Research 
Institute, Colton, CA.) 





FIGURE 25-3 The sea wasp, Chironex fleckeri. (Courtesy of Bruce 
W. Halstead and the World Life Research Institute, Colton, CA.) 


carbonate, the surface of which is covered with numerous 
minute pores. Hydroid corals are widely distributed 
throughout tropical seas in shallow water. Millepora is the 
best-known genus, and includes the fire coral, Millepora 
alcicornis, a nuisance to divers off the Florida Keys and in 
the Caribbean. 

Sea anemones are some of the most abundant seashore 
animals, especially in tropical and warm temperate waters. 
Commonly known is the hell’s fire sea anemone, 
Actinodendron plumosum. Anemones have a flower-like 
appearance under water when their tentacles are 
extended. In addition to having stinging nematocysts, 
some sea anemones are poisonous if eaten. 

Corals, the major constituent of living reefs, are 
composed of an external calcium carbonate skeleton 
that houses small anemone-like polyps. Corals of the 
genera Goniopora, Plerogyra, and Physogyra contain 
stinging nematocysts, and Acropora species injure by 
direct mechanical abrasion. 

The crown-of-thorns starfish, Acanthaster planci, is the 
main venomous starfish, although other species of the 
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genus can be venomous. The crown-of-thorns starfish 
inhabit coral reefs in the Indian and Pacific oceans 
from east Africa to central America. Divers and trawl 
fishermen are the main victims. Sea urchins (Fig. 25-4) 
also have spines, some of which may contain toxins. 
Surfers, fishermen, and divers are those typically stung. 

Venomous molluscs include the Australian blue- 
ringed octopus, Hapalochlaena maculosa (Fig. 25-5) and 
cone shells. The Australian blue-ringed octopus rarely 
exceeds 8 inches in full extension and can fit in the palm 
of the hand. The octopus is brown with yellow bands and 
blue rings; when it becomes excited, the blue rings take 
on an iridescent glow.* Normally reclusive creatures, 
human bites have occurred mainly when they are 
captured or provoked. The octopus bites with its beak 
and secretes tetrodotoxin from its posterior salivary 
gland. Tetrodotoxin has an unusual distribution in 
nature; found in such diverse life as puffer fish, the 
California newt Taricha, and the central American frog 
Atelopus.* Cone shells are carnivorous snails that have 
a harpoon-like venom apparatus. They can fire a 





FIGURE 25-4 Thesea aaie Bingen setosum, icin the Pacific 
Ocean near the Fiji islands. (Courtesy of Leonard S. Wojnowich, 
MD, Savannah, GA.) 





FIGURE 25-5 The Australian blue- e-tinged octopus, Hapalochlaena 
maculosa. (Copyright David Parer and E. Parer Cook, Auscape 
International, in VanDenbeld J: Nature and Australia: A Portrait of 
the Island Continent. New York, Facts on File [in cooperation with 
the Australian Broadcasting Corporation], 1988.) 
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detachable radular tooth into their prey, and this 
paralyzes the victim.** Envenomation is uncommon in 
humans and only occurs when the shells are handled 
outside of water. Conus geographus is the only species 
known to cause human fatalities. 

Marine catfish are abundant silvery fish with smooth, 
scaleless skin. ‘They have four to five barbels or “whiskers” 
around the mouth, giving them their name. The dorsal 
and pectoral spines of many species, especially juvenile 
catfish, are venomous and capable of inflicting painful 
wounds. Stinging usually results from handling the fish, 
such as when removing the fish from the net or taking a 
hook out of its mouth. There are unsubstantiated claims 
that the stripped catfish (Plotosus lineatus) of the Indian 
and western Pacific oceans has caused deaths.! 

Scorpion fish belong to the family Scorpaenidae.’ 
Examples of venomous fish in this family include the 
butterfly fish (Pterois lunulata), the zebra fish (Dendrochirus 
zebra; Fig. 25-6), the lionfish (Pterois volitans, Fig. 25-7), 
sculpin (Scorpaena species), and rockfish (Sebastes 
species). Most venomous Scorpaenidae are found in 
tropical water, but a somewhat less venomous species of 
scorpion fish lives along the coast of California and the 
southeastern coast of the United States. Most scorpion 
fish stings occur when handling the fish in home 
aquariums. The stonefishes (genus Synanceja), of which 
Synanceja horrida is the most venomous (Fig. 25-8), are 





FIGURE 25-6 The zebrafish, Dendrochirus zebra. (Courtesy of 
Sea World, Orlando, FL.) 





FIGURE 25-7 The lionfish, Pterois volitans, near the Fiji islands. 
(Courtesy of Leonard S. Wojnowich, MD, Savannah, GA.) 





FIGURE 25-8 The stonefish, Synanceja verrucosa. (Courtesy of 
Sea World, Orlando, FL.) 


bottom-dwelling fish that are difficult to see and easily 
trodden on. 

The weever fish, of the family Trachinidae, is found in 
the Mediterranean Sea, along the Atlantic coast of 
Europe and North Africa, and up to the North Sea. 
Trachinus draco, or dragon fish, has five dorsal and two 
opercular spines that can inflict on unwary fishermen a 
painful venom.’ Weever fish often hide in mud or sand 
with only the head exposed, only to dart out to attack 
their prey.’ 

Three common stingrays are the round stingray, 
Urolophus hallen, found along the Pacific coast from 
California to Panama; the blunt-nosed stingray, Dasyatis 
sayi, found along the eastern Atlantic coast; and the 
spotted eagle ray, Aetobatus narinan, found throughout 
tropical waters from the Atlantic to the Pacific (Table 
25-2). The Dasyatis stingrays (Fig. 25-9) are difficult to 
detect because of their habit of lying buried in the mud 
or sand with only a portion of the body exposed. 
Accidents usually occur when bathers step on a buried 
ray. The ray then whips its tail up and forward, driving 
the stinger into the foot or leg. Commercial fisherman 
are sometimes stung on the hand or arms when 
emptying nets. Divers may be stung on the chest or 
abdomen. 

Sea snakes belong to the family Hydrophiidae and 
have evolved from the Elapid family of snakes (Table 
25-3). Their anatomy has been highly adapted for 
marine life. The body and particularly the tail are 
vertically compressed to provide swimming ability, the 
nostrils are located on top of the head rather than on the 
side, and specialized glands secrete salt in order to 
permit life in a saline environment.*° Sea snakes inhabit 
the Indian and Pacific oceans from the Arabian Sea to 
Malaysia in the north to Australia and New Zealand in 
the south. A common sea snake is Pelamis platurus, or the 
yellow-bellied sea snake. This snake has the widest 
distribution and has been found from the Indian Ocean 
all the way to the Pacific coast of Central America. It is 
the only sea snake found to inhabit deep ocean waters; 
the other species inhabit reefs or coastal waters. No 
venomous sea snake has ever been found in the Atlantic 
Ocean or Caribbean Sea. The most highly toxic sea 
snake is the beaked sea snake, Enhydrina schistosa, 
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Some Important Venomous Stingrays 


FAMILY AND COMMON NAME 


Dasyatidae 


Blunt-nosed stingray 
Southern stingray 
Caribbean stingray 
Atlantic stingray 
Diamond stingray 
Red stingray 
Common stingray 
Porcupine ray 
Feathertail stingray 
Ribbontail ray 
Thorntail stingray 
Tahitian stringray 


Urolophidae 


Round stingray 
Yellow stingray 
Crossback stingaree 
Common stingaree 


Myliobatidae 


Spotted eagle ray 
Bat stingray 

Bull ray 

Southern bat ray 


Rhinopteridae 


Cownose ray 
Flapnose ray 


PROPER NAME 


Dasyatis sayi 
Dasyatis americanus 
Himantura scmarde 
Dasyatis sabina 
Dasyatis brevis 
Dasyatis akajei 
Dasyatis pastinaca 
Urogymosus africanus 
Hypolophus sephen 
Taeniura lymna 
Dasyatis thetidis 
Himantura fai 


Urolophus halleri 
Urolophus jamaicensis 
Urolophus cruciatus 


Trygonoptera testaceus 


Aetobatus narinari 
Myliobatis californicus 
Myliobatis aquila 


Myliobatis tentuicaudatus 


Rhinoptera bonasus 
Rhinoptera javanica 


GEOGRAPHIC DISTRIBUTION 


Atlantic coast of the Americas 

Cayman Islands, U.S. Atlantic coast to Brazil 
Cabribbean 

Chesapeake Bay to Gulf of Mexico 
California to Peru and Galapagos Islands 
China, Japan, Korea 

Mediterranean Sea 

Indian Ocean from Africa to Australia 
Indian and Pacific oceans 

Indian Ocean, Red Sea to Australia 

New Zealand and Australia 

Tahiti, Polynesia, to Thailand 


U.S. Pacific coast to Panama 

U.S. Atlantic, Gulf of Mexico and Caribbean 
Australia, Tasmania 

Australia 


Tropical oceans from Atlantic to Indo-Pacific 
U.S. Pacific coast, California to Sea of Cortez 
Mediterranean Sea 

Australia and New Zealand 


U.S. Atlantic coast to Brazil 
Pacific, Indonesia to Japan 








Adapted from Halstead BW: Poisonous and Venomous Marine Animals of the World, revised ed. Princeton, NJ, Darwin Press, 1978; 
and Michael SW: Reef Sharks and Rays of the World. Monterey, CA, Sea Challengers Publications, 1993. 
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FIGURE 25-9 The blunt-nosed stingray, Dasyatis sayi. (Courtesy 
of Bruce W. Halstead and the World Life Research Institute, 
Colton, CA.) 


responsible for the largest number of envenomations 
(Fig. 25-10). Divers and fishermen are the usual victims. 


Pharmacology 


Jellyfish venoms are poorly understood. Potential toxins 
isolated include vasoactive amines (histamine, serotonin, 
and dopamine), elastase, hemagglutinin, protease, 


collagenase, and palytoxins. The venom of Chironex 
fleckeri, the Australian box jellyfish, has been shown to 
cause skin necrosis, cardiac depression, respiratory 
depression, and anaphylaxis, but the pharmacologic basis 
of these effects is uncertain. Some effects may be 
mediated by interaction with calcium channels. 
Irukandji venom causes a release of catecholamines that 
is partly responsible for some of the symptoms of 
envenomation.’ Anemone venoms contain neurotoxins, 
cardiotoxins, hemolysins, and protease inhibitors.’ 

The crown-of-thorns starfish venom contains saponins 
and possibly hemorrhagic toxins. Sea urchin venom 
is thought to contain proteins, steroid glycosides, and 
inflammatory mediators.! 

Tetrodotoxin blocks the movement of sodium ions by 
inhibiting the sodium channel, thus causing failure of 
nerve conduction and subsequent paralysis. Different 
conopeptides, peptide toxins of cone shells, have been 
shown to block sodium, potassium, and calcium 
channels, delay inactivation of sodium channels, and 
inhibit nicotinic and N-methyl-D-aspartate (NMDA)- 
glutamate receptors. 

Catfish venom contains vasoconstrictors. Stonefish 
venom contain heat-labile proteins that have myotoxic, 
neurotoxic, and myocardial effects in animals. Stingray 
venom is primarily protein: extracts contain serotonin 
and enzymes such as 5-nucleotidase and phosphodi- 
esterase.’ !* Stingray venom is one of the most powerful 
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Important Venomous Sea Snakes (Family Hydrophiidae) 


COMMON NAME SCIENTIFIC NAME 


Beaked sea snake 
Stoke’s sea snake 
Annulated sea snake 


Astrotia stokesi 


Yellow sea snake Hydrophis spiralis 
Hydrophis klossi 
Hydrophis elegans 

Jerdon’s snake Kerilia jerdoni 


Hardwick's (narrow-banded) sea snake 
Graceful small-headed sea snake 


Yellow-bellied sea snake Pelamis platurus 


Hydrophis obscurus 


Reef sea snake Hydophis ornatus 


Hydrophis nigra (Thalassophina viperina) 
Thalassophina anomalus 


Enhydrina schistosa 


Hydrophis cyanocinctus 


Lapemis hardwickii 
Hydrophis gracilis (Disteira gracilis) 


GEOGRAPHIC DISTRIBUTION 


Australia, Southeast Asia, India 
Australia, Southeast Asia, India 
Southeast Asia, India 
Southeast Asia, India 

India 

Australia 

Southeast Asia, India 

Australia, Southeast Asia, India 
Australia, Southeast Asia, India 
All of Pacific and Indian oceans 
Australia, India 

Australia, Southeast Asia, India 
Southeast Asia, India 
Southeast Asia 


Adapted from Meier J, White J: Handbook of Clinical Toxicology of Animal Venoms and Poisons. Boca Raton, FL, CRC Press, 1995; and Williamson JA, 
Fenner PJ, Burnett JW: Venomous & Poisonous Marine Animals. Sydney, Australia, University of New South Wales Press, 1996. 








-5 att; 
’ = f ° 
4 ery “Ja 
Aa -iD . P "NA, ` 7 
C e 2 DA" 


FIGURE 25-10 The sea snake, Enhydrina schistosa. (Courtesy of 
S. Kesier, the Sea Library, and Time-Life, Alexandria, VA.) 


vasoconstrictors found among natural toxins. The 
venom is highly unstable and is markedly heat labile. The 
venom of scorpion fish, weever fish, and other fish spines 
are high-molecular-weight proteins that are poorly 
characterized. Sea snake venom contains postsynaptic 
neurotoxins and myotoxins.®10-11 


Toxicology: Clinical Manifestations 


The severity of jellyfish stings in humans depends on the 
type of nematocysts, their penetrating power, the area of 
the victim’s skin exposed, and the sensitivity of the victim 
to the venom. Injurious effects resulting from an 
encounter with coelenterate nematocysts range from 
mild dermatitis to rapid death.!? Severe stings can occur 
with the man-of-war and blue bottle jellyfish; only the 
former has resulted in fatalities. The sting of a 
Portuguese man-of-war is far more severe than that of the 
common jellyfish and produces intense local pain 
extending up the extremity. Generalized symptoms such 


as headache, urticaria, muscle cramps, nausea, and 
vomiting may occur. Two confirmed deaths due to 
Physalia have been reported.'*!° 

Stings by Chironex fleckeri and Chiropsalmus quadrigatus 
are potentially dangerous. The effects usually consist of 
extremely painful localized areas of wheal, edema, and 
vesiculation, which later result in necrosis involving the 
full thickness of the skin. The initial lesions, caused by 
the structural pattern of the tentacles, are multiple linear 
wheals with transverse barring. The purple or brown 
tentacle marks form a whip-like skin lesion. Painful 
muscle spasms, shock, and pulmonary edema can occur 
rapidly. Death may occur in the water or shortly after 
leaving it. The prognosis for victims who arrive alive at 
the hospital is good. 

Carukia barnesi is probably not the only species that 
causes the Irukandji syndrome; similar presentations 
have occurred in Western Australia and Hawaii, where 
C. barnesi has not been identified. The syndrome typically 
begins with minor pain at the sting site, low back pain, 
generalized muscle cramps, sweating, nausea, vomiting, 
headache, and anxiety.! A reversible cardiomyopathy 
and acute pulmonary edema has been reported. Two 
deaths have occurred following C. barnesi stings. 

Stings from anemone contact typically produce a 
burning pain. The skin blanches and wheals form, with 
surrounding edema and erythema. Vesicle formation, 
ulceration, and necrosis may occur. 

Coral stings produce initial pain, followed by weeping 
of the lesion, wheal formation, and itching. If coral cuts 
or stings are left untreated, a superficial scratch may 
within a few days become an ulcer, with a septic 
sloughing base surrounded by a painful zone of 
erythema. Cellulitis, lymphangitis, enlargement of the 
local lymph glands, fever, and malaise may ensue. The 
ulcer may be quite disabling, and the pain is usually out 
of proportion to the physical signs. If the ulcer occurs in 
a lower extremity, the patient may be unable to walk for 
weeks or months after the injury. Relapses, which occur 
without warning, are common. 


Stings from the crown-of-thorns starfish cause severe 
pain and the wounds become inflamed and may bleed 
excessively. The affected limb may become swollen, and 
infection is common. Sea urchin stings are extremely 
painful, and the spines often become embedded in the 
patient. The sea urchin spines of Diadema setosum contain 
purplish dye, which may temporarily stain the skin and 
give the false impression of a retained foreign body.'® 
Multiple stings by the black sea urchin D. setosum has 
been followed by a delayed severe bulbar polyneuritis.'° 

Envenomation by the blue-ringed octopus is described 
as painless, but the patient rapidly succumbs, becoming 
weak and unconscious, and develops respiratory arrest, 
often within 15 minutes. Cardiac arrest and death follow. 
Because the toxin has a short duration of action, patients 
may survive with prompt resuscitation.!”!° Pain following 
cone shell envenomation is variable, and the skin 
blanches or has a bluish discoloration. This is followed by 
numbness and swelling. In severe poisoning nausea, 
pruritus and muscle weakness occur; vision and hearing 
may be affected. Death results from respiratory paralysis.’ 

Catfish stings are common, painful, and often become 
secondarily infected. A patient often has a painful, 
swollen, and infected wound days after the initial result. 
A puncture wound by a weever fish produces 
instantaneous, often crippling pain. Local ischemia, 
secondary infection at the wound site, and systemic 
involvement may occur.'? Intense pain results from stings 
by stonefish. Systemic symptoms, including headache, 
seizures, paralysis, abdominal pain, and hypotension, 
generally result only from envenomation by fish of the 
Synanceiidae family (stonefishes) .'° 

The stingray spine has a sharp, arrow-like tip and 
backward-pointing serrations along the sides so that after 
penetration the barb is difficult to remove and lacerates 
the tissues as it is withdrawn. The venom apparatus 
consists of a spine, integumentary sheath, and associated 
venom glands. When this is torn, the venom is released. 
Parts of the spine are typically left behind in the wound. 
Most stings occur on the ankle or foot. The stingray 
spine is very sharp, and by virtue of the mechanism of 
injury, it is common for a patient to receive a laceration 
rather than a puncture wound. Patients who present to 
the emergency department may describe walking in the 
ocean and feeling a fluttering under their foot and then 
a sudden stabbing pain. The usual presenting symptom 
is severe shooting pain that increases in intensity during 
the first hour. Systemic symptoms, such as chest pain, 
syncope, and other neurologic sequelae, have been 
described. Death has been reported but is uncommon 
and is usually related to chest or abdominal injuries. One 
highly unusual fatality occurred in a 12-year-old boy who 
was riding in a boat when a manta ray leaped out of the 
water and impaled him in the chest.’ 

Sea snake bites are often painless. The fangs are often 
small, frequently only 2 to 3 mm in length; thus, bites are 
often difficult to detect.’ One third to one half of bites 
do not result in envenomation.’ Symptoms occur within 
3.5 hours of the bite. The first symptoms are usually 
muscle pain; this may be preceded by headache and 
vomiting. After some hours, a flaccid paralysis may 
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develop and can progress to respiratory paralysis.®!’ 


Rhabdomyolysis, myoglobinuria, and subsequent renal 
failure may occur. 


Diagnosis 


A jellyfish sting can be identified by the patient or a 
companion. When a patient experiences an unknown 
sting, the diagnosis is usually made by observing a row of 
urticarial lesions or the presence of a tentacle adherent 
to the patient’s skin. Stingrays leave a penetrating 
wound, and snakes leave fang marks. Catfish leave a 
barb, and this occurs only on handling the catfish. 

A differential diagnosis with respect to the type of 
coelenterate is not so important in the United States, 
but where lethal coelenterates exist, as in Australia, 
identification of nematocysts—if time permits—on the 
patient by examining the skin wheals on the victim may 
be important. Halstead suggests that the wheal should be 
scraped with the edge of a microscope slide or scalpel 
and the material examined microscopically for the 
presence of nematocysts.! Nematocysts may also be 
obtained by microscopic examination of a strip of 
transparent tape that has been pressed against the 
surface of the wheal. The nematocysts adhere to the 
sticky side of the tape. Identification of nematocysts from 
the skin of the victim yields positive identification of 
coelenterate sting, but it requires an expert to identify 
the species. 


LABORATORY TESTING 

Biochemistry and hematology analyses should be 
undertaken in patients with systemic envenomation from 
jellyfish, blue-ringed octopus, cone shell, and stonefishes. 
Muscle enzymes should be tested following envenoma- 
tion by a sea snake. 


OTHER DIAGNOSTIC TESTING 

X-ray films are indicated in marine spine stings. If the 
foreign body is seen on the radiograph, the wound 
should be opened and explored and the spine removed. 
Patients with chest pain, irregular pulse, or hypotension 
should have an electrocardiogram and should be placed 
on a cardiac monitor. 


DIFFERENTIAL DIAGNOSIS 

The presentation of Irukandji syndrome may be mis- 
diagnosed as a myocardial infarction. When occurring 
in divers it may be difficult to distinguish from 
decompression illness. The differential diagnosis of an 
ascending paralysis, in addition to tetrodotoxin and 
paralytic shellfish poisoning, include rapidly progressive 
Guillian-Barré syndrome or a spinal cord hemorrhage. 


Management 


Treatment of coelenterate stings is symptomatic and 
supportive. Advanced cardiac life support may be 
necessary for patients who sustain cardiac arrest, either 
from toxic effects of the venom (e.g., C. fleckeri) or from 
anaphylaxis. Considerable success has been achieved in 
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management of jellyfish and Portuguese man-of-war 
stings in the United States by applying a slurry of paste of 
sodium bicarbonate (baking soda) to the wound. After 
an hour the baking soda should be moistened with water 
and scraped off with a dull object, such as a spoon, to 
remove any remaining nematocysts.* The application of 
baking soda is not recommended for box jellyfish, which 
should be scraped off the skin after pouring 5% acetic 
acid (vinegar) for a minimum of 30 seconds. 

Jellyfish can cause allergic reactions, but anaphylaxis 
is uncommon.! For anaphylactic shock, intravenous (IV) 
epinephrine, oxygen, IV fluids, dopamine, diphenhy- 
dramine, and a glucocorticoid may be indicated. Some 
jellyfish stings may cause severe pain requiring narcotics; 
morphine or fentanyl is recommended. Generalized 
symptoms, including hypotension, may be present, and 
IV fluid therapy with normal saline and general 
supportive measures may be indicated. For as long as | to 
4 weeks after the initial sting, it is not uncommon for 
patients to return with recurrence of urticarial lesions at 
the site of the sting. These should be treated sympto- 
matically with antihistamines. For this reason, follow-up 
is recommended for all patients with jellyfish stings. 

Symptoms of Irukandji syndrome have responded to 
the administration of intravenous magnesium. *” The 
mechanism may be by antagonism of epinephrine. A 
loading dose of 20 mEq or 0.2 mEq/kg (10 mmol or 
0.1 mmol/kg) over 15 minutes followed by an infusion of 
10 mEg/h or 0.02 mEq/kg/h (5 mmol/h or 0.01 mmol/ 
kg/h) is recommended for patients who do not respond 
to initial opiates. Cardiogenic shock responds to positive 
pressure ventilation and epinephrine. 

Coral cuts or abrasions should be scrubbed using 
fresh (not salt) water and a soft brush. Large or deep 
wounds should be surgically débrided, preferably within 
3 hours.! 

There are no clear first aid recommendations for 
treatment of sea anemone stings; one suggestion is to 
remove adherent tentacles with forceps or gloved 
fingers, blot dry, and apply cold packs. Simple analgesia 
may be effective. Systemic antihistamines and steroids 
may be needed to treat local allergic reactions. Topical 
agents are ineffective. 

Sea urchin (and starfish) toxin is remarkably heat 
labile, and hot water immersion therapy is indicated 
for pain relief and deactivation of the venom.' Surgical 
removal, especially of the thick calcium-containing 
spines, is indicated. 

The immediate treatment for cone shell and blue- 
ringed octopus envenomation is the application of 
pressure immobilization by wrapping the limb in a crepe 
bandage using the same tension as if bandaging a 
sprained ankle—not sufficient to obstruct blood flow.® 
The limb is then splinted. The bandage can be left on 
until the patient stabilizes. Treatment is otherwise 
supportive. Assisted ventilation, if required, may only be 
necessary for a few hours. 

Most cases of marine stings and spine envenomation 
can be treated in a standard fashion. The key to therapy 
involves care of the wound, relief of pain, hot water 
immersion, observation, and hospitalization in severe 


cases. The affected part should then be immersed 
continuously in confortably hot water for at least 60 
minutes; this deactivates the heat-labile venom and 
relieves the pain. Patients should not be asked to test the 
water; they may be too distraught to judge effectively. In 
the emergency department, hot water immersion should 
be continued. Hot water immersion alone often provides 
pain relief, and pain medication may not be necessary. 
After an hour of continuous hot water immersion, the 
patient should take the affected part out of the water. If 
he or she suffers no pain, hot water treatment may stop. 
Wounds should then be irrigated, cleansed, débrided, 
and explored if necessary to remove any foreign body. 
Lacerations may then be surgically closed, although 
leaving the wound open with follow-up may be 
preferable, depending on the clinical situation. 

Patients who suffer a wound on the chest or abdomen 
may require surgical exploration. In the case of stingray 
injuries, all wounds must be surgically explored to 
exclude injury to deeper tissues and to remove foreign 
material that is usually left behind when the barb breaks 
off. 

Hot water immersion is effective early in treatment for 
pain relief and deactivation of weever fish venom; intra- 
venous calcium is useful for pain relief.>'® Exploration 
of the wound is often necessary. Supportive therapy and 
long-term wound care are generally indicated. Treat- 
ment of scorpion fish injury is similar to that for stingray 
injury. Hot water immersion, wound débridement, and 
supportive care are indicated." 

Tetanus prophylaxis should be given if indicated. 
Despite the potential for marine wounds to become 
infected, prophylactic antibiotics are not recommended 
for healthy people, but a course of doxycycline should be 
considered for patients who are immunosuppressed, 
have chronic renal or liver illness, or are diabetic. Empiric 
therapy for seawater wound infections is doxycycline. 


LABORATORY MONITORING 

Repeat measurement of creatine kinase (CK), potassium, 
and renal function is required for patients envenomated 
by sea snakes. 


ANTIDOTES 

Box jellyfish antivenom (Commonwealth Serum Lab- 
oratories, Melbourne, Australia) is a sheep-derived Chi- 
ronex fleckeri antivenom. It should be administered as soon 
as possible in settings of collapse, cardiac arrest, or 
hypotension. Ideally three vials should be given IV, 
although it can be effective given intramuscularly. In 
persistent severe toxicity, a further three vials can be 
given. It is also indicated for severe pain.'”!9 The 
antivenom may be effective against other chirodropid 
stings in the Indian and Pacific oceans.! 

Commonwealth Serum Laboratories (CSL) produces 
an Australian stonefish antivenom made from horse 
immunoglobulin. It should be given only intramus- 
cularly, not IV. It is indicated for severe pain: For one 
to two spine puncture wounds, one vial may be 


administered; for three to four wounds, two vials; if more 
than four wounds, three vials. There is limited evidence 
that it may be effective in stings from the bullrout fish 
(Notesthes robusta), but it is not recommended for use in 
other species of scorpion fish.'9 

Sea snake antivenom is also produced by CSL and 
contains horse antiserum against L. schistosa (sea snake) 
and Notechis scutatus (terrestrial tiger snake) venoms and 
is effective for most sea snake envenomations.!”!9 
Monovalent sea snake antivenom for E. schistosa is also 
produced by the Halfkine Institute of Bombay, India, 
and is also effective for most sea snake envenomations in 
that region.® If these are unavailable, CSL monovalent 
tiger snake (N. scutatus) antivenom may be used in a ratio 
of three vials of tiger snake antivenom to each vial of 
sea snake antivenom.!” Sea snake antivenom should be 
given to any patient with signs of rhabdomyolysis or 
neuropathy. One vial should be given intravenously, up 
to three if severely poisoned, and can be repeated, up to 
a totally of 10 vials if signs are progressing. 

Intravenous antivenom should be diluted to a 10% 
solution and each vial run over 15 to 30 minutes. The 
preadministration of epinephrine is not currently 
recommended before administering CSL antivenom, but 
facilities for the management of anaphylaxis should be 
immediately available. 


ELIMINATION 
There are no known effective measures to increase the 
clearance of marine venoms. 


DISPOSITION 

Most cases of marine stings and spine envenomation 
respond to treatment and 4 hours of observation in 
the emergency department. Serious wounds require 
outpatient follow-up. Hospitalization may be necessary 
for surgical débridement of marine wounds or patients 
who have systemic envenomation. Even with potentially 
lethal envenomations such as those of the box jellyfish, 
blue-ringed octopus, or cone shell, signs of systemic 
poisoning will be evident within 4 hours. 


SEAFOOD POISONING 


An enormous variety of marine life is toxic to humans 
because of poisons that are ingested. Common poisonings 
are paralytic shellfish poisoning (PSP), scombroid fish 
poisoning, tetrodotoxin poisoning, and ciguatera. Less 
common are neurotoxic shellfish, clupeotoxic fish, and 
amnestic shellfish poisoning. With the exception of 
tetrodotoxin and scombroid poisoning, the causative 
toxins originate in dinoflagellates; these are unicellular 
ekaryotic marine algae that are consumed by marine 
organisms and passed up the food chain, to either 
shellfish or fish, and ultimately are consumed by 
humans. Scombroid poisoning and possibly tetrodotoxin 
have a bacterial origin. The affected fish and shellfish are 
usually unaffected by the toxins. Scombroid-affected fish 
are often reported to taste metallic or peppery, but other 
toxins are tasteless. All toxins are heat stable. 
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Epidemiology 


The dinoflagellates primarily responsible for outbreaks 
of PSP include Gonyaulax catenella, which is found along 
the Pacific Coast from Alaska and California to 
Venezuela and west to Japan; Gonyaulax tamarensis var. 
excavata, which is found on the Atlantic Coast from 
Massachusetts and Nova Scotia to the North Sea; and 
Pyrodinium bahamense var. compressa, which is found from 
Central America to the Philippines.*! Outbreaks of PSP 
occur worldwide and result from the consumption of 
shellfish such as mussels, clams, oysters, cockles, and 
scallops that have fed on toxic dinoflagellates. The 
shellfish are not adversely affected by the algal toxins, 
which are known as saxitoxins.*!*° Less commonly, PSP 
has resulted from the ingestion of starfish, crabs, and 
pufferfish.”” 

Red tides result from excessive growth of algae species, 
including those that cause PSP. Pigments contained 
within the algae give the water a red-brown appearance. 
Red tides are a coastal phenomenon that occur 
sporadically. Poisonings related to red tides of oceans 
have been described for thousands of years. Because of a 
red tide in 208 Bc, the name Red Sea was given to all the 
coasts of Arabia by the ancient Greeks. The first large 
epidemic recorded in the United States was in San 
Francisco in 1927; 102 persons became ill, and 6 died.*® 
The toxin of Ptychodiscus brevis, which causes red tides off 
the Florida coast, can act as an upper respiratory tract 
irritant. The death of large numbers of fish, seabirds, 
and shellfish became associated with blooms of this 
microorganism.*” Blooms of toxic algae associated with 
paralytic shellfish poisoning appear to be increasing 
worldwide.” 

Greater than 80 Ug of saxitoxin per 100 g of raw 
shellfish meat is considered toxic. The best prevention 
of paralytic shellfish poisoning in humans is strict 
adherence to public health agency guidelines on 
harvesting, processing, and consumption of shellfish. 

Scombroid fish poisoning is a clinical syndrome 
produced by histamine release from spoiled fish of the 
family Scombroidae, which include tuna and mackerel, 
skipjack, albacore, and bonito.*!** Other fish implicated 
include mahi-mahi, herring, sardine, anchovy, bluefish, 
amberjack, and the Japanese saury.°***’ Proper refrig- 
eration and handling of raw seafood will prevent 
scombroid poisoning. 

Puffer fish (Fig. 25-11) are named for their ability to 
inflate themselves to a nearly spheric shape when 
disturbed. Puffer fish poisoning is a highly lethal form of 
fish poisoning.” Fugu in Japan and the tambor puffer in 
Cuba are species of pufferfish eaten as a delicacy. In 
Japan, a 59% mortality rate was reported in 6386 cases of 
puffer fish poisoning during a 78-year period.’ At least 
three deaths due to eating puffer fish have been 
reported in Florida. Some common tetrodotoxic puffers 
in various areas of the world are blowfish (United States), 
akeke (Hawaii), tambores (Cuba), fugu (Japan), West 
Indian swellfish, tinga tinga (Philippines), mamaiacu 
(Brazil), qarrad (Red Sea), kend (India), buntal pisang 
(Malaysia), tetraodon, porcupine fish, globefish, tiger 
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FIGURE 25-11 The puffer fish, Arophron meleagris. (Courtesy of 
Sea World, Orlando, FL.) 


puffer, rabbit fish, and botete.? Even with extensive 
regulations, fugu is still a major cause of death due to 
food poisoning in Japan. Outside of these countries, 
poisoning occurs when people from other countries 
misidentify local toxic pufferfish as an edible species. 

Numerous species of tropical and subtropical coral reef 
fish have been linked to ciguatera.?®4 Toxins from the 
photosynthetic dinoflagellate Gambierdiscus toxicus pass 
up the food chain when herbivorous fishes consume 
them.°***! These are, in turn, eaten by carnivorous fishes, 
which are then consumed by humans. Barracuda, amberjack, 
dolphin fish, the moray eel, surgeonfish, grouper, red 
snapper, sea bass, and Spanish mackerel are the more 
common of the 400 species that have been implicated in 
causing ciguatera.°°*! Sixty percent of the cases reported 
in the area around Miami, Florida, followed ingestion of 
grouper.” So many reports of ciguatera followed the 
ingestion of barracuda that its sale is prohibited in 
southern Florida.” Common causes of ciguatera in Hawaii 
include the kingfish ulua (Caranx ignobilis), the jack papio 
(Caranx sexfasciatus), and the amberjack kahala (Seriola 
dumerili).°°** A common cause of ciguatera in the Indo- 
Pacific, including Hawaii, is the surgeonfish Ctenochaetus 
strigosus, also known as maito in Tahiti.” 

Neurotoxic shellfish poisoning results from algae 
blooms of Ptychodiscus brevis, a dinoflagellate in the coastal 
waters of southeastern North America and western 
Europe. The toxins are accumulated by clams and oysters. 
The resultant toxins, brevetoxins, can be carried inland, 
affecting people several miles from the coast. 

Clupeotoxin poisoning is caused by herrings, anchovies, 
and sardines caught offshore of tropical islands after heavy 
rains or floods. The identity and origin of the toxin is 
unknown, although a phytoplankton origin is suggested.* 

A unique illness occurred in Canada in November 
and December of 1987. It was characterized by gastro- 
intestinal and neurologic symptoms. In a month, more 
than 250 cases were reported to the Health Department 
in Canada. The outbreak was tracked to mussel 
cultivation beds primarily from the Cardigan River 
estuary of Prince Edward Island.***° Domoic acid, an 
amino acid neuroexcitatory transmitter, was identified as 


the causative toxin, the source of which was Nitzschia 
pungens, a form of marine vegetation.***” The poisoning 
has been termed amnestic shellfish poisoning. No other 
outbreaks of amnestic shellfish poisoning have been 
reported, although domoic acid—producing dinoflagellates 
have been isolated in other parts of the world. Domoic 
acid produced by the diatom Pseudo-nitzschia australis was 
responsible for the deaths of over 400 California sea 
lions in the Monterey Bay region in 1998.49 


Structure and Structure-Activity 
Relationships 


Paralytic shellfish poisoning is caused by saxitoxin and a 
number of related compounds, sometimes termed 
gonyautoxins. These compounds are among some of the 
more potent toxins known. They attach to fast sodium 
channels in nerve and muscle, blocking the initial influx 
of sodium during depolarization, resulting in a 
conduction block.*”” 

Scombroid fish poisoning results from the activity 
of bacteria, such as Proteus morgani, utilizing the enzyme 
histidine decarboxylase to metabolize histidine to 
histamine. 5! 

Puffer fish poisoning is caused by tetrodotoxin, which, 
like saxitoxin, inhibits fast sodium channels during 
depolarization, but at a separate site. Conduction of 
peripheral motor, sensory, and autonomic nerves is 
reduced. 

Ciguatoxin, the cause of ciguatera, also attaches to fast 
sodium channels but increases sodium permeability. 
After an initial stimulation, prolonged refractoriness and 
decreased conduction velocity occurs.” 

Neurotoxic shellfish poisoning results from the effects 
of brevetoxins A, B, and C. These polycyclic ethers bind 
to fast sodium channels near the binding site for cigua- 
toxin. Their main effect is on the peripheral cholinergic 
nerves, increasing the release of acetylcholine.®® 

Amnestic shellfish poisoning is caused by domoic 
acid, an amino acid neuroexcitatory transmitter.*** It 
has been suggested that the neurotoxic effect is 
secondary to through activation of glutamate receptors 
in the amygdala and hippocampus, resulting in neural 
necrosis. The exact mechanism is uncertain. 


Pharmacology 


Paralytic shellfish poisoning results in progressive 
neurologic impairment that initially affects sensory 
fibers, bulbar nerves, peripheral motor neurons, and the 
central nervous system. Scombroid fish poisoning 
resembles immunoglobulin E—mediated food allergies, 
replicating the typical features of endogenous histamine 
production. In addition to inhibiting conduction in 
peripheral nerves, tetrodotoxin also activates the 
chemoreceptor trigger zone and may depress the 
respiratory and vasomotor centers. Effects on cardiac, 
vascular smooth muscle, and skeletal muscle may occur 
in high doses. Puffer fish poisoning has a predictable 
progression of neurologic impairment affecting periph- 
eral sensory nerves, peripheral motor nerves, bulbar 


nerves, the central nervous system and respiratory 
muscles. Ciguatera produces a complex presentation 
with multiple symptoms affecting many systems; the 
mechanisms responsible are unclear. Neurotoxic shell- 
fish poisoning, when caused by ingestion of seafood has 
a similar picture to ciguatera, but when inhaled it can 
trigger asthma via the stimulation of cholinergic nerve 
fibers, resulting in bronchospasm. Amnestic (domoic 
acid) shellfish poisoning results from the destruction of 
neurones in the amygdala and hippocampus, leading to 
permanent neurologic deficits. 


Pharmacokinetics 


Saxitoxin and related toxins associated with paralytic 
shellfish poisoning are heat stable and water soluble. 
Histamine is not normally absorbed across the 
gastrointestinal mucosa but metabolized by diamine 
oxidase. In scombroid poisoning it may be assisted by the 
presence of other toxins: putrescine and cadaverine. 
Tetrodotoxin is heat stable and water soluble. Ciguatoxin 
is heat stable and can be transferred across the placenta 
and by semen or breast milk. The pharmacokinetics of 
these toxins are poorly understood. 


Pharmocologic Agents 


Taking monoamine oxidase inhibitors, which may also 
inhibit diamine oxidase, may make patients more sensitive 
to scombroid.** Medications containing cyclic ethers 
(opiates, barbiturates) may exacerbate the symptoms of 
ciguatera. 


Toxicology: Clinical Manifestations 


Patients with paralytic shellfish poisoning may develop 
neurologic symptoms and, in severe cases, motor paralysis 
and respiratory failure. Affected shellfish can not be 
distinguished by odor or taste. A case review reported 
that in 113 of 117 patients, the initial manifestation of 
poisoning consisted of paresthesia around the lips, 
mouth, upper airway, and fingers, which may become 
apparent within a few minutes after eating poisonous 
shellfish.°* Nausea, vomiting, and diarrhea can occur. As 
the illness progresses, respiratory distress and muscle 
paralysis become more severe. Death results from 
respiratory paralysis within 2 to 12 hours. Children 
appear to be more susceptible.” If a patient survives for 
24 hours, the prognosis is favorable, and there appears to 
be no lasting effect.°° 

Patients who have eaten scombroid-affected fish often 
report a peppery or metallic taste and then present with 
signs and symptoms of histamine intoxication, often within 
30 minutes.**** Flushing of the upper body, urticaria, 
headache, chills, vomiting, diarrhea, and abdominal 
cramps are common. Conjunctival erythema may occur.** 
Severe cases that include bronchospasm and hypotension 
have been reported.’ 

The clinical manifestations of puffer poisoning begin 
within 45 minutes of ingestion, initially including 
paresthesia about the lips, then affecting the peripheries. 


CHAPTER 25 Toxic Marine Life 517 





Diaphoresis, hyperemesis, and salivation occur. Ascending 
peripheral and bulbar muscle paralysis occurs, ultimately 
resulting in respiratory failure. In some cases patients 
may be completely paralyzed, with loss of all brainstem 
reflex but retain consciousness.??°7 

Features of ciguatera poisoning usually occur within 6 
hours of ingestion but may be delayed up to 72 hours. 
Typically, vomiting and diarrhea are followed by perioral 
and peripheral paresthesias and ataxia.®4+58-63 Reference 
is often made of a cold-to-hot sensory reversal dysesthesia, 
with patients usually describing a burning sensation on 
exposure to cold water, for example. This is not a true 
sensory reversal, but is probably an exaggerated pain 
response to minor temperature extremes; patients can 
accurately detect temperature.™ 

Headache, arthralgias, abdominal pain, tremors, 
pruritus, and weakness are common complaints. Another 
unusual feature is that patients may complain that their 
teeth feel loose and may fall out of their sockets or are 
painful. Hypotension and bradycardia (including heart 
blocks) can develop. Paresthesia, pruritus, and prolonged 
weakness after the acute phase may persist for several 
weeks to months.***! It has also been noted that repeated 
episodes of ciguatera may be more severe in character. 
Ingestion of nonaffected seafood, grains, and alcohol, as 
well as exercise, may exacerbate symptoms. 

Neurotoxic shellfish poisoning produces a similar 
clinical picture to ciguatera poisoning, but generally less 
severe. Inhalation of brevetoxins can produce upper and 
lower airway irritation and bronchospasm. Clupeotoxin 
poisoning results in a metallic taste, followed by vomiting, 
diarrhea, and cardiovascular collapse. Headaches, muscle 
cramps, paresthesia, and progressive muscular paralysis 
may occur. Seizures and coma resulting in death have 
occurred.'? Amnestic (domoic acid) shellfish poisoning 
was characterized by acute onset of gastrointestinal 
symptoms within 24 hours of eating mussels, followed by 
rapid onset of confusion, disorientation, and memory 
loss within 48 hours.** Serious neurologic impairment 
such as seizures, coma, and mutism have occurred.” 
Deaths have occurred and chronic residual memory 
deficits may result.4**° 


Diagnosis 


A diagnosis of seafood poisoning is made on the history 
of seafood ingested and the clinical presentation. 
Analyses of toxic shellfish and toxic dinoflagellate algal 
organisms for toxins have helped establish a diagnosis in 
patients involved in certain outbreaks of shellfish 
poisonings. A presumptive diagnosis of paralytic shellfish 
poisoning should be made in a patient who develops 
neurologic symptoms after ingestion of mussels during 
seasons of risk in areas where paralytic shellfish 
poisoning occurs. Other causes of neurologic illness may 
appropriately have to be ruled out. Patients presenting 
with allergic symptoms and signs should be asked if they 
have eaten any of the potentially causative fish and if they 
noted a peppery taste. 

Tetrodotoxin causes an ascending paralysis and the 
fish ingested are usually distinctive. 
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The diagnosis of ciguatera is made on clinical grounds. 
The history of consumption of fish such as grouper, 
barracuda, or amberjack with subsequent gastrointestinal 
symptoms and unusual neurologic symptoms will suggest 
the clinical diagnosis. Neurotoxic shellfish poisoning can 
be differentiated from ciguatera by the history of 
shellfish poisoning. 


LABORATORY TESTING 

Hospital laboratories generally do not have the capability 
to detect seafood poisoning toxins, but the appropriate 
food or health regulatory body may have access to 
laboratories to detect toxins in any uneaten samples. 


DIFFERENTIAL DIAGNOSIS 

The clinical presentation of ciguatera and neurotoxic 
shellfish poisoning may be similar, as may tetrodotoxin 
and paralytic shellfish; the principal symptoms and the 
seafood eaten can usually be used to determine the 
specific etiology. 

Infectious gastroenteritis is the main differential 
diagnosis to consider. The lack of neurologic features 
should differentiate these diseases. 

The history of fish ingested should differentiate 
scombroid poisoning from true anaphylactic reactions. 
Other toxic causes of erythema to consider are niacin, 
vancomycin, rifampicin, monosodium glutamate, and 
ethanol-disulfiram reactions. 


Management 
SUPPORTIVE MEASURES 


The treatment of seafood poisoning is largely supportive. 
Careful assessment of airway control and ventilatory 
function should be undertaken because patients may 
require intubation and mechanical ventilation. Intravenous 
saline should be used to replace fluid losses. lonotropes 
may be required for paralytic shellfish poisoning or 
severe ciguatera poisoning. Intravenous calcium 
gluconate (1 g over 30 minutes, followed by 2 to 4 g/day 
IV) has been used to treat hypotension secondary to 
ciguatera. 

Seafood toxins are absorbed by activated charcoal and 
should be given to patients who present within 1 hour of 
ingestion. Control of vomiting may be required first. 

Administration of antihistamines such as the Ho 
blocker ranitidine and the H, blocker diphenhydramine 
is key to treatment of scombroid poisoning, as are 
intravenous fluids, steroids, and general supportive care. 
Epinephrine may be indicated in the presence of 
bronchospasm, angioedema, or hypotension. The 
syndrome is usually self-limited, resolving within a 
few hours. 

Intravenous mannitol has been promoted as a 
treatment of acute ciguatera poisoning.© However, a 
randomized controlled trial failed to demonstrate that it 
was superior to normal saline in reducing symptoms by 
24 hours, and its use can no longer be recommended.” 
Chronic ciguatera may be bothersome, because symp- 
toms may wax and wane.®®®? The most success in 
treatment has been with the use of amitriptyline, possibly 


by an affect on sodium channels.°” Treatment is 
generally begun with amitriptyline 25 mg twice a day. 
Remissions and exacerbations may occur. Alternatively, 
gabapentin has provided symptomatic improvement for 
persistent neurologic sequelae of ciguatera poisoning.”? 


DISPOSITION 

Patients poisoned by tetrodotoxin, paralytic shellfish, or 
clupeotoxin require monitoring of ventilatory function 
in an appropriate setting. Most other patients can be 
discharged after treatment in the emergency depart- 
ment. Patients should be admitted if they have severe 
dehydration, persistent abnormal vital signs, systemic 
anaphylactoid reactions, or neurologic symptoms. The 
level of care required depends on clinical severity. Local 
departments of health should be informed of suspected 
cases of seafood poisoning. 
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2 6 Botulism and Other Food-borne Toxins 


MICHAEL D. SCHWARTZ, MD Æ BRENT W. MORGAN, MD 


At a Glance... 


Æ The clinician must make the initial diagnosis of botulism on 
clinical grounds. 

m Visual disturbances, dysarthria, dysphagia, and dry mouth are 
the four most specific neurologic symptoms of botulism. 

m The treatment of botulism requires meticulous attention to 
airway and ventilatory status and the early administration of 
botulism equine trivalent antitoxin. 

m Careful history (timing and duration of symptom onset) and 
physical examination will help narrow the broad differential of 
food-borne illness. 

m Fever, blood in the stool, and a longer incubation period are 
clues to an enteroinvasive (salmonellosis, shigellosis, campy- 
lobacteriosis) food-borne illness. 


Many different organisms and toxins are capable of 
causing food poisoning. This chapter primarily discusses 
botulism, the most deadly food-related toxicologic 
disease known. In addition, the food-borne toxicologic 
syndromes of Staphylococcus aureus, Clostridium perfringens, 
cholera and noncholera vibrios, Bacillus cereus, Salmonella, 
Shigella, and Campylobacter are reviewed. 


BOTULISM 


Introduction 


Botulinum toxin is produced by the anaerobic, spore- 
forming, gram-positive bacillus Clostridium botulinum. 
Botulinum toxin is the most potent toxin known, with as 
little as 100 ng being lethal to humans.' Botulism is the 
clinical syndrome characterized by neuroparalytic signs 
and symptoms that result from the actions of the 
botulinum toxin. Ironically, despite the potency and 
inherent danger of botulinum toxin, its paralytic actions 
have made it useful as a therapeutic and cosmetic remedy. 

There are three forms of naturally occurring human 
botulism: food-borne botulism, wound botulism, and 
intestinal botulism. J/atrogenic botulism is a term used to 
describe patients who develop some symptoms com- 
patible with systemic botulism after receiving botulinum 
toxin A for therapeutic purposes.* Food-borne botulism 
is the best-known form of botulism. Fortunately, food- 
borne botulism is rare in the United States, with an 
average of less than 25 cases a year reported in the past 
few decades.’ It occurs when an individual consumes 
food contaminated with preformed toxin. Historically, 
wound botulism was extremely rare. Since the 1990s, 
however, there has been an increased incidence of 
wound botulism, which has been most commonly 
associated with the subcutaneous injection of black tar 


heroin.* Wound botulism occurs when wounds become 
contaminated with spores of C. botulinum that germinate 
and produce toxin that is absorbed systemically. 
Intestinal botulism occurs when the gastrointestinal (GI) 
tract because colonized with C. botulinum. This most 
commonly happens in infants and is frequently termed 
infant botulism. Infant botulism, which is the most 
common type of botulism in the United States, occurs 
when an infant consumes foods contaminated with 
spores of C. botulinum. Disease occurs when the spores 
germinate and proliferate in the GI tract and produce 
toxin.” Although uncommon, adults can also develop 
intestinal botulism.’ These patients typically have an 
abnormality of the GI tract that can make them 
susceptible to intestinal colonization. 


Bacteriology/Structure 


Botulism spores are ubiquitous; they are found in the soil 
and in marine sediments worldwide. The species is 
subdivided into seven antigenically distinct serologic 
types (A to G), which produce disease in either humans 
or animals.®? The botulinum toxin is produced after the 
botulinum spore germinates and begins cell growth. 
Toxin is released when the mature cell wall lyses.? The 
spores of C. botulinum are surrounded by an inner and 
outer coat of keratin-like structure rich in disulfide bonds 
that makes them highly resistant to heating, freezing, 
aerobic and anaerobic conditions, ionizing radiation, 
and exposure to various chemical agents.’ Moist heat at 
temperatures greater than 120° C for at least 30 minutes 
is required to destroy them.®!' Environmental factors 
that favor spore germination include low acidity, a 
temperature between 4°C and 70°C, low oxygen, and 
high water content.?!* However, growth of E-type 
organisms has been reported at temperatures as low as 
3° C and in nonanaerobic environments.® 


Epidemiology and Types of Botulism 


Toxin types A, B, and E account for almost all cases 
of human botulism.*!* Types F and G are very rare in 
humans. Toxin types C and D are associated with 
botulism in mammalian animals and birds.!? Between 
1973 and 1996, approximately half of the cases of food- 
borne botulism were caused by type A. In that same 
period, the remaining cases were almost equally divided 
between types B and E.’ Geographic distribution of spore 
types parallels the toxin type identified in outbreaks. In 
the western United States, type A spores predominate in 
the soil, and the majority of disease is due to type A 
toxin.®:!* Type B spores predominate in the central and 
eastern United States, and the majority of cases in these 
areas are due to type B toxin.®:!4 Type E spores are less 
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ubiquitous but are most commonly found in damp 
locations, including sediments around the Great Lakes 
and the coasts of Washington and Alaska. These coastal 
areas are the same locations where type E botulism 
occurs. 

The name botulism originally comes from the Latin 
word botulus, meaning “sausage.” Improperly prepared 
blood sausage was first implicated in causing the disease 
in the late 18th century. The organism was first reported 
to be associated with the disease in 1897 after it was 
isolated from uncooked ham after an outbreak of 23 
cases at a music club in Belgium.” Although poorly 
preserved meat was the cause of most cases of botulism 
in the past, most present-day cases of types A and B 
botulism in the United States result from improper 
home canning of vegetables. 

While restaurant-acquired botulism accounts for only 
4% of the total number of outbreaks, restaurant- 
associated outbreaks account for 40% of the total 
number of cases of botulism.'® Several large outbreaks 
have been caused by onions and potatoes that were left 
at warm temperatures for more than 12 hours in 
incubator-like conditions.'*'® Either insufficient heating 
to kill the spores or introduction of spores to the food 
after cooking led to proliferation of the organism with 
subsequent toxin production. Anaerobic conditions may 
exist, especially if the food is immersed in a liquid or is 
covered. The onions, which were immersed in butter, 
were used in patty melt sandwiches and resulted in 28 
cases.'©!7 The potatoes were wrapped in aluminum foil 
and later used in potato salad and caused 34 cases.'® 
A similar incubation process has been implicated in 
other outbreaks involving beef and chicken pot pies, 
turkey loaf, and beef stew, all of which were kept warm 
and left to stand for longer than 12 hours without 
reheating./©19.20 

Cases of type E botulinum food poisoning result from 
either poor vacuum packing or improper home prepa- 
ration or preservation techniques.*! Common foods in 
the Inuit Eskimo communities are urrag (uncooked seal 
flipper in seal oil), muktuk (chunks of white whale skin, 
blubber, and meat), and fermented salmon eggs; these 
foods allow growth of the botulinum organism when left 
to ferment at room temperature because the foods are 
low in carbohydrates and thus do not become acidic.” 
The largest outbreak of type E botulism to date recently 
occurred in Egypt and involved at least 91 people. It 
resulted from the consumption of faseikh, which is a 
traditional ungutted, salted fish that was placed in a 
barrel and kept in a warm environment.** Conditions 
present in the fish intestines during preservation allowed 
for type E spores to proliferate.” 


Pathophysiology 


The botulinum toxin is the most lethal human toxin 
known; it has an estimated oral lethal dose of 70 ug in a 
70-kg human.** Despite its potency, botulinum toxin is 
easily denatured.® Sunlight, chlorine, and heating at 
80° C for 30 minutes or 100° C for 10 minutes denatures 
the active toxin.'*'° Boiling under pressure is required at 


higher altitudes. Botulinum toxins form complexes with 
other proteins that prevent destruction by proteolytic 
activity in the stomach after ingestion. The toxins are 
absorbed in the small intestine. The botulinum toxin is 
composed of a heavy and light chain held together by a 
disulfide bond. Once the toxin has been absorbed, it 
spreads via blood and the lymphatic system to peripheral 
acetylcholine synapses. Botulinum toxin cannot cross the 
blood-brain barrier. The heavy chain binds to specific 
receptors on the presynaptic nerve terminal and the 
toxin crosses the cell membrane via endocytosis. The 
heavy chain undergoes a reconfiguration that is 
triggered by the more acidic pH within the vesicle. The 
reconfiguration allows the heavy chain to penetrate the 
vesicle and results in release of the light chain into 
the cytoplasm. The light chain is a zinc-dependent 
endopeptidase enzyme that is highly specific for one of 
three synaptic proteins (SNAP-25, syntaxin, or synap- 
tobrevin) essential for docking and fusion of vesicles.?°”° 
Without these synaptic proteins, acetylcholine-containing 
vesicles cannot fuse with the presynaptic membrane or 
release the neurotransmitter into the synaptic cleft. 

The toxin’s blockade of acetylcholine occurs at four 
separate sites: (1) the neuromuscular junction, (2) gan- 
glionic nerve endings, (3) postganglionic parasympathetic 
nerve endings, and (4) postganglionic sympathetic nerve 
endings that use acetylcholine.’ At high toxin con- 
centrations, adrenergic systems may also be affected." 
The toxin affects only the release of acetylcholine and 
does not affect acetylcholine’s synthesis, storage, or 
metabolism.’ Botulinum toxin does not affect impulse 
conduction down nerves or impulse conduction at nerve 
terminals.!127 


Food-borne Botulism 
CLINICAL MANIFESTATIONS 


The first symptoms of botulism usually occur within 12 to 
48 hours of ingestion of contaminated foods.'****" The 
onset of symptoms, however, may be delayed for as long 
as 14 days after ingestion. The latent period is inversely 
proportional to dose of toxin ingested, such that the 
more toxin consumed, the more rapid the onset of 
symptoms. The initial signs and symptoms of botulism 
may be gastrointestinal and can include abdominal pain, 
nausea, vomiting, and diarrhea. Constipation is the most 
common GI symptom. 

Patients may also present initially with only neurologic 
signs and symptoms due to cholinergic blockade. Visual 
disturbances, dysarthria, dysphagia, and dry mouth are 
the four most specific neurologic symptoms.®172931 
Additional nonspecific neurologic symptoms associated 
with botulism include malaise, generalized weakness, 
headache, dizziness, and paresthesias.*!”9*! As the disease 
progresses, oculobulbar signs, descending paralysis, and 
progressive respiratory weakness occurs, which often 
leads to respiratory failure. 

Oculobulbar symptoms are exceedingly common 
findings in botulism.****? Blurring of vision, lateral rectus 
palsy, ptosis, dilated pupils, and external ophthal- 
moplegia occur in most patients who develop neurologic 
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symptoms.!”?93! Fixed or dilated pupils are seen in almost 
half the patients who present in botulism epidemics. 
Sixth nerve palsy and accommodative paresis are 
frequent, early ophthalmic signs of botulism.*!*? Third 
nerve palsy, if seen, may indicate a higher likelihood 
of respiratory failure and the need for mechanical 
ventilation.®!*> Because botulism is so rare and is 
associated with nonspecific symptoms, the Centers for 
Disease Control and Prevention (CDC)® and others!” 
have suggested various constellations of signs and symp- 
toms to help clinicians consider the diagnosis of 
botulism early in its presentation (Table 26-1). 

Table 26-2 lists the differential diagnoses of 
botulism.®!*°4 The disease is most commonly confused 
with Guillain-Barré syndrome. Approximately 10.5% of 
persons reported to the CDC with suspected botulism 
are ultimately diagnosed as having Guillain-Barré 
syndrome. Other diseases commonly confused with 
botulism include carbon monoxide poisoning (3.4% of 
reported cases of botulism), food poisoning of unknown 
etiology (3.2%), and food poisoning due to staphy- 
lococcal organisms (3.0%). Physicians should suspect 
botulism whenever a patient presents with generalized 
weakness, particularly if there is ocular or oropharyngeal 
involvement. 


DIAGNOSIS 
Because rapid treatment is critically important and results 
of diagnostic testing take time, the clinician must make 
the initial diagnosis of botulism on clinical grounds. 
When botulism is clinically suspected, samples of serum, 
stool, and stomach contents should be cultured and 
assayed for botulinum toxin. Epidemiologically suspected 
foods should also be assayed for the neurotoxin. The 
mouse neutralization bioassay is the most reliable 
method for detecting the toxin. Laboratory confirmation 
cannot be relied on to make treatment decisions because 
the mouse bioassay requires 4 days to complete. Since 
C. botulinum is ubiquitous, cultures of the suspected food 
are not usually helpful and can result in false-positive 
results. Postmortem diagnosis may be aided by detecting 
toxin or organisms in autopsy specimens of the small 
intestines, large intestines, or liver.'* 

An electromyogram (EMG) can be useful by correctly 
differentiating botulism from myasthenia gravis, 


Most Common Presentations of Food- 


borne Botulism 





Presenting complaints Dry mouth and/or dysphagia 


Abdominal symptoms 


Initial appearance Anxious 
Normal mental status 
Weak 
Medical history Previously well 
Vital signs Afebrile 
Slow or normal pulse 
Physical examination Dysphonia 
Dysarthria 


Symmetric ocular weakness 
Symmetric neurologic abnormalities 








Guillain-Barré syndrome, and Eaton-Lambert syndrome. 
The EMG of a patient suffering from botulism 
demonstrates a decrease in the evoked action potential 
at slow-frequency stimulation (2 Hz/s) and incremental 
increase in amplitude at rapid stimulation (50 Hz/s).” 
The EMG findings in myasthenia gravis show decreased 
evoked muscle responses at both slow and fast stim- 
ulation, and these EMG findings improve with the use of 
edrophonium chloride.” A decrease in evoked potential 
is usually noted as the muscle is repetitively stimulated, 
the opposite of what is found in botulism.” The EMG 
findings of a patient with Eaton-Lambert syndrome 
are very similar to those of a patient suffering from 
botulism.*°°° EMG findings for botulism, however, are 
very dissimilar between different muscle groups and 
evolve over time, whereas EMG findings between 
different muscles for Eaton-Lambert syndrome are very 
similar and stay relatively stable over time. EMG findings 
for Guillain-Barré usually show patchy slowing, which is 
indicative of demyelination. 

The diagnosis of botulism may be difficult to make 
on initial patient presentation. The clinician should be 
familiar with the common presenting signs and 
symptoms (see Table 26-1) and the clinical features that 
differentiate it from other illnesses with similar findings 
(see Table 26-2). The findings on EMG can be helpful to 
solidify the diagnosis. The physician should consider 
botulism in the differential diagnosis of any patient who 
presents with a neurologic or neuromuscular complaint. 


MANAGEMENT 
The treatment of botulism requires meticulous attention 
to airway and ventilatory status. Most early deaths result 
from respiratory failure and occur before a patient has 
presented for health care or from the failure of health 
care workers to recognize early signs of respiratory 
impairment once a patient has presented.!”°’ Patients 
should be placed in a well-observed treatment area on an 
electrocardiogram monitor and should have continuous 
pulse oximetry monitoring. An intravenous line should 
be established, and equipment necessary for intubation 
should be readily available. Patients should be asked 
if any of their family or friends have similar symptoms 
or whether they have eaten in a restaurant, any home- 
canned foods, or any unusually prepared meats. 
Although any food ingested during the prior 8 days 
could possibly cause botulism, food consumption during 
the past 2 to 3 days is the more likely source of illness. 
Pulmonary function tests are required for all patients 
with suspected botulism.” Although arterial blood gas 
measurements are helpful in the complete assessment of 
any patient, they do not accurately predict a declining 
respiratory reserve. Hypercarbia due to respiratory 
muscle weakness usually develops very late in the course 
of botulism, just before respiratory arrest.>’ In an effort 
to predict those patients who will experience a declining 
ventilatory status, vital capacity and forced inspiratory 
volume should be measured regularly at 2- to 4hour 
intervals. In one study, all adult patients with a vital 
capacity less than one third that predicted eventually 
required mechanical ventilation.®” Elective intubation 





BIOLOGICAL TOXINS 


Differential Diagnosis in Botulism 


DISEASE OR 
CONDITION 


Neurologic Diseases 


Guillain-Barré 
syndrome 


Myasthenia gravis 


DIFFERENTIAL 
MANIFESTATIONS 


Usually ascending paralysis 
Elevated CSF protein 
Paresthesias 

Preceding viral illness common 
Absent deep tendon reflexes 
Lack of autonomic findings 
Increased fatigability 
Improvement with edrophonium 
EMG findings 


Biologic Infections and Toxins 


Bacterial food poisons 
(staphylococcal, 
clostridial, and so 
forth) 


Diphtheria 


Poliomyelitis 


Tick paralysis 


Poisoning and Overdose 


Phenothiazine 
reaction 

Carbon monoxide 
poisoning 


Organophosphate 
overdose 


Anticholinergic 
poisoning 


Rapid onset 

Gastrointestinal complaints 
predominate 

No paralysis 

No cranial nerve involvement 

Pseudomembrane 

Pharyngitis 

Schick's test 

Limb paralysis occurs weeks after 
cranial nerve involvement 

Fever 

Meningeal signs 

Crampy muscle pain 

Asymmetric distribution 

CSF may show encephalitis pattern 

More common in children 


Tick(s) found on physical examination 


Paralysis usually ascending 


Deep tendon reflexes may be absent 


Spastic muscle contractures 
Resolution with antihistamines 
Headache 

Altered mental status 

Elevated carbon monoxide level 
Fasciculations 

Cholinergic symptoms 
Resolution with atropine 
Fever 

Altered mental status 
Tachycardia and vasodilation 
No cranial nerve involvement 
Medication history 


Medical Conditions and Emergencies 


Acute myocardial 
infarction 
Appendicitis 
Bowel obstruction 
Bowel infarction 
Acute intermittent 
porphyria 


Classic signs and symptoms should 
evolve over time 


History or family history 

Cranial nerve involvement rare 
Prior psychiatric or CNS complaints 
Urinary test abnormalities 


DISEASE OR 
CONDITION 


Eaton-Lambert 
syndrome 


Cerebrovascular 
accident 


Encephalitis 


Saxitoxin 
Trichinosis 


Amanita 


Tetanus 


Aminoglycoside- 
induced paralysis 


Heavy metal exposure 


Hypermagnesemia 


Carcinomatous 
invasion of the base 
of the skull 

Hysteria 


Sepsis 


CNS, central nervous system; CSF, cerebrospinal fluid; EMG, electromyography. 


DIFFERENTIAL 
MANIFESTATIONS 


Underlying malignancy, especially oat 
cell carcinoma 

Progression much slower 

Predominant thigh and pelvic muscle 
involvement 

Extraocular muscle involvement rare 

Pupillary findings almost never present 

EMG findings 

Asymmetric 

Unilateral 

Vascular distribution 

Asymmetric deep tendon reflexes 


Altered mental status 
Fever 
Meningeal signs 


Abnormal CSF 

Symptoms within 1 hr of fish ingestion 
Paresthesias of face predominate 
Tachycardia 

Vertigo 

Fever 

Myositis 

Periorbital edema 

Eosinophilia 

Coma 

Violent vomiting 

Hepatic failure 

Trismus 

Risus’ sardonicus 

Neck and jaw stiffness 

Muscle spasms 


Postanesthesia 

History of renal impairment 
Serum levels 

Exposure history 

Rapidity of onset 

Serum or urine levels 
Medication history 

Renal impairment 

Serum magnesium level 


Cranial nerves V and VIII involvement 
only 

Meningeal signs and symptoms 

Variable, inconsistent findings 

No objective findings 

Fever 

Leukocytosis 

Localized sites of infection 

Abnormal CSF findings 

Positive blood cultures 





CHAPTER 26 Botulism and Other Food-borne Toxins 525 


before respiratory arrest decreases mortality from 
botulism.*9 

The state health department should be contacted in 
all suspected cases of botulism. The CDC maintains a 
24-hour telephone number to provide callers with their 
state’s on-call consultant (404-639-2888). This telephone 
number provides 24-hour access to consultation regarding 
suspected cases of botulism. Information is also provided 
about the nearest location for obtaining the antitoxin. 
The state health department can assist in the epidemi- 
ologic and public health aspects of the outbreak. 
Samples should be obtained for testing by the CDC.*® 
These samples should be kept refrigerated but not 
frozen.® 

At the time of diagnosis, unabsorbed toxin-containing 
food may still be present in a patient’s GI tract. While the 
efficacy of gastric decontamination in suspected cases of 
botulism is yet to be evaluated, it is recommended. 
Activated charcoal adsorbs C. botulinum type A in vitro 
and, thus, is recommended for cases of suspected food- 
borne botulism.*? The utility of gastric lavage is unknown 
and should be reserved for patients who ingested known 
contaminated food within 1 to 2 hours of presentation. 
Non-magnesium-containing cathartics, enemas, and 
whole bowel irrigation are other options, but their 
efficacy is unknown. 

Botulism equine trivalent (A, B, E) antitoxin should 
be administered as soon as possible in all cases of 
suspected botulism except infantile botulism. The anti- 
toxin binds circulating toxin and is effective in 
preventing progression of illness but does not reverse 
neurologic effects that are already present. In a 
retrospective analysis of 134 cases of type A food-borne 
botulism, patients who received trivalent antitoxin within 
24 hours of symptom onset had a lower mortality rate 
and a shorter hospital stay than patients who received 
delayed antitoxin (greater than 24 hours after symptom 
onset) or no antitoxin at all.*! Since 1996, the CDC has 
recommended the administration of only one vial 
intravenously per patient.’ Each vial contains 100 times 
that amount of antitoxin required to neutralize the 
largest amount of circulating toxin ever measured at 
the CDC.* Pregnancy is not a contraindication to 
antitoxin administration. It is unknown if asymptomatic 
individuals that have likely consumed food contaminated 
with botulinum toxin should be treated empirically 
with antitoxin. The benefits of early administration must 
be weighed against the risk for anaphylaxis from the 
equine-derived antitoxin. 

In one investigation, hypersensitivity reactions were 
noted in 9% of patients treated with the horse serum- 
prepared antitoxin.*® Patients in this study were treated 
with less than one to greater than four vials. More than 
half of the reactions were nonfatal acute hypersensitivity 
reactions that ranged from urticaria to true anaphylaxis; 
the remainder were delayed serum sickness—type hyper- 
sensitivity reactions.*® The incidence of delayed serum 
sickness—type hypersensitivity reactions was significantly 
more common in those administered more than four 
vials. The incidence of hypersensitivity reactions may be 
lower following administration of one vial, as is currently 





recommended. Nevertheless, epinephrine should be 
readily available to treat serious reactions. Skin testing 
before treatment does not reliably distinguish those 
patients who will or will not have hypersensitivity 
reactions. 

The incidence of mortality for botulism has declined 
dramatically during the past 40 years, from more than 
60% to between 5% and 15%.8162937 There are many 
reasons for this, which include more widespread media 
coverage and heightened awareness, more aggressive 
early care, increased availability of antitoxin, and 
accumulated intensive care expertise by physicians. Cases 
of suspected botulism should be cared for by intensivists 
that are experts in ventilator management. In recent 
reports, almost all in-hospital deaths have been due to 
pulmonary and ventilator-related complications.?9?7" 

Severity of disease appears to be related to the type of 
toxin. Cases of type A botulism have had a significantly 
higher incidence of respiratory failure requiring 
intubation and mechanical ventilation than have cases of 
types B and E botulism.'®*%*° Type E botulism has the 
lowest incidence of intubation but has a shorter 
incubation period; almost all individuals have symptoms 
within 24 hours of ingestion.“ Type B is intermediate in 
severity between types A and E and has the longest 
incubation period. 

Recovery from botulism may be delayed for months.” 
Patients are often weak and tire easily for as long as a year 
after the acute phase of their disease. A vaccine 
developed from a recombinant fragment of C. botulinum 
neurotoxin serotype A has protected mice against intra- 
peritoneal doses of toxin 10 million times the normal 
lethal dose. 


Infant Botulism 


Infant botulism, first reported in 1976, is now by far the 
most common form of botulism in the United States. In 
one 12-year period, 57 cases were reported at the 
Children’s Hospital of Philadelphia alone. Infant 
botulism has also been implicated as a possible occult 
cause of the sudden infant death syndrome. Two non- 
botulinum Clostridium organisms, Clostridium butyricum 
and Clostridium barati, have been shown to cause infant 
botulism by elaboration of botulism toxins type E and F, 
respectively.?47 As of 1996, more than 1400 cases of 
infant botulism have been reported to the CDC.° 
Unlike classic adult botulism, which results from 
ingestion of preformed toxin, infant botulism is due to in 
vivo germination of botulism spores with concomitant 
toxin production. The human colon is believed to be the 
site of bacterial colonization, and symptoms occur when 
released toxin is absorbed from the gut.” Botulism spores 
do not germinate in the presence of high acidity, a 
complex mix of aerobic and anaerobic bacteria, or a 
mature GI immune system.** Infants are at risk until 
about 4 to 6 months of age because of the unique 
characteristics of their GI tract, including a more 
alkaline gastric environment, a paucity of normal flora, 
and a lack of mature mucosal immunologic defenses, 
including lysozyme, complement, and secretory IgA.4850 
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In infants, the median age at presentation is 2 to 4 
months; cases of infant botulism after 6 months of age 
are very uncommon. 

Breast-feeding remains a controversial risk factor for 
the development of infant botulism. A study has shown 
that before 2 months of age, there is no significant 
difference between the number of breast-fed and formula- 
fed infants diagnosed with the disease.” The severity of 
disease in formula-fed infants younger than 2 months 
appears to be greater, however, and more formula-fed 
infants require intubation. In infants older than 2 months, 
those who have been breast-fed have a significantly higher 
chance of being diagnosed with infant botulism. Other 
risk factors for infant botulism include residing in regions 
that have a high soil load of botulism spores. The high 
spore load in local soils of California, Utah, and 
Pennsylvania parallels the frequency of disease, and more 
than half of the reported cases of infant botulism come 
from these regions. Additional risk factors for infant 
botulism include alkaline soil, nearby construction, high 
dust counts, and ingestion of corn syrup or honey.°??! 
Natural honey is one of the causes of infant botulism. As 
many as 25% of samples have botulism spores. The CDC 
recommends that natural honey not be given to children 
younger than 12 months.”! 

Treatment of infant botulism involves aggressive 
supportive care. Use of equine antitoxin is to be avoided 
due to the risks associated with use of equine-derived 
product and the possibility of early sensitization to equine 
serum.! Current evaluation of a human volunteer- 
derived immune globulin preparation is ongoing and 
may offer an alternative antibody-based therapy.' 


Wound Botulism 


Wound botulism occurs when Clostridium botulinum grows 
in localized wounds and elaborates sufficient neurotoxin 
for the systemic signs and symptoms of botulism to 
develop. First described in 1943, wound botulism has 
been frequently associated with infected abscesses from 
injection drug use. In 1982, a case of wound botulism 
resulted from the intravenous injection of cocaine.” 
More recently cases of wound botulism associated with 
the intramuscular or subcutaneous (“skin popping”) 
administration of black tar heroin.°®** In cases of wound 
botulism secondary to infected abscesses in which toxin 
typing is performed, botulinum toxin type A or B is most 
frequently identified.°° 

Any wound in which C. botulinum germinate and 
elaborate toxin may be associated with clinical botulism. 
In 1991, botulinum toxin type A was isolated from a case 
of wound botulism secondary to an odontogenic abscess 
in a 5-year-old boy.°? 

Treatment of wound botulism includes aggressive 
supportive care, early surgical débridement of wounds, 
and the administration of antitoxin. 


latrogenic Botulism 


Subsequent to the use of intradermal botulinum toxin 
(Botox, Allergan, Inc., Irvine, CA) in cosmetic derma- 
tology, rare cases of systemic botulism have been 


reported.**°® These cases have all involved multiple 
subcutaneous or intramuscular injections for focal 
hyperhidrosis, spasticity secondary to multiple sclerosis, 
spasticity associated with multisystem atrophy, and 
cervical dystonia.°°°> Both pharmaceutical formulations, 
BoTox and Dysport (Ipsen, Ltd., Slough, UK), have been 
associated with iatrogenic botulism. Patients diagnosed 
with iatrogenic botulism have all developed generalized 
muscle weakness and have had EMG evidence of 
denervation.°°°> None of these patients received 
antitoxin treatment or required mechanical ventilation. 


OTHER FOOD-BORNE TOXINS 


Introduction 


Illness caused by food consumption may be due to the 
direct action of an infecting organism, elaboration of a 
toxin by an infecting organism, or the presence of 
a preformed toxin in the ingested food (even in the 
absence of viable organisms). Food-borne illnesses are 
vastly underreported in the United States, with most 
estimates suggesting that about 1% to 5% of cases reach 
public health awareness.” In the past, food-borne illness 
outbreaks occurred on a small geographic scale with 
high attack rates and were more easily detected by public 
health authorities. The changing paradigm of this 
disease entity is one of broad geographic reach and is 
characterized by increased numbers of victims and less 
readily identifiable sources.” In a telling example from 
Minnesota in 1994, 593 cases of Salmonella enteriditis were 
linked to consumption of pasteurized ice cream 
transported in a tanker truck that had previously carried 
unpasteurized liquid egg. The inoculum of Salmonella 
found in the contaminated ice cream, if evenly 
distributed throughout the tanker, was estimated to have 
been enough to cause 224,000 cases of illness.°' The 
underreporting of food-borne illness, compounded by 
the unavoidable laboratory delay in detecting an event, 
could have a considerable public health impact if timely 
intervention to stop an outbreak is not taken. 

In the current political climate, the possibility of 
malicious contamination leading to an outbreak must 
raise Our awareness even more. Determination that the 
1984 Salmonella outbreak in Oregon was biological 
terrorism came more than 2 years after the initial public 
health investigation.” Today, the onus is on the frontline 
physician to report suspected food-borne illnesses, with 
the intent of identifying an outbreak early enough to 
intervene, rather than merely retrospectively arriving at 
a satisfying clinical diagnosis. The following section 
provides the clinical characteristics associated with the 
more common toxin-mediated, food-borne syndromes. 

Bacterial food toxins may be heat stable or heat labile. 
Heat-stable enterotoxins are typically smaller proteins 
that primarily intoxicate intestinal lining cells. The 
most common heat-stable toxins are those associated 
with Staphylococcus aureus, enterotoxigenic Escherichia coli, 
and Yersinia enterocolitica. The most common heat-labile 
toxins are associated with Bacillus cereus, Clostridium 
perfringens, and Vibrio cholerae. 
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Staphylococcal Food Poisoning 


INTRODUCTION, EPIDEMIOLOGY, AND 
BACTERIOLOGY 

Staphylococcal food poisoning is the second most 
common cause of reported food-borne illness in the 
United States.°4 The self-limited nature of this illness 
results in a low (10%) rate of presentation to health 
care facilities and, thus, a vast underreporting of the 
estimated 6 to 80 million cases that occur each year in 
the United States. 

Approximately 2% to 5% of S. aureus isolates produce 
one of the seven identified heat-stable enterotoxins 
responsible for human disease.°° One study of a large 
outbreak in California and Nevada has also identified 
and implicated an enterotoxin-producing strain of 
Staphylococcus intermedius.®’ Coagulase-negative staphy- 
lococci do not produce enterotoxins and have not been 
implicated in human food-borne illness. Humans are 
the natural reservoir for S. aureus, although unpas- 
teurized dairy products from cows with mastitis can also 
be a source of S. aureus.’ Studies show that between 20% 
and 50% of healthy individuals are asymptomatic carriers 
of S. aureus.®? 

S. aureus contamination occurs when a food handler, 
who is either a carrier of the organism or has an 
incidental infection (i.e., impetigo, cellulitis, or an open 
wound) inoculates the source food with bacteria. The 
food must maintain a permissive temperature for 
bacterial growth to allow elaboration of the toxin. For 
example, centralization of school lunch preparation— 
where lunches are prepared in one location and then 
distributed to satellite schools—was felt to contribute to 
a 1990 outbreak of staphylococcal enterotoxin A illness 
in two elementary schools in Rhode Island. Ham rolls in 
662 lunches, inoculated by a contaminated food handler, 
were maintained at permissive temperatures for several 
hours while they were transported to the outlying 
facilities.” 

Optimum temperature for bacterial growth is 35° C to 
40° C, but the organism can grow and produce toxin 
at temperatures between 3°C and 60° C.7! Thorough 
reheating before serving may kill the bacteria, but the 
heat-stable toxin will remain active. In a recent, large 
outbreak in the Kansai district in Japan linked to 
powdered skim milk produced at a factory in Hokkaido, 
staphylococci were killed by pasteurization at 130° C, but 
enterotoxin A remained in concentrations of 3.7 ng/g.” 
Intake among cases was estimated to be 10 to 100 ng. 

Foods rich in protein and sugars (e.g., poultry and 
ham), dairy products (e.g., milk, mayonnaise, cheese), 
or foods containing dairy products (e.g., sauces, desserts, 
dressings, and condiments) are most often implicated in 
S. aureus food poisoning.” However, any food may be 
implicated. For example, in a large European outbreak 
in 1984 that involved Great Britain, France, and Italy, 
packages of dried lasagna produced at a processing plant 
in Parma, Italy, were responsible for multiple mini- 
clusters of staphylococcal food poisoning.” This out- 
break was a rare event both because of the implicated food 
item (dried pasta) as well as the point of contamina- 
tion (during manufacture). 





PATHOPHYSIOLOGY 

It is well known that staphylococcal enterotoxins A through 
E and G through J, as well as toxic shock syndrome toxin 
(TSST, formerly staphylococcal enterotoxin F) act as 
superantigens and cause toxic shock by means of 
widespread ‘T-cell activation and resultant cytokine 
elaboration. Superantigens bind nonspecifically to the T- 
cell receptor (TCR) of many T cells, resulting in 
unregulated activation of the inflammatory cascade. 
However, a different mechanism is implicated in the 
pathogenesis of staphylococcal food-borne illness, and is 
only now being intensively investigated. In vitro work has 
shown that enterotoxin B and TSST will undergo 
facilitated transport by intestinal lining cells (which lack 
both TCRs, as well as major histocompatibility complex 
class II molecules).’* Mice fed staphylococcal entero- 
toxin B will demonstrate the presence of the toxin in the 
blood much more readily than will those fed staphy- 
lococcal enterotoxin A.® Staphylococcal enterotoxins 
are not cytotoxic to intestinal lining cells, nor do they 
stimulate fluid secretion in the gut by uncontrolled 
cycling of G proteins. Thus, the exact mechanism by 
which this family of toxins causes emesis and diarrhea 
remains elusive. 


CLINICAL MANIFESTATIONS 

The symptoms associated with staphylococcal food 
poisoning are the classic triad of abdominal pain and 
nausea, followed by vomiting and often diarrhea. 
Symptoms usually present between 2 and 6 hours after 
ingestion and are self-limited to 24 hours. Persistent 
symptoms should prompt a search for another cause. 
Significant morbidity is possible, especially in high-risk 
populations at greatest risk for dehydration, such as the 
very old and young and those with numerous comorbid 
conditions. About 9000 deaths a year occur as a result of 
staphylococcal food poisoning in the United States. 


MANAGEMENT 


Treatment is symptomatic and supportive. 


Clostridium perfringens 


INTRODUCTION, EPIDEMIOLOGY, AND 
BACTERIOLOGY 

Clostridium perfringens food poisoning is another common, 
underreported cause of enterotoxin-mediated food 
poisoning. Data from 1988 through 1992 indicate that it 
was the second leading cause of food-borne disease.” 

C. perfringens is an anaerobic, gram-positive, spore- 
forming rod that is ubiquitous in the environment and is 
part of the normal intestinal flora of humans and many 
other organisms. In this respect, C. perfringens differs 
from C. botulinum, which is not considered normal gut 
flora. The bacterium is known to produce at least 13 
different toxins that have been implicated in a number 
of human disease processes, including gas gangrene.”® 
C. perfringens is subtyped into strains A through E, and an 
individual strain may only elaborate a limited repertoire 
of the 13 recognized toxins. C. perfringens type A is the 
strain most often associated with production of the 
C. perfringens enterotoxin (CPE) implicated as the cause 
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of food poisoning." While 90% of food poisoning 
isolates are type A, surveys of all C. perfringens cultures 
found the incidence of plasmids containing the cpe gene 
to be fewer than 5%.” 

Elaboration of enterotoxin occurs during spore 
formation, and sporulation is required for toxin release 
from the bacterial cell. The enterotoxin is thought to 
be a component of the spore coat. When heavily con- 
taminated foodstuffs are ingested, the acidic environ- 
ment of the stomach probably kills off large numbers of 
vegetative clostridial cells. However, if sufficient cells 
reach the small intestine, the bacteria may sporulate, and 
this leads to elaboration of the enterotoxin.” This 
second sporulation after ingestion suggests that CPE is 
not exactly a preformed toxin, but exerts its 
enterotoxigenic effect in such a fashion as to be indis- 
tinguishable clinically from ingestion of true preformed 
toxins associated with other infecting organisms.°® 

C. perfringens tends to contaminate high-protein foods 
such as meats, poultry, stews, and gravies, because the 
spores tend to survive the kinds of temperatures 
associated with roasting. If the food is then left at room 
temperature, the spores will germinate and proliferate.°® 
CPE is heat labile and is inactivated at temperatures 
greater than 75° C. The toxin has also been shown to be 
inactivated by freeze-thawing. However, these practices 
are unlikely to alter or prevent food-borne illness since 
secondary sporulation in the small intestine is the major 
source of synthesis and amplification of CPE production. 

Improper food handling is the usual source for many 
food poisoning outbreaks. One of the first and best 
reported instances occurred in January 1964 at a college 
in Spokane, Washington.” Forty-seven students became 
ill with diarrhea (81.8%), abdominal pain (75.5%), and 
headache (40.0%) after eating lamb stew for lunch. 

Roast pork was implicated as the source in a diarrheal 
illness that affected 17 patients in two orthopedic wards 
at a hospital in England in December 1989.” After 
isolating C. perfringens type A from the pork, an inspec- 
tion of the processing plant showed that a quick-freezing 
“blast chiller” had been replaced by a slower “shower” 
that gradually lowered the cooked meats’ temperature to 
2° C for packaging. Minced beef stew was implicated in a 
second large hospital outbreak in London in June 
1989.°° Sadly, 2 of the 58 ill patients died. 


PATHOPHYSIOLOGY 

The molecular mechanism by which CPE causes disease 
is not fully known. The toxin preferentially binds to 
intestinal lining cells of the ileum.” This results in the 
formation of amembrane complex that allows leakage of 
small molecules such as amino acids and ions.” In vitro 
work indicates that CPE does not affect fluid or 
electrolyte active transport,” nor does CPE act via cyclic 
adenosine monophosphate (cAMP) or cyclic guanosine 
monophosphate (cGMP).°® Fluids and electrolytes may 
passively follow the gradient set up by the membrane 
complex—mediated loss of small molecules, or the loss of 
brush border cells and compromised gut integrity may 
lead to passive fluid losses. The effect of CPE on the 
brush border ultimately leads to death and sloughing of 
the intestinal epithelium.” 


CLINICAL MANIFESTATIONS 
Symptoms of C. perfringens food poisoning usually 
develop within 12 to 24 hours of ingestion. In vitro, 
however, CPE effects are seen in 15 to 30 minutes when 
applied to rabbit colon.” Diarrhea and abdominal cramps 
occur commonly, whereas nausea occurs only occasionally. 
Rarely, fever, chills, and vomiting may be present. In a 
November 1990 outbreak among conventioneers in 
Michigan linked to minestrone soup, 32 of 42 attendees 
experienced diarrhea (94%) and abdominal pain (91%) 
a median 6.5 hours after the meal.® Illness is generally 
self-limited and usually resolves within 24 hours. For 
instance, among 112 cases of clostridial-associated food 
poisoning after a firehouse luncheon in Maryland in 
1984, illness lasted a mean of 21.2 hours after a median 
incubation period of 13.4 hours.** Death is rare and 
more often occurs in elderly debilitated patients.°° 
Serious hemorrhagic enteritis associated with toxins 
other than CPE has been associated with C. perfringens 
type C in both Germany and New Guinea.” 


MANAGEMENT 
Care is generally supportive, with appropriate volume 
and electrolyte replacement. 


Vibrionaceae 


INTRODUCTION, EPIDEMIOLOGY, AND 
BACTERIOLOGY 

Vibrios are halophilic (characterized by their salt 
requirement), motile, gram-negative rods endemic in 
many coastal areas worldwide, including coastal areas of 
the western and, more commonly, the southern United 
States. The family Vibrionaceae includes the genera 
Vibrio, Aeromonas, and Plesiomonas. Thirteen species of 
Vibrio have the potential to cause human disease: 10 
species cause food-borne gastroenteritis or septicemia, 
while Vibrio metschnikovu and Vibrio damsela cause wound 
infections and otitis externa associated with exposure to 
contaminated water.** Vibrios are routine pathogens of 
seafood worldwide since they reside in the intestinal 
tracts of fish, in shellfish, and in plankton. 

Between 1983 and 1992, seafood (including shellfish) 
was the third most common vehicle implicated in food- 
borne illness cases (see Chapter 25).8° While the most 
frequently isolated pathogen in shellfish-implicated 
illness was a virus, 20% of shellfish-related infections 
were caused by naturally occurring bacteria and only 4% 
from fecal contaminating bacteria.® Reliance on levels 
of fecal coliform contamination in coastal and estuarine 
waters is not an accurate indicator of the risk of shellfish- 
associated illness because fecal contaminating organisms 
make up such a small percentage of pathogens. 

Vibrio cholerae is still associated with large-scale 
morbidity and mortality in several parts of the world. 
Cholera is the exception to the fecal contamination rule 
of shellfish-related illness since the last seven worldwide 
cholera outbreaks have been related to sewage contam- 
ination. The main vehicle in cholera illness associated 
with the toxigenic 01 (epidemic biotype) strain is raw 
oysters. The more common strains associated with GI 
illness in the Unites States include non-01 biotype 
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V. cholerae, Vibrio parahaemolyticus, Vibrio mimicus, Vibrio 
fluvialis, and Vibrio hollisae.°° 

V. parahaemolyticus has been isolated from seafood all 
over the world. It is the leading cause of seafood-borne 
disease in Japan, and the leading cause of Vibrio- 
associated illness in the United States, followed closely by 
non-01 V. cholerae.®* V. parahaemolyticus survives in slightly 
colder temperatures than other vibrios and has been 
isolated from northern U.S. coastal waters. While the 
organism will not multiply at temperatures below 10° C, 
intact organisms have been recovered from frozen 
shrimp.’ In 1998 in New York, there was a summer 
outbreak of 23 laboratory-confirmed cases of V. 
parahaemolyticus infection. Harvested shellfish from Long 
Island Sound and particularly Oyster Bay were 
implicated in 22 of the 23 cases. A similar outbreak 
occurred in British Columbia and Washington State in 
August 1997, when 51 persons became ill from raw 
oysters harvested on the British Columbia coast.®” 


PATHOPHYSIOLOGY 
The mechanism by which V. cholerae 01 causes illness is 
well understood. Ingested organisms adhere to the 
intestinal lining epithelium and secrete a heterodimeric 
enterotoxin known as the cholera enterotoxin. One 
subunit of the cholera enterotoxin binds to ganglioside 
GMI and facilitates entry of the active chain into the 
cell. The active chain up-regulates adenylate cyclase, 
raising cAMP levels, which leads to uncontrolled 
chloride secretion into the lumen. Sodium absorption is 
coupled to chloride secretion, and its uptake into the 
cell is similarly impaired. Excess water follows the solute 
into the lumen. Ironically, it is absence or truncation of 
this chloride and water transmembrane transporter 
(cystic fibrosis transmembrane rectifier, or CFTR) that 
leads to lack of sufficient hydration of the mucus in 
the airways that characterizes classic cystic fibrosis. (The 
human impact of epidemic cholera in our past, and the 
high gene frequency of CFTR still maintained today, has 
led some anthropologists to hypothesize that while two 
copies of the defective gene confer the lethal recessive 
phenotype, carrier status for a defective CFTR may have 
conferred an evolutionary survival advantage against 
dehydration from cholera to past human populations.**) 
Much less is known about the toxin-mediated mecha- 
nisms of disease in non-01 V. cholerae, Vibrio vulnificus, and 
the minor Vibrio species. Polysaccharide encapsulation 
allows some pathogenic strains to evade the host 
defenses more effectively, and a capsule is associated with 
septicemia and extraintestinal manifestations.** V. 
parahaemolyticus causes diarrhea and gastroenteritis via a 
thermostable direct hemolysin enterotoxin, and this 
toxin is isolated from 96% of clinical isolates related to 
human illness, but only isolated from 1% of isolates in 
the environment.™ 


CLINICAL MANIFESTATIONS 

Symptoms of cholera usually occur within 24 hours of 
ingestion of all Vibrio organisms. With cholera, patients 
develop an intense watery diarrhea with profuse fluid 





losses that may be as great as 1 L/hr. Severe cases 
(cholera gravis) often result in profound dehydration 
and death within 6 hours if not aggressively treated. 

The signs and symptoms of noncholera, Vibrio- 
associated gastroenteritis almost always include diarrhea; 
vomiting, abdominal cramps, and fever are also 
common. Bloody stool can also occur; as many as 
86% of patients with V. fluvialis and 35% with V. 
parahaemolyticus—associated gastroenteritis develop 
bloody stool. In the V. parahaemolyticus outbreak in 
New York in 1998, 17 of 23 patients (74%) with 
confirmed cases developed gastroenteritis a median of 
19 hours after consumption of tainted shellfish; there 
were 2 patients (9%) with septicemia who had lower 
extremity edema and bullae.’ 


MANAGEMENT 

Treatment of gastroenteritis due to both cholera and 
noncholera Vibrio infections is generally supportive. 
Aggressive oral rehydration or intravenous fluids with 
isotonic saline, glucose, and electrolyte replacement are 
required. Administration of drugs that interfere with 
adenylate cyclase or electrolyte fluxes across gut 
epithelial cells may significantly decrease volume losses. 
Chlorpromazine, aspirin, indomethacin, and nicotinic 
acid all have been shown to be effective in treating 
cholera.” Epidemic cholera toxin-mediated diarrhea 
must be monitored for volume status since assumptions 
about the adequacy of rehydration efforts are always 
underestimated. Tetracycline will shorten the course of 
the diarrheal illness. The widespread use of tetracycline, 
however, has led to broad resistance patterns.** 

In non-01 Vibrio-associated gastroenteritis, supportive 
therapy is usually adequate. Special attention, however, 
must be given to patients at high risk for septicemia and 
Shock (e.g., alcoholics, a history of liver disease, 
immunosuppression, and extremes of age). If a patient 
with a history of seafood consumption presents with GI 
signs or symptoms (particularly bloody diarrhea) and is 
at higher risk for severe illness, empiric treatment with 
tetracycline and an aminoglycoside is recommended. If 
systemic signs or symptoms of illness are present (e.g., 
shock, edema, and/or bullae), antibiotic treatment is 
clearly indicated. 


Bacillus cereus 


INTRODUCTION, EPIDEMIOLOGY, AND 
BACTERIOLOGY 
Bacillus cereus is an aerobic, gram-positive, spore-forming 
rod that is ubiquitous in the environment and causes two 
distinct food-borne illness syndromes. These clinically 
and epidemiologically different illnesses are also 
associated with different foodstuffs. The rapid onset of 
emetic illness resembles staphylococcal food poisoning, 
while the delayed diarrheal disease mimics C. perfringens 
food poisoning. For this reason, B. cereus is an infre- 
quently reported cause of food-borne illness outbreaks.” 
In 1993, 14 of 67 children and daycare workers who 
ate a catered lunch with fried rice at two centers in 
Fairfax, Virginia, became ill with vomiting a median 
2 hours after the meal and had resolution of symptoms a 
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median of 4 hours after onset.” Fried rice is the 
foodstuff usually associated with the emetic form of B. 
cereus infection.” Rice that is cooked (boiled or steamed) 
and then cooled allows the spores of B. cereus to multiply 
and elaborate enterotoxins, including the emetic toxin 
cereulide. Subsequent reheating, such as pan frying, may 
not be enough to inactivate the toxins. Chinese food was 
implicated in 24 of 58 separate outbreaks in the United 
States between 1973 and 1987.°° Measures of toxin 
production in foods implicated in 14 food-borne 
outbreaks have documented levels ranging from 10 to 
1280 ng/g, and toxin titer correlates with the viable 
colony count of B. cereus. Fried rice, boiled rice, 
dumplings, pasta, bread, noodles, tempura, and soba 
appear to yield the highest toxin production. Bacterial 
growth and toxin production are relatively inhibited on 
meat and eggs, milk products, and vinegar-, mayonnaise-, 
and tomato-based dishes.” 

In a food-borne outbreak in Quebec in 1999, 25 of 37 
diners at a catered banquet became ill with diarrhea 
(100%), abdominal pain (100%), and nausea (20%) 
within 24 hours.°* Mayonnaise used in potato salad grew 
B. cereus. Another caterer was implicated as the source of 
a hospital cafeteria outbreak in October 1985 in 
Memphis, Tennessee. One hundred sixty of 249 hospital 
employees who ate an ethnic meal on either the day shift 
(lunch) or evening shift (dinner) suffered diarrhea and 
abdominal pain within 24 hours of their individual 
meal.” Food items maintained at moderate heat during 
delivery were implicated in an unusual outbreak asso- 
ciated with Meals-on-Wheels in England in November 
1976.°° Forty-nine of 160 elderly people developed 
diarrhea and abdominal pain a mean 7 hours after eating; 
l woman was found dead. B. cereus was isolated from 
several patients and the leftovers of one refrigerated 
meal.” 


PATHOPHYSIOLOGY 
Illness due to B. cereus is via the elaboration of two 
distinct enterotoxins. The emetic toxin cereulide is a 
12-amino acid, hydrophobic, highly heat-stable toxin 
that causes a self-limited vomiting-type illness.” In vitro 
research suggests that cereulide may act as a potential 
potassium ionophore,’ and may be a mitochondrial 
poison that uncouples oxidative phosphorylation.”® 

In contrast to the emetic form of B. cereus food 
poisoning, the diarrheal syndrome of B. cereus may be 
caused by one or more heat-labile enterotoxins. Research 
has found two similar polypeptide toxins, a hemolytic 
enterotoxin (HBL) and a nonhemolytic enterotoxin 
(NHE), to be implicated in B. cereus diarrheal food 
poisoning. The mechanism by which this family of 
enterotoxins causes diarrheal disease is not well known; 
however, both HBL and NHE are heterotrimers, and all 
three peptide chains are required for toxin activity.°® 
Similarities to other biologic protein toxins suggests that 
one peptide chain is responsible for translocation into 
the cell while another or both exert the cytotoxic effect. 


CLINICAL MANIFESTATIONS 
The emetic form of B. cereus food poisoning has a more 
rapid onset and shorter clinical course than the diarrheal 


form. Patients usually become ill within 1 to 5 hours of 
tainted food ingestion and recover within 24 hours. 
Diarrhea and abdominal cramps may occur but are nota 
prominent feature of the emetic form. Despite the 
apparent innocuous nature of the emetic form of B. 
cereus food poisoning, serious illness is reported. For 
instance, death from liver failure occurred in a 17-year- 
old after infection.” 

The diarrheal form of disease is associated with a 
broader array of foodstuffs: meat, poultry, eggs, casserole, 
puddings, and dairy products. After an incubation 
period of 8 to 24 hours, the symptoms of diarrhea and 
crampy abdominal pain predominate, with nausea 
present in a minority of patients. 

As with the emetic form of the illness, recovery is 
usually complete within 24 hours of symptom onset. 


DIAGNOSIS 

B. cereus food poisoning may be diagnosed by isolation of 
greater than or equal to 105 organisms per gram of food. 
The diagnosis in outbreaks of the emetic form, however, 
may prove difficult if sufficient reheating has killed the 
organisms but has not inactivated the heat-stable toxin, 
cereulide. In these instances, testing for the toxin by 
means of the HEp-2 vacuolation assay may be diagnostic. 
In suspected outbreaks of the diarrheal form of B. cereus 
food poisoning, stool culture may be more reliable. 
Commercial assays for the detection of the hemolytic 
enterotoxin (latex agglutination) and the nonhemolytic 
enterotoxin (enzyme-linked immunosorbent assay) are 
available as a public health laboratory tool.®® 


MANAGEMENT 
Most cases of B. cereus food poisoning are mild and self- 
limited; treatment is supportive. 


Salmonella, Shigella, and 
Campylobacter 


Salmonella, Shigella, and Campylobacter are the most 
common forms of acute infective bacterial GI illness in 
the United States.!°° The three genera are remarkably 
similar in many ways, including source of infection, 
symptoms of illness, localized invasion of the bowel 
epithelium, and duration of disease. The clinical syn- 
dromes associated with these enteroinvasive pathogens 
are similar. Toxin-mediated pathophysiology can play a 
minor role in food-borne illness (Salmonella species), or 
it may lead to serious sequelae, as in the case of Shiga 
toxin and Shiga-like verocytotoxins.°’ The three infective 
bacterial food-borne pathogens are presented here with 
an emphasis on their toxin-mediated effects. 


SALMONELLA 


Introduction, Epidemiology, and Bacteriology 

Salmonellae are motile, gram-negative rods that are 
ubiquitous in nature and are known to colonize the 
intestinal tracts of a wide variety of organisms, including 
mammals, reptiles, and even insects.'°' The bacterium is 
resistant to freezing and drying but is rapidly killed by 
high temperatures. More than 2000 serovars of Salmonella 
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have been identified; the most common associated with 
food-borne illness are caused by Salmonella enteridis, 
Salmonella typhimurium, and Salmonella paratyphi.°© 

Salmonella species were the most frequently isolated 
food-borne pathogen in the United States between 1988 
and 1992.°9 From 1992 to 1995, the incidence of both 
Salmonella and Shigella infections (both notifiable illnesses) 
increased in the United States.‘ The Foodborne 
Diseases Active Surveillance Network (FoodNet) 1996 
data indicate that salmonellosis had the second highest 
incidence rate (16 per 100,000 population) among the 
top seven pathogens isolated at monitored sites.!°° 

In 1984, in Oregon, Salmonella was used as a biologic 
weapon; it was released on the population of several 
towns in an attempt to influence voter turnout in favor of 
candidates from a particular religious commune in the 
county. The disparate sources of infection at several 
nonchain restaurants, and the panantibiotic sensitivity of 
the Salmonella strain involved raised suspicion among 
public health authorities. Two years later, during a raid 
on the groups’ compound, the offending strain of 
Salmonella was found in their infirmary freezer. The cult’s 
chief scientist and a clinician were convicted of 
orchestrating the attack.’ 

The two most common sources of salmonellosis 
are food or water contaminated with the organism. 
Transmission normally occurs via the fecal-oral route. 
Food sources commonly associated with outbreaks 
include raw or undercooked eggs, unpasteurized milk 
and dairy products, and various meats, especially 
poultry.°° A study conducted in homes in four U.S. cities 
demonstrated significant levels of Salmonella (4.5 x 10? 
colony-forming units per mL) in the dishwater wrung 
from used sponges and cotton dishtowels in 15.4% of the 
samples taken.! 

Sources implicated in the fecal-oral route include 
household dogs and cats and occasionally uninfected 
carriers, particularly children in daycare settings.®° In the 
past, a number of infections were associated with pet 
turtles, which led to a prohibition of their sale in the 
United States.®° 


Pathophysiology 

Once ingested, the Salmonella bacterium must survive 
the host defenses, including gastric acidity and 
competition with normal flora. Medications that raise 
gastric pH may reduce the inoculum required.'°° Once 
past the gastric barrier, the organisms multiply in the 
small intestine and penetrate the intestinal mucosa, 
where they proliferate within mesenteric lymphoid 
tissue.!°7 The majority of infections do not spread 
beyond the local lymphoid tissue. The actual mechanism 
by which Salmonella causes diarrhea is not well under- 
stood but may involve local infiltration of polymor- 
phonuclear leukocytes and release of prostaglandins, 
which increase intestinal fluid secretion.”* It has been 
demonstrated that S. typhimurium produces a cholera-like 
enterotoxin, but its role in vivo is not clear.”? 


Clinical Manifestations 
Salmonella gastroenteritis has an incubation period of 
5 to 72 hours. Symptoms of disease generally last from 





2 to 5 days, but in certain cases, an asymptomatic carrier 
state may persist for as long as a year.®° Nausea and 
vomiting are the most common symptoms and are 
usually followed by low-grade fever, chills, abdominal 
pain, and diarrhea.*° In the largest single outbreak of 
food-borne illness aboard commercial airliners, 186 
passengers on 29 transatlantic flights developed diarrhea 
(99%), abdominal pain (98%), fever (90%), and 
vomiting (58%) a median 2 to 72 hours after the planes 
landed.' The planes all originated in London and 
disembarked at 11 U.S. cities. The first-class meal was 
associated with illness, presumably due to its mainte- 
nance at a permissive temperature, and Salmonella was 
isolated from 56 (30%) cases.!°8 In the same researchers’ 
subsequent literature review, in 23 reported aircraft- 
involved food-borne outbreaks, Salmonella was the most 
frequently isolated pathogen (n = 7), followed by 
staphylococci (n = 5) and Vibrio species (n = 5). 

Enteric (typhoid) fever, commonly associated with 
Salmonella typhi infection and popularized by the 
asymptomatic carrier Typhoid Mary, is a more severe 
form of salmonellosis associated with a longer incubation 
period (1 to 2 weeks), sustained fever, malaise, weakness, 
bacteremia, and occasionally shock and multiple organ 
dysfunction.® The largest U.S. outbreak of typhoid fever 
occurred at a New York hotel during a convention on 
July 13, 1989.1% The incubation period was up to 3 weeks 
in conventioneers who had consumed the contaminated 
orange juice at a breakfast.!°? While typhoid fever 
outbreaks do occur, the incidence of typhoid among 
returning travelers from endemic areas is in decline; an 
oral vaccine (TY2la, or Vivotif [Berna Biotech, Berne, 
Switzerland]) with 70% efficacy for a period of 3 to 5 
months may account for the decrease.'!° 

The course of the disease is more severe and protracted 
in the very young, the elderly, and immunocompromised 
patients. Patients with acquired immunodeficiency 
syndrome and patients with certain hemolytic anemias 
such as sickle cell anemia are at a much higher risk for 
developing Salmonella bacteremia owing to decreased 
clearance by the autolyzed spleen.''! Salmonella is the 
most frequently isolated pathogen from patients with 
sickle cell disease who develop osteomyelitis.” 


Diagnosis 

The diagnosis of Salmonella gastroenteritis is based on 
a patient’s history, and confirmation of diagnosis 
requires stool culture. Microscopic examination of the 
stool usually reveals fecal leukocytes, and the stool may 
contain occult blood. 


Management 

In most cases, the treatment of salmonellosis is 
supportive, with fluid and electrolyte replacement as 
needed. Antibiotics are not recommended in uncom- 
plicated cases because they do not alter the severity of 
disease and may prolong the carrier state. Antibiotics are 
reserved for more serious cases such as those associated 
with significant colitis, or cases in high-risk patients.®° 
First-line therapy in typhoid fever is a third-generation 
cephalosporin. Antimotility agents, which slow intestinal 
transport times, may lead to intestinal perforation and 
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are not recommended in cases of invasive diarrheas such 
as salmonellosis. 


SHIGELLA 


Introduction, Epidemiology, and Bacteriology 

Members of the genus Shigella are small, nonmotile, 
gram-negative rods that are very similar morphologically 
and biochemically to E. coli. Four different species are 
associated with human infection: Shigella dysenteriae, 
Shigella flexneri, Shigella sonnei, and Shigella boydii. S. sonnei 
and S. flexneri are responsible for the majority of cases in 
the United States.!!? FoodNet data from 1996 and 1997 
showed shigellosis to have the third highest incidence 
(7.8 per 100,000 population) among the seven 
pathogens tracked at surveillance sites.''* A more severe 
form of infection, bacillary dysentery, is often associated 
with S. dysenteriae infection. The organism has a very 
low infectious dose, and disease developed in some 
volunteers fed as few as 100 organisms.” 

The fecal-oral route is the primary mode of 
transmitting Shigella infection. The majority of infections 
are spread by consumption of food or water contami- 
nated with fecal material from an infected individual. 
Shigella outbreaks commonly occur in daycare centers, 
mental health institutions, prisons, and nursing homes, 
where overcrowding, poor hygiene, and unsanitary 
conditions may exist.?° 

Outbreaks have been associated with various contami- 
nated foods, and reports indicate that Shigella can live for 
many days on certain foods outside of its normal human 
host. 


Pathophysiology 

Shigella organisms possess a high degree of acid 
resistance and as such are able to survive passage through 
the acidic gastric barrier quite well. Once ingested, the 
organisms invade the epithelial lining cells of the 
intestine, multiply intracellularly, and spread to 
surrounding cells. Local damage to intestinal epithelium 
and superficial erosion of the intestinal mucosa are 
responsible for the presence of blood and fecal 
leukocytes in the stool. 

S. dysenteriae produces the potent cytotoxin Shiga 
toxin. Shiga toxin is one of a number of naturally 
occurring cytotoxins that inhibit protein synthesis by 
inactivating the ribosome (ribosomal inhibitory protein 
II, or RIP II).'!° This family of heteromeric polypeptides 
includes various plant-derived RIP Ils such as the 
toxalbumins (Abrus precatorius, Viscum album), of which 
ricin (Ricinus communis) 1s the most common. 

Heterodimeric toxins in this family enter the cell 
(after binding of the B chain) via endocytosis, and are 
actively transported in retrograde fashion by carriers 
through the Golgi apparatus to the endoplasmic 
reticulum (ER).® Once the toxin reaches the ER, the 
A chain binds to the 60S subunit of the ribosome. The 
active site of the toxic A chain removes an adenine from 
the nascent 28S RNA, which prevents the attachment of 
elongation factor 2 (EF-2).'° Left unprotected by EF-2, 
the RNA is rapidly degraded and protein synthesis 


halted. In the intestinal lining cells of the gut, Shiga 
toxin’s B chain binds to the neutral glycosphingolipid 
Gb3 to facilitate entry, and the A chain must be cleaved 
to an Al fragment before it can bind to the ribosome.®’ 

Shigalike toxins (SLIs), also known as verocytotoxins 
because they act on Vero cells, may be elaborated by 
certain strains of enterohemorrhagic E. coli (EHEC).°° 
SLIs are cytotoxic to a range of endothelial cells, 
whereby they cause end-organ injury. The two best 
studied of these SLIs (SLI-I and SLI-II) are associated 
with EHEC strain 0157:H7.°° These toxins damage 
endothelial cells in the kidney, leading to renal failure, 
and vascular endothelial cells, causing microangiopathic 
anemia and thrombocytopenia: the hemolytic uremic 
syndrome. Another porcine strain of EHEC produces a 
variant SLT-Iv, which causes massive edema. 


Clinical Manifestations 

The incubation period in shigellosis is usually 24 to 48 
hours. The clinical presentation has a wide spectrum; 
some individuals have nonspecific symptoms and a short 
course of watery diarrhea only.''® More severe forms of 
the disease may progress to true dysentery, including 
high fever, tenesmus, nausea, abdominal pain, and 
profuse watery diarrhea that evolves over hours to a few 
days to mucoid, bloody stools.'!? Untreated shigellosis is 
usually self-limited, and the illness usually persists for 
1 week. An individual may continue to shed organisms in 
the stool for several weeks after clinical infection 
subsides. Laboratory findings may include leukocytosis 
and the presence of fecal leukocytes in addition to occult 
or grossly bloody stool. Complications include seizures 
(especially in children), dehydration, and death in the 
very elderly or in children younger than 1 year.'!® 


Diagnosis 

Shigellosis is the principal bacterial cause of dysentery 
and should be suspected whenever a patient presents 
with bloody diarrhea. The diagnosis is based on culture 
of Shigella from stool. Diagnosis may also be suspected 
when polymerase chain reaction or commercial enzyme 
immunoassay techniques detect Shiga family toxins in 
stool. 


Management 

Treatment for shigellosis is initially supportive, with 
attention to correcting fluid and electrolyte abnor- 
malities. Antibiotic therapy has been shown to improve 
the clinical course of the disease, but patients are often 
already improving when culture results become 
available. Antibiotics are therefore reserved for patients 
who are not showing signs of improvement or who have 
more severe forms of infection. All individuals who have 
culture-proven S. dysenteriae or those with other Shigella 
species who are at high risk for infecting others should 
receive antibiotics. Specific antibiotics recommended in- 
clude fluoroquinolones (i.e., ciprofloxacin, 500 mg/day 
for 5 days in adults), ampicillin (50 to 100 mg/kg/day 
in children or 2 g/day in adults for 5 days), or 
trimethoprim-sulfamethoxazole (5/25 mg/kg po bid in 
children or 160 mg TMP/800 mg 5MX po bid in adults 
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for 5 days). Shigella infection is an invasive enterocolitis 
and, as such, antimotility agents are not recommended. 
Recommendations for children in daycare centers with 
culture-proven Shigella require antibiotic therapy and 
repeat negative follow-up cultures before returning to 
daycare.'! 


CAMPYLOBACTER 


Introduction, Epidemiology, and Bacteriology 

Campylobacter species are small, motile, curved or S- 
shaped, gram-negative bacteria. Campylobacter enteritis is 
today one of the most commonly identified bacterial 
causes of diarrhea. Human disease is most commonly 
caused by Campylobacter jejuni, which is a part of the 
normal flora of a wide variety of animals including cattle, 
sheep, pigs, and poultry.'!” Campylobacter may also be 
found in unpurified drinking water such as that in rural 
areas or in contaminated springs, and unpasteurized 
dairy products from infected animals.°° The primary 
mode of transmission of Campylobacter is fecal-oral. 

In addition to infection from contaminated drinking 
water, various foods are associated with infection. Food 
may become contaminated with organisms at slaughter- 
houses whenever improper handling occurs or when 
intestinal spillage comes into contact with animal 
carcasses. Contaminated meat and poultry products are 
commonly associated with infection. Campylobacter does 
not proliferate on foods that it has contaminated as do 
other enteric organisms such as Salmonella species, 
Bacillus species, and S. aureus. The organism may actually 
survive longer if refrigerated and can survive in water or 
unpasteurized milk for weeks.!'® 

Campylobacteriosis was the most frequently isolated 
food-borne pathogen (incidence 24.7 per 100,000 
population) by the FoodNet sites in 1996 and 1997.'° 


Clinical Manifestations 

Fever, headache, malaise, myalgias, and cramping 
abdominal pain usually occur in the first 48 hours after 
ingestion of an infectious dose of organisms.''® Diarrhea 
usually presents within 24 hours after the onset of 
abdominal pain and may be described as watery, bile 
stained, mucoid, or grossly bloody.''® 

Clinical disease usually does not persist for more than 
a week. Relapse is not uncommon, and the organism 
may be shed for several weeks in the stools of 
asymptomatic individuals. 


Diagnosis 
The definitive diagnosis of Campylobacter enteritis is 
based on identification of the organism on stool culture. 


Management 

Treatment is primarily supportive; fluid and electro- 
lyte repletion should be provided as necessary. The 
clinical benefit of antibiotic therapy for Campylobacter 
enteritis is not fully known; it is recommended for 
patients with significant local (e.g., bloody diarrhea) or 
systemic illness (e.g., high fever, toxic appearance) and 
protracted symptoms (e.g., beyond 7 days). First-line 





therapy is erythromycin (adult, 500 mg erythromycin 
stearate, base or salt orally every 8 hours for 5 to 7 days; 
child, 30 to 50 mg/kg/day base orally divided every 6 to 8 
hours for 5 to 7 days not to exceed 1 g/day). Alternative 
therapies include other macrolides (e.g., clarithromycin or 
azithromycin) or fluoroquinolones (e.g., ciprofloxacin). 
Full recovery is expected for nearly all patients, regardless 
of treatment with antimicrobial therapy. 
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2 / Tricyclic and Other Cyclic Antidepressants 


D. ERIC BRUSH, MD m CYNTHIA K. AARON, MD 


At a Glance... 


m Primary toxicity related to sodium channel blockade and 
subsequent effects on cardiac cell depolarization leads to 
ventricular dysrhythmias. Sodium channel blockade, GABAergic 
effects, and biogenic amine reuptake effects lead to seizures. 

m Secondary toxicity from inotropic depression and vascular 
dilation leads to profound hypotension. 

m Hallmark of toxicity seen on electrocardiogram is QRS 
prolongation and rightward axis deviation of the terminal 
40 msec of the QRS complex. 

m= Those at highest risk for seizures and ventricular dysrhythmias 
have a QRS greater than 100 msec or a terminal R wave in aVR 
greater than 3 mm. 

m Sodium bicarbonate is the primary treatment modality for 
severe intoxication. 

m Signs of significant toxicity mandate continuous monitoring 
until symptom free for 24 hours. 


Toxicity due to cyclic antidepressant (CA) overdose dates 
back to 1959, shortly after the introduction of the anti- 
depressant imipramine.’’ For several years preceding 
1993, antidepressants were deemed responsible for the 
majority of deaths due to prescription drug overdose in 
the United States.*? More recently, the number of deaths 
from antidepressants, including cyclic and noncyclic 
compounds, has been superseded by analgesic medica- 
tions, although the number of reported exposures 
involving antidepressants has not significantly decreased.° 
Evolving epidemiology of antidepressant mortality may 
be due in part to prescribing practices. Preferential 
prescription of selective serotonin reuptake inhibitors 
(SSRIs) for depression, with their improved safety profile 
compared with cyclic antidepressants, may partly explain 
this trend. Some data suggest that the death-to- 


prescription ratio for CAs exceeds that of other 
antidepressant classes.’ Nevertheless, physicians continue 
to prescribe CAs for depression as well as for neuro- 
pathic pain, migraine, obsessive-compulsive disorder, 
enuresis, and a variety of other maladies. The actual 
number of prescriptions written for CAs is unknown, 
which limits interpretation of poison center data 
regarding exposures and deaths. This fact, coupled with 
underreporting of exposures and deaths to poison 
centers, makes conclusions regarding decreased exposure 
versus improved treatment impossible. Among the 
antidepressant class of medications, CAs still account for 
the highest number of deaths. However, according to 
data from the Toxic Exposure Surveillance System 
(TESS), the number of deaths caused by SSRIs is 
gradually approaching that of CAs.° Although deaths 
from CAs have decreased in recent years compared to 
the 1980s, the number of deaths has remained fairly 
constant over the last decade, with approximately 100 
deaths per year reported by the TESS.*°*!° These data 
are based on exposures reported to poison centers and 
require careful interpretation. 

The number of children under 6 years of age exposed 
to CAs has remained relatively constant over the last few 
years according to TESS data. The majority of these cases 
are accidental exposures involving small ingestions or 
possibly no ingestion. The 2002 TESS data reports 1573 
exposures to CAs in children less than 6 years of age.’ 
The only deaths occurred from malicious poisonings. A 
5-year retrospective study (years 1993 to 1997) of a single 
poison center’s data regarding ingestions of tricyclic 
antidepressants (excluding monocyclic and _ tetracyclic 
drugs) in children less than 6 years of age revealed no 
deaths.!7 The majority of the children (92%) were 
asymptomatic, while the remaining patients exhibited 
mild sedation. Ninety percent of patients in this study 
ingested less than the age-appropriate dose. Although 
this study represents a small sample of patients in a 
retrospective poison center—based review, it identifies the 
typical features of CA exposure in young children: small 
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dose and low toxicity. Regardless, exposure histories in 
young children are difficult to elicit. One or two tablets 
may be sufficient to cause life-threatening toxicity in 
small children. Therefore, all exposures in this age group 
require careful evaluation. 


STRUCTURE 


Tricyclic antidepressants (TCAs) are a class of drugs that 
contain a three-ringed nucleus with various side chains 
and atomic substitutions (Fig. 27-1). The term cyclic 
antidepressant is more encompassing and includes drugs 
with ring structures beyond the three-ringed TCA 
nucleus (see Fig. 27-1). These include tetracyclic drugs 
such as amoxapine, maprotiline, and mirtazapine and 
bicyclics such as mianserin. The TCAs are broadly 
classified as secondary or tertiary amines in reference to 
the number of methyl groups on the propylamine side 
chain of the structure. The tertiary amines are imipramine, 
amitriptyline, clomipramine, chloripramine, doxepin, 
dothiepin, lofepramine, and trimipramine. The secondary 
amines include desipramine, nortriptyline, and pro- 
triptyline. In vivo demethylation of the tertiary amines 
amitriptyline and imipramine produces the active 
secondary amines nortriptyline and desipramine, 
respectively. Metabolism via hydroxylation creates 
multiple active metabolites (Table 27-1). Intermediate 
structures display differing degrees of pharmacodynamic 
actions; the extent of cholinergic receptor blockade in 
decreasing order of effect is tertiary amine > secondary 
amine > demethylated metabolites > hydroxylated 
metabolites.!**° 

Structural similarities between CAs and phenothiazines 
as well as other classes of antipsychotic medications yield 
a likely explanation for shared toxicity as well as cross- 
reactivity in immunoassays. Anticholinergic, antihistaminic, 
and some cardiovascular effects such as sodium channel 
blockade, QT. prolongation, and peripheral a blockade 
are shared to various extents by medications from these 
classes. 
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FIGURE 27-1 Structures of some cyclic antidepressants. 





PHARMACOLOGY 


Pharmacodynamics 


Cyclic antidepressants exert their therapeutic action in 
part by producing varying degrees of reuptake inhibition 
of norepinephrine, dopamine, and serotonin at nerve 
terminals in the central nervous system (CNS). While this 
mechanism of action forms the basis of the monoamine 
hypothesis of depression, it describes only one of the 
many effects CAs exert in vivo. Although the monoamine 
hypothesis remains a likely explanation for much of the 
therapeutic benefit of antidepressants, alterations in 
other CNS signaling pathways have recently been dis- 
covered and may significantly contribute to drug efficacy 
in depression. The identification of yYaminobutyric acid 
(GABA) and its putative role in depression has recently 
been elucidated through human brain scans and 
cerebrospinal fluid analysis as well as in vivo animal and 
in vitro models.*! These studies demonstrates that CAs 
inhibit the influx of chloride through the GABA chloride 
channel.** The extent to which the GABAergic system 
modulates depression is unclear. This drug effect 
provides a potential explanation for CA-induced seizures. 
Additional pharmacologic activity of CAs includes 
blockade of cholinergic, histaminic, and oj-adrenergic 
receptors. Chronic antidepressant dosing alters CNS 
neurotransmitter receptor expression and sensitivity. 
Effects on the neurohormonal system have been 
demonstrated in animal models; CAs have been shown to 
alter glucocorticoid mRNA receptor expression.**:** The 
significance of this alteration is unknown. 

Differences among CAs regarding their effects on 
neurotransmission are detectable at therapeutic dosing. 
The nontricyclic antidepressants amoxapine and mapro- 
tiline primarily affect norepinephrine while having no 
effect on serotonin. Amoxapine and its 7-OH-amoxapine 
metabolite block dopamine receptors to degrees com- 
parable to thioridazine and haloperidol, respectively.” 
All CAs produce some degree of sodium channel 
blockade in the central and peripheral nervous tissue at 
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ELIMINATION THERAPEUTIC LEVEL 
DRUG HALF-LIFE (hr)* (ng/mL)* 
Amitriptyline 9-25 125-150 
Amoxapine 8, (30), (6.5) 160-800 
Clomipramine 21, (36) 
Desipramine 13-23 50-300 
Dothiepin 14-24 (23-46) 50-150 
Doxepin 8-24 75-200 
Imipramine 18-34 (12-30) 150-300 
Lofepramine 1.5-2.5 (12-30) 
Maprotiline 43 (60-90) 50-300 
Nortriptyline 16-36 50-150 
Protriptyline 55-198 50-150 
Trimipramine 23 30-170 
Mirtazapine 20-40 


CYP METABOLISM* 


1A2, 2C19, 3A4, 2D6, 


2C9 
2D6 


1A2, 2C19, 3A4, 2D6 


PRINCIPAL ACTIVE 
METABOLITES 


Nortriptyline 

10-OH amitryptyline 
10-OH nortryptiline 
8-OH amoxapine 

7-OH amoxapine 
Desmethylclomipramine 


2D6 2-OH despramine 
Desmethyldothiepin 
Dothiepin-S-oxide 

2D6 Desmethyldoxepin 


1A2, 2C19, 3A4, 2D6 


Desipramine 
2-OH imipramine 
2-OH desipramine 


2D6 Desipramine 
Desmethylmaprotiline 

2D6 10-OH nortriptylline 

2D6 

2D6 Desmethyltrimipramine 

2D6, 1A2, 3A4 Dimethylmirtazapine 
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CYP, cytochrome P-450. 
“Numbers in parentheses represent the half-life of the metabolites. 


‘Data are based on small numbers of usual concentrations and may not reflect optimal dosing. Therapeutic concentrations are not well established. 


*Metabolic pathways are not fully established for all drugs. 





therapeutic dosing. This “membrane stabilizing” or 
“quinidine-like” effect leads to ventricular dysrhythmias 
in the setting of overdose. The efficacy of CAs for the 
treatment of neuropathic pain may stem from this effect. 


Pharmacokinetics 


Cyclic antidepressants share similar pharmacokinetic 
parameters. Following oral administration, drug absorp- 
tion proceeds rapidly,*° with the exception of the 
sustained-release (SR) formulation of clomipramine 
(Anafranil Retard), which has a delayed time to maximum 
concentration (Tmax) of 9 hours versus 4.8 hours with 
the immediate-release (IR) formulation.?’ Currently, 
clomipramine SR is available only in the United 
Kingdom. Peak serum concentrations of other CAs are 
generally achieved within 2 to 6 hours.*° All drugs in this 
class are highly lipophilic with a large apparent volume 
of distribution and rapid tissue redistribution.*° Typically, 
CAs exhibit a volume of distribution between 10 and 
20 L/kg. Tissue concentrations often exceed serum 
concentrations by 10- to 100-fold. The fraction of drug in 
the serum is highly protein bound.*° Since CAs are weak 
bases, they are bound to Q,-acid glycoprotein in the 
intravascular compartment. The fraction of free drug 
in the serum can be altered with changes in serum pH. 
Lowering pH creates a higher unbound fraction. 
Implications of acid—base status for overdose manage- 
ment are discussed in later sections. 

Elimination is almost entirely hepatic, with little 
unchanged drug excreted in the urine. CAs do not 
undergo biliary excretion in any appreciable amount.*® 


Biotransformation of CAs occurs via the hepatic micro- 
oxygenase P-450 enzyme system, and first pass metabolism 
significantly reduces their oral bioavailability.2°°' Many 
CAs form active metabolites following demethylation or 
hydroxylation (see Table 27-1). Active metabolites may 
accumulate after a period of 12 to 24 hours and could 
result in significant toxicity in therapeutic dosing.°**°° 
The most common hepatic enzyme isoforms involved in 
the biotransformation of CAs are CYP2D6 and 
CYP2C19.** Hydroxylation occurs via CYP2D6, whereas 
the 2C19 isoform is associated with Mdemethylation.*° 
CAs inhibit CYP2D6 and CYP2C19 activity.” Genetic 
polymorphisms in certain cytochrome P-450 (CYP450) 
enzymes alter the kinetics of hydroxylation for some 
CAs.°° In the United States, 90% to 95% of people are 
“rapid hydroxylators.” In that population, the half-life of 
desipramine is 13 to 23 hours, whereas the half-life in the 
subpopulation of “slow hydroxylators” is 81 to 131 hours.*” 
Cases of slow recovery from desipramine overdose*® and 
toxicity from therapeutic dosing” have been reported in 
slow hydroxylators. Those with genetic defects in 
CYP2C19 activity have significantly higher plasma 
concentration curves of amitriptyline compared with 
normals.** Age presents an additional variable that alters 
serum concentrations of parent drug and metabolites. 
Across all age groups an increase in serum concen- 
trations of drug and metabolite is seen with increasing 
age when dosing is weight adjusted. More efficient hepatic 
biotransformation and renal clearance in children 
compared with adults likely explains this phenomenon.” 
Half-life of elimination for therapeutic doses of CAs 
averages 8 to 30 hours with extension to 55 to 127 hours 
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for protriptyline. The same drugs have longer half-lives 
in the elderly.*!** The prolonged elimination half-lives in 
this population may lead to drug accumulation with daily 
dosing.*° 

Toxicokinetic parameters for CAs are altered in the 
setting of overdose. The anticholinergic properties of CAs 
may lead to delayed gastric emptying, possibly prolonging 
the absorptive phase, enhancing overall absorption, and 
delaying time to peak serum concentrations.*° The onset 
of toxicity after overdose is typically rapid, and most 
deaths occur within the first 6 hours postingestion. An 
increased bioavailability following overdose may result 
from a decreased first pass metabolism as hepatic 
enzymes become saturated." Since the unbound fraction 
of CAs increases with an acid medium, acidemia will 
enhance overall toxicity. 

Kinetics in the postmortem state are dramatically 
altered. In the steady state, CAs are normally highly 
tissue bound. Following death, tissues release bound 
drug, creating a false elevation in serum drug levels. The 
serum concentrations increase as time proceeds post- 
mortem. This can lead to confusion regarding the 
manner of death. Strategies for postmortem laboratory 
analysis are further discussed under Diagnosis. 


Drug Interaction 


Potential drug-drug interactions may develop through 
various mechanisms (Table 27-2). Competitive inhibition 
of CYP isoforms could lead to increased toxicity of 
CAs or the drugs with which they compete for enzymatic 
biotransformation. The competitive inhibition of 
CYP2C19 by imipramine and nortriptyline has resulted 
in elevated phenytoin concentrations in some patients.*4° 
Induction of CYP isoforms by CAs may, conversely, lead 
to decreased effectiveness of other medications. 
Additional drug interactions include medications that 
may potentiate the serotonergic or sympathomimetic 
properties of CAs, such as monoamine oxidase inhibitors 
(MAOIs), SSRIs, amphetamines, and others. 


Cyclic Antidepressant Drug Interactions 


TOXICOLOGY 


The most severe toxicities from CA overdose include 
hypotension, dysrhythmia, coma, seizures, and hyper- 
thermia. Cardiovascular toxicity results primarily from 
effects on the cardiac cell action potential, negative 
inotropy, direct effects on vascular tone, and indirect 
effects mediated by the autonomic nervous system. CNS 
toxicity is less well understood and is likely a combi- 
nation of effects on cholinergic and GABA neuro- 
transmission along with sodium channel effects. Deaths 
are often a result of refractory hypotension. 


Cardiovascular System Toxicity 
CARDIAC CELL ACTION POTENTIAL 


CAs alter the cardiac conduction system in a myriad of 
ways. The most distinctive toxicity relates to the inhi- 
bition of the fast sodium channels in the His-Purkinje 
tissue, leading to a slowing of phase 0 depolarization.*©*7 
This “membrane stabilizing” or “quinidine-like” effect is 
analogous to that of Vaughn Williams (VW) class I 
antidysrhythmic drugs. Impaired depolarization of cells 
within the His-Purkinje system slows the propagation of 
ventricular depolarization. This appears on the electro- 
cardiogram (ECG) as prolongation of the QRS interval, 
the hallmark of TCA toxicity. The degree of conduction 
delay is rate-dependent and worsens with tachycardia.” 
The QRS morphology is generally that of nonspecific 
intraventricular conduction delay, with discrete bundle 
branch block being less common. However, the longer 
refractory period of the right bundle relative to the left 
leads to the characteristic rightward axis deviation of the 
terminal 40 msec of the QRS complex seen in many 
patients with TCA toxicity.°? On the ECG this appears as 
an increased R wave amplitude in lead aVRand a deep S 
wave in leads I and aVL (Fig. 27-2).°! A less specific 
finding is prolongation of the corrected QT interval 
(QT.). This delay in myocyte repolarization may result 
from a direct effect of CAs on potassium channels.°*°? A 
prolonged QT, may also be seen in therapeutic dosing. 





DRUG MECHANISM 


Anticoagulants 

Amphetamines 
Carbamazepine 

Chloroquine 

Cimetidine 

Class la and Ic antidysrhythmics 
MAOIs 

Phenothiazines 

Fluconazole 


Class Ill antidysrhythmics Additive QT prolongation 


Inhibition of oral anticoagulant metabolism with subsequent elevated PT 

Enhanced adrenergic stimulation via norepinephrine release 

TCA metabolism, leading to subtherapeutic levels 

Induction of additive effect of QT prolongation 

Inhibition of TCA metabolism, leading to supratherapeutic levels 

Additive effect of QT prolongation via Na channel blockade and QRS prolongation 
Enhanced neurotransmitter release, leading to hypertensive crisis or serotonin syndrome 
Additive effect on QT prolongation 

Inhibition of TCA metabolism, leading to supratherapeutic levels; also increased QT interval 


SSRIs Risk of serotonin syndrome; competitive inhibition of CYP2D6 and CYP2C19, leading to 
elevated steady-state TCA levels 
Linezolid Risk of serotonin syndrome 


MDMA (“Ecstacy”) Risk of serotonin syndrome 
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FIGURE 27-2 ECG from a TCA-poisoned patient. 
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NEGATIVE INOTROPY AND VASCULAR SMOOTH 
MUSCLE EFFECT 

CAs inhibit the influx of calcium into cardiac and neural 
tissue and interfere with calcium-coupled muscular con- 
traction.°*°° This may explain the direct depressant effect 
seen experimentally with isolated human myocardium in 
response to CAs.°’ Peripheral o-adrenergic blockade may 
cause postural hypotension at therapeutic doses. At toxic 
doses, vasodilation contributes to hypotension.’ 


DYSRHYTHMIAS 

Sinus tachycardia is the most common rhythm disturb- 
ance associated with CA overdose. The etiology is 
multifactorial and includes anticholinergic effects, 
increased norepinephrine release, and reflex tachycardia 
in response to vasodilation. Although the tachycardia 
does not generally cause morbidity itself, it is clearly a 
sign of significant toxicity. 

Ventricular tachycardia (VT) is the most common 
ventricular dysrhythmia seen in overdose. However, 
discriminating this rhythm from the common underlying 
sinus tachycardia with aberrant conduction (QRS 
prolongation) may be difficult, since P waves are not 
always visible. Some cases of VT described in the 
literature may actually be supraventricular tachycardia 
(SVT). P waves may be obscured by the preceding T wave 
owing to the prolonged PR and QT, intervals along with 
rapid heart rate. Intraesophageal electrode monitoring 
may reveal P waves not visible on the standard ECG. An 
alternative, less sophisticated technique useful in 
discriminating these rhythms is to follow serial ECGs. A 
gradual evolution of the QRS prior to loss of the P wave 
suggests SVT with aberrant conduction. The presence of 
fusion beats suggests a ventricular origin. Other criteria 
commonly used to differentiate ventricular and supra- 
ventricular rhythms, such as ORS morphology and dura- 
tion, have not been tested in patients with CA overdose 
and may not be applicable in this setting. 

Torsades de pointes (TdP) has been reported 
following CA overdose.*”’ This phenomenon appears to 
be a more common consequence of therapeutic dosing 
than of overdose. The increased risk for TdP in 
conjunction with a slow rhythm likely explains its higher 





prevalence in therapeutic dosing, since most acutely 
poisoned patients are tachycardic. Several cases of 
sudden death in children taking therapeutic doses of 
CAs have been reported. QT prolongation with resultant 
TdP is the speculated mechanism for these events.®! 
Other less common rhythms seen in overdose are 
second- or third-degree atrioventricular block®? and 
premature ventricular beats. Patients close to death are 
more likely to develop bradycardia and atrioventricular 
blocks. 

Refractory hypotension is a common cause of death 
due to CA overdose. Hypotension may occur in the 
absence of other signs of cardiac toxicity such as QRS 
prolongation.®’ Hypotension is due in part to vasodi- 
lation from Q-adrenergic blockade, as well as direct 
myocardial depression.>’°*46° This inotropic depression 
is dose-dependent and independent of effects on the 
cardiac conduction system.” Significant sinus tachycardia 
may contribute to hypotension by decreasing the diastolic 
period. This effect decreases ventricular filling time and 
impairs coronary perfusion. 


Central Nervous System Toxicity 


CNS depression is a common feature of all CAs in 
overdose. Symptoms range from fatigue to coma. The 
greatest concern in CNS toxicity in overdose is seizures. 
Although they most commonly occur in patients who 
also display signs of cardiac toxicity, seizures may occur 
in the absence of this finding.®°”®* Maprotiline and 
amoxapine are more likely than other CAs to cause 
seizures.°?”" Seizures due to CAs most often occur within 
1 to 2 hours of presentation, are brief in duration, and 
resolve without the need for anticonvulsant medications. 
However, seizures may cause a metabolic acidosis that 
could predispose patients to cardiac dysrhythmias. In 
some case series, 10% to 20% of patients with seizures 
abruptly developed cardiovascular deterioration (hypo- 
tension, ventricular dysrhythmias) during or within 
minutes after the seizure.®*”! Patients with more severe 
cardiovascular toxicity before the seizure were at highest 
risk. ‘Therefore, cardiovascular deterioration may have 
been imminent regardless of the seizure, or potentially 
worsened by a seizure-induced acidosis. A clear cause 
and effect has not been identified. Other neurologic 
symptoms include delirium and myoclonus. Delirium is 
characterized by agitation, disorientation, and delusions 
and is most likely attributable to the anticholinergic 
properties of CAs. Although delirium may appear early 
in the course of intoxication, it may also manifest several 
hours later, after the initial period of sedation wanes. 
It is not uncommon to witness the development of a 
profound central antimuscarinic syndrome after 24 hours 
when patients have survived the initial cardiovascular 
consequences. 


Toxicity in Other Systems 


Peripheral anticholinergic toxicity may be seen with 
agents possessing potent anticholinergic properties such 
as amitriptyline. Signs and symptoms include urinary 
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retention, ileus, and dry skin. Pupil size may vary 
depending on the degree of anticholinergic versus 
a-adrenergic blockade. Pulmonary complications include 
aspiration pneumonitis and adult respiratory distress 
syndrome.” These likely represent indirect toxicity 
secondary to coma, hypotension, excessive fluid adminis- 
tration, or increased capillary permeability from direct 
endothelial toxicity. Hyperthermia may ensue following 
excessive heat generation from seizures or myoclonus in 
the setting of decreased ability to dissipate heat through 
sweating. 

Ultimately, most deaths occur prior to hospital 
presentation. Of those who survive to the hospital, death 
occurs within the first few hours of presentation with the 
majority of deaths occurring in the first 24 hours.” It is 
not uncommon for a patient’s clinical condition to 
deteriorate rapidly with progression from no symptoms 
to life-threatening cardiotoxicity in less than 1 hour.” 
Late-occurring death results from complications of 
prolonged hypotension, status epilepticus, or aspiration. 


DIAGNOSIS 


Electrocardiogram 


The ECG is the most rapidly available screening tool for 
predicting toxicity and guiding the management of CA 
poisonings. QRS interval prolongation is the most 
apparent ECG finding in serious CA toxicity and is a 
marker of the sodium channel blockade resulting from 
this drug class. The QRS axis is typically shifted to the 
right, along with the axis of the terminal 40 msec of the 
QRS complex. An increase in the R wave amplitude in 
aVR accompanies this finding (see Fig. 27-2) .5176 These 
parameters are useful in predicting serious adverse 
outcomes such as seizures and ventricular tachycardia. 

In one retrospective study, a maximal limb-lead QRS 
duration greater than 100 msec identified patients at 
greatest risk for seizures.°” However, these and other 
complications may occur with a lesser degree of QRS 
prolongation, and patients with any degree of QRS 
prolongation are considered at risk for developing life- 
threatening CA toxicity.” This was demonstrated in 
another retrospective study in which a maximal 12-lead 
ECG QRS duration greater than 100 msec was only 53% 
sensitive for ventricular dysrhythmias or seizures.’® The 
low sensitivity for predicting serious outcomes despite 
the use of a more sensitive measurement (maximal 12- 
lead QRS) suggests that life-threatening complications 
may develop irrespective of narrow QRS duration. 

The terminal 40 msec QRS axis deviation greater than 
120 degrees has been used to diagnose TCA toxicity, with 
a range of sensitivities from 29% to 100%.5°7"9 The 
most common way to detect this measure is to identify a 
deep S wave in lead I or aVL and a terminal R wave in 
lead aVR (see Fig. 27-2). The height of the R wave in aVR 
also provides valuable information when evaluating CA 
overdoses. A height greater than or equal to 3 mm is 81% 
sensitive for predicting subsequent seizures or dys- 
rhythmias.” This compares with a sensitivity of 82% in 


the same study for a QRS duration greater than 100 msec. 
However, the positive predictive values for the aVR and 
ORS criteria were 43% and 35%, respectively. 

The QT, interval is mildly prolonged with therapeutic 
doses of CAs and becomes more prolonged with 
overdose.® A corrected QT, greater than 480 msec in the 
setting of CA poisoning has been linked to an increased 
risk of seizures and dysrhythmias.°®! However, this marker 
is not useful in the diagnosis of CA toxicity versus non- 
CA ingestions.”)”9 

Interpretation of ECG criteria should be weighed with 
the knowledge that the ECG is a dynamic measurement. 
An initially normal ECG may rapidly evolve to reveal the 
characteristic changes cited above. At the time of 
presentation in one study, the maximum recorded QRS 
interval was present on the ECG in 80% of patients.®! 
The remaining patients reached a maximum QRS 
duration in a median time of 3 hours (range, | to 9). The 
maximum T40 msec axis occurred at the time of 
presentation in 86% in this same group, with the 
remaining patients reaching this maximum in a median 
time of 3 hours (range, 1 to 5). Therefore, frequent 
ECGs are required during the first few hours following a 
CA overdose to monitor potential changes. 


Laboratory Studies 


CAs can be detected qualitatively in urine by thin-layer 
chromatography or liquid chromatography, or quanti- 
tatively in serum by liquid or gas chromatography. Active 
demethylated metabolites are usually measured via the 
latter methods. Therapeutic CA concentrations are 
generally in the range of 50 to 300 ng/mL (see Table 
27-1). Bedside immunoassays are available; however, they 
have not been extensively tested.** False-positive results 
from CA immunoassays are well documented and 
include cross-reactions with quetiapine, carbamazepine, 
diphenhydramine, and many others (Table 27-3) .°°°° 

The correlation of serum CA concentrations with 
toxicity is imprecise,” and their measurement adds 
little to the management of CA overdose. Life-threat- 
ening toxicity is usually accompanied by a serum con- 
centration of greater than 100 ng/mL, while concen- 
trations greater than 300 to 500 ng/mL are often fatal.*’ 
The serum CA concentration may increase up to fivefold 
postmortem. When using CA levels to determine cause 
of death, the measurement of liver drug concentrations 
rather than blood concentration may avoid the tissue 
redistribution artifact that leads to dramatic elevations in 
blood CA content, even with therapeutic dosing.8™39 
Another technique involves examining the ratio of 
parent drug to metabolite. Typically, the metabolites are 
found in greater concentration in patients taking 
therapeutic doses, whereas fatal overdoses lead to a 
much higher concentration of parent drug compared to 
metabolites. 

Without a clear history of CA ingestion, the diagnosis 
may be confused with other drugs or disease states. CA 
toxicity is most likely to resemble other drugs that 
produce QRS prolongation. Drugs which may induce 
cardiotoxicity indistinguishable from that of CAs include 
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TCA Assays and Drugs Reported to Cause False-Positive Results 


DRUG CROSS-REACTIVITY 


Carbamazepine 
Thioridazine, chlorpromazine, trimeprazine, cyproheptadine, 


cyclobenzaprine, norcyclobenzaprine, diphenhydramine, quetiapine 


ASSAY FLUID 
Abbott TDx/TDxFlx TCA immunoassay Blood 
Syva EMIT immunoassay Blood 
DuPont automatic clinical analyzer Blood 
Triage plus TCA Urine 
Homogenous enzyme immunoassay Urine 
(Microgenics, Syva) 
Liquid chromatography Blood 
High-performance liquid chromatography Blood 
Gas chromatography—mass spectrometry Blood 


Thioridazine 
Cyclobenzaprine 
Quetiapine 


Diphenhydramine 
Thioridazine, perphenazine, cyclobenzaprine, norcyclobenzaprine 
No reported drug cross-reactivity 


Adapted from Matos ME, Burns MM, Shannon MW: False-positive tricyclic antidepressant drug screen results leading to the diagnosis of carbamazepine 


intoxication. Pediatrics 2000; 105:E66. 





VW class IA (quinidine, procainamide) or IC (flecainide, 
encainide, propafenone) antidysrhythmic agents. Other 
drugs that may prolong QRS duration in overdose 
include cocaine, propranolol, quinine, chloroquine, 
hydroxychloroquine, high-dose antipsychotics (thiori- 
dazine, chlorpromazine), propoxyphene, and diphenhy- 
dramine. Nondrug causes of QRS prolongation include 
hyperkalemia, cardiac ischemia, and other conduction 
system abnormalities. 


MANAGEMENT 


Supportive Measures 


Given the risk of rapid deterioration, patients with 
known or suspected CA overdose should have an 
intravenous line started and cardiac rhythm should be 
monitored continuously. An ECG on arrival can be 
compared with subsequent ECGs obtained during the 
monitoring period. Frequent measurement of vital signs 
including temperature is imperative. Patients with severe 
toxicity on presentation, including extreme lethargy, 
agitation, seizures, or dysrhythmias, require early 
intubation for airway protection. Particular attention to 
acid—base status is paramount in managing a severe CA 
overdose. Patients who develop acidosis from increased 
muscle activity, seizures, or inadequate ventilation may 
develop an increase in CA-protein dissociation and 
subsequent clinical deterioration. 

Initial measures for blood pressure support include 
intravenous fluids and vasopressors such as norepi- 
nephrine. Because CA toxicity is reversible once the drug 
is metabolized and excreted, temporary mechanical 
support of the circulation may prove useful in hypoten- 
sive patients who are unresponsive to other measures. 
Serum CA levels often decline rapidly following overdose 
owing to distribution of the drug to tissues. A temporary 
period of mechanically assisted circulation might, 
therefore, allow time for spontaneous improvement. 
Isolated reports of a child who survived 2.5 hours of 
cardiopulmonary resuscitation during nonperfusing 
ventricular tachycardia and of an adult treated successfully 


with femoral-femoral extracorporeal circulation for 
refractory hypotension support this possibility.???! 
Preliminary data in swine suggest that cardiopulmonary 
bypass may allow survival after ingestion of an otherwise 
fatal dose of CA.” Augmentation of aortic outflow 
utilizing a balloon pump device could provide additional 
perfusion support when myocardial depression is severe. 


Decontamination 


Prompt administration of activated charcoal is indicated 
if the ingestion occurs within 1 hour of presentation. 
Charcoal may be given after this time period; however, its 
effectiveness diminishes rapidly with time. Patients who 
appear drowsy and are unable to drink the charcoal 
without assist should be protected with tracheal intubation 
prior to charcoal administration to prevent aspiration of 
charcoal and subsequent serious pulmonary sequelae. 


Laboratory Monitoring 


As discussed above, measurement of serum CA concen- 
trations provides little information regarding emergent 
care of poisoned patients. However, qualitative screening 
immunoassays may occasionally prove useful in the 
detection of occult ingestion when overt clinical toxicity 
is not detected. Measurement of serum electrolytes, 
blood urea nitrogen, creatinine, creatine kinase, 
hematocrit, and liver function tests provide information 
regarding co-ingestions and other disease states that may 
affect drug metabolism and excretion. Arterial blood gas 
determinations are indicated for intubated patients and 
for monitoring acid—base status when sodium bicarbonate 
infusion is employed as a therapy for CA toxicity. 


Antidotes 
NaHCO, 


When CAs were introduced into clinical practice, the 
clinical characteristics of overdose were noted as sharing 
many features of quinidine toxicity, for which hypertonic 
sodium lactate (which is rapidly metabolized to bicar- 
bonate) resulted in clinical improvement. The proposed 
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mechanisms for this therapy include increased plasma 
protein binding of CAs resulting from alkalemia, 
reduced binding of CAs within the cardiac myocytes, and 
overcoming the Na channel blockade via sodium 
loading.” 

Controlled animal studies clearly established that 
hypertonic NaHCO; is effective in reducing QRS prolon- 
gation, increasing blood pressure, and suppressing 
ventricular ectopy due to CA toxicity.°**° This effect is 
demonstrated experimentally to be independent of and 
additive to the effect of vasopressors.*’ Some animal data 
suggest that hypertonic sodium chloride infusions 
provide additional benefit with respect to treating 
hypotension and ventricular tachycardia.” However, the 
amount of sodium delivered in these experiments was 
15 mEq/kg or 10 mL/kg of 7.5% NaCl, a dose likely to 
cause severe toxicity in humans. Intracellular pH ele- 
vation has been shown to reverse the toxicity of imipra- 
mine in cardiac myocytes.” This intracellular alkalosis 
is correlated with a decreased binding of imipramine.'°” 
In human serum, alkalosis causes a decrease in the free 
CA concentration.!2! 

No randomized controlled human trials are published 
relating to the efficacy of NaHCO; infusion for the 
treatment of CA poisoning.” Retrospective reviews of a 
few hundred patients in conjunction with case series and 
case reports provide the basis of confirmation for the 
effectiveness of NaHCO, therapy in the treatment of 
CA-induced hypotension, cardiac conduction delays, and 
dysrhythmias in humans.?°10710 

Indications for therapy with NaHCO, infusion are 
acidemia (serum pH < 7.35), QRS width greater than or 
equal to 100 msec, R wave in aVR greater than 3 mm, or 
wide complex tachydysrhythmias. Optimal serum pH is 
not well established. The target pH recommended by 
various clinicians, as determined by survey, vary dramati- 
cally and range from a maximum of 7.45 to 7.8.10 
However, the majority of clinicians recommend a 
maximum serum pH of 7.55.'°° Dosing protocols also 
vary widely. ‘The most common approach is to administer 
1 mEq/kg NaHCO; as an intravenous bolus in the 
setting of a widened QRS or dysrhythmia. This may be 
increased to achieve resolution of the dysrhythmia or 
narrowing of the QRS (Fig. 27-3; see also Fig. 27-2). 
Serum pH should not be permitted to exceed 7.55. 
Continuous infusion may begin after improved cardiac 
parameters are achieved with the bicarbonate bolus. 
Adding 150 mEq of NaHCO; to 1 L of D5W yields an 
isotonic solution that can be infused at a rate 1.5 times 
maintenance for the patient’s weight. The infusion rate 
may be titrated to hourly serum pH measurements to 
ensure adequate treatment without overalkalinization. 
Frequent measurement of serum potassium is critical 
owing to enhanced renal elimination of potassium in the 
setting of alkalemia. 


PHENYTOIN 

Phenytoin was reported to improve QRS duration in an 
uncontrolled series of patients and one preliminary 
report that showed more rapid improvement of cardio- 
vascular toxicity in patients randomized to phenytoin.!071 
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FIGURE 27-3 ECG from a TCA- saiseneee patient after NaHCO, 
administration. 


Controlled animal studies have not confirmed a benefit, 
and possible aggravation of ventricular ectopy was noted 
in one report.!°%"!! These data do not support the clin- 
ical use of phenytoin for CA cardiotoxicity. 


TCA ANTIBODIES 

The use of TCA-specific antibody Fab fragments for the 
treatment of TCA overdose, analogous to those used to 
treat digoxin overdose, has been studied in rats. Fab 
doses capable of binding 10% to 30% of the TCA body 
burden rapidly reverse QRS prolongation and hypoten- 
sion and prolong survival.'!?!!° The toxic dose of TCAs is 
more than 100 times higher than that of digoxin, 
however, and the theoretical Fab dose required to 
reverse toxicity is also much higher (1 to 3 g/kg). One 
case report details the successful use of experimental 
ovine Fab in a human amitriptyline overdose.'!* The 
total dose of Fab administered was only 6% of the molar 
quantity of TCA ingested. The authors reported a rapid 
decrease in QRS and QT, intervals as well as an 
improvement in mental status. No acute adverse reactions 
were noted. The ability of the antibodies to bind 
tetracyclic drugs such as amoxapine and maprotiline is 
unknown. More extensive experience is required before 
Fab fragments become part of routine therapy for TCA 
poisoning. 


o,-ACID GLYCOPROTEIN 

o,-Acid glycoprotein (AAG) has demonstrated some 
efficacy in the treatment of CA toxicity in animal models. 
Because CAs are bound to AAG in plasma, the 
administration of additional AAG would theoretically 
bind a portion of the free CA fraction, thereby reducing 
toxicity. Swine and rat studies have shown a trend toward 
decrease in CA-induced QRS prolongation after the 
administration of AAG.'!°!'© Currently, no evidence 
suggests that administration of AAG in humans has any 
role in the treatment of CA toxicity. 


PHYSOSTIGMINE 

Physostigmine was initially advocated as a treatment for 
CA poisoning in the 1970s.!!” Indications at the time 
included seizures, coma, and tachydysrhythmias.!'® The 
first case reports of asystole following the use of 
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physostigmine were in the context of treating CA- 
induced seizures.''’ Anecdotal reports of successful 
treatment of seizures and dysrhythmias are not 
substantiated by controlled data. Balancing the reported 
successes are claims that physostigmine induces seizures 
and asystole when used for CA poisoning. Unfortunately, 
these are known complications of both CA poisoning as 
well as physostigmine in isolation. The reported cases 
linking physostigmine to these complications when used 
for CA poisonings do not demonstrate a conclusive cause 
and effect relationship.'*° Thus, seizures may have 
ceased in response to physostigmine or ceased despite 
this therapy. Seizures occurring after the administration 
of physostigmine may have occurred in response to 
therapy or may have occurred regardless of this drug. 
Similar logic applies to cases of asystole and bradycardia. 
Many conclusions may be drawn, and these are based on 
deductive reasoning rather than scientific evidence. 

The pathophysiology of cardiac conduction delays 
and seizures resulting from CA poisonings is poorly 
explained by the anticholinergic properties of the drugs. 
These features are not seen in pure anticholinergic 
poisonings such as atropine and scopolamine. Rather, 
the sodium channel effects of CAs provide a more 
reasonable explanation. Therefore, the use of a purely 
cholinergic drug for reversal of seizures and dysrhythmias 
caused by sodium channel blockade lacks a rational 
basis. In view of the known toxicities including seizures 
and asystole from physostigmine in the absence of CA 
poisoning, its use in the context of CA poisoning, where 
seizures and cardiac dysrhythmias are a known 
complication, is not recommended. However, patients 
who survive the acute phase of CA poisoning and have 
no evidence of cardiac conduction delay may continue to 
suffer from the anticholinergic drug effects more than 
24 hours after the ingestion. Physostigmine could be of 
benefit for controlling agitated delirium in this subset of 
patients provided that a patient has demonstrated 
cardiac stability for a prolonged period of monitoring. 


Elimination Enhancement 


Enhancing elimination of the CAs is difficult owing to 
their large volume of distribution. Several uncontrolled 
case reports note shorter than expected elimination half- 
lives for CAs with the use of repeated doses of activated 
charcoal. These data are of limited value because early 
sampling may have misconstrued the CA distribution 
phase as evidence of shortened half-life. In controlled 
studies, repeated oral doses of activated charcoal have 
been reported either to have no effect on the clearance 
of subtoxic doses of imipramine!*! or to shorten the 
elimination half-life of doxepin or amitriptyline by 
20%.'*2, Most deaths from CA overdose occur within 
hours of drug ingestion, thereby limiting the utility of a 
therapy that requires multiple doses over time. It is 
possible, however, that repeated doses of charcoal might 
shorten the duration of toxicity in slow hydroxylators 
who display long CA half-life kinetics. Little active CA is 
excreted in urine, and measures that enhance urinary CA 
excretion have a negligible effect on total clearance.!** 





Hemodialysis is ineffective in enhancing the 
elimination of CAs because of their extensive protein 
binding and lipid solubility. Hemoperfusion overcomes 
these limitations but is relatively ineffective because of 
the drugs’ large volume of distribution.'*? One case 
report noted removal of less than 2% of the ingested 
dose of imipramine as parent drug or active metabolite 
during 6 hours of hemoperfusion.** Nevertheless, rapid 
improvement in cardiotoxicity after CA overdose has 
been anecdotally reported during hemoperfusion.'**!*° 
However, rapid decline in serum CA levels secondary 
to drug distribution may explain this observation. In 
addition, improvements in acid-base status likely 
contributed to improved cardiovascular status. In the 
absence of supporting data, there is no role for 
hemoperfusion in the treatment of CA poisoning. 


DISPOSITION 


Patients displaying significant signs and symptoms of CA 
toxicity such as QRS prolongation, lethargy, or 
hypotension require admission and monitoring until 
symptom-free for 24 hours.!?7!?8 QRS duration may be 
considered normal if it is less than 100 msec or similar to 
the patient’s baseline QRS. When QRS duration is 
marginally prolonged (100 to 120 msec) and no baseline 
ECG is available, it may be unclear whether the observed 
ORS duration is normal for that patient or prolonged 
from the overdose. In this situation, measurement of the 
serum CA concentration may be helpful later in 
hospitalization as grounds for discontinuing therapy and 
monitoring when drug concentrations are therapeutic or 
low. A clearly elevated CA concentration would suggest 
that the QRS prolongation is drug induced, and 
therefore continued cardiac monitoring is indicated and 
NaHCO, therapy should continue. With the exception of 
overdoses involving a sustained-release drug, patients 
who are asymptomatic on presentation and do not 
manifest signs of toxicity after 6 hours require no further 
medical monitoring other than psychiatric evaluation. 
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At a Glance... 


m Overdose of selective serotonin reuptake inhibitors is less 
hazardous than cyclic antidepressants. 

m Adverse effects and drug interactions are common during 
therapy. 

m Most overdoses are not life threatening; however, fatalities 
have been reported. 

m Venlafaxine, bupropion, and citalopram have been associated 
with more toxicity than other selective serotonin reuptake 
inhibitors. 

m Deaths are usually associated with the ingestion of multiple 
agents. 

m Seizures and decreased level of consciousness are the most 
common manifestations. 

m Cardiac effects are usually mild and include prolonged QTc and 
bradycardia. 

m Treatment is supportive. 

m The serotonin syndrome may be associated with overdose or 
during therapy with other serotonergic agents and may be life 
threatening. 

m Asymptomatic patients may be discharged after 6 hours of 
observation, unless prolonged release products ingested. 


Depression is a common problem that results in 
enormous costs to society. These include the direct costs 
of treatment, as well as indirect costs due to lost 
productivity. Pharmacologic therapy is effective, with 
65% to 75% of patients showing significant improvement 
and a complete cure in 40% to 50% of patients. Both the 
cyclic antidepressants and monoamine oxidase inhibitors 
(MAOIs) are very effective treatments. However, the 
cyclic antidepressants have a number of troublesome 
side effects as well as significant and life-threatening 
toxicity in overdose. Drug and food interactions with the 
MAOIs as well as their potential toxicity in overdose limit 
their acceptability as a treatment option. 

The first selective serotonin reuptake inhibitor (SSRI) 
on the market still in use is fluvoxamine. It was intro- 
duced in Europe in 1983. Fluoxetine was introduced in 
the United States in 1988, followed by sertraline in 1992, 
paroxetine in 1993, and fluvoxamine in 1995. Bupropion 
was released in 1989, trazodone in 1992, and venlafaxine 
in 1994.! 

SSRI antidepressants are very effective for the 
management of depression, have a more attractive side 
effect profile than either the cyclic antidepressants or the 
MAOIs, and are much less toxic when taken in over- 
dose.*® They are as effective as the cyclic antidepressants 
in the treatment of depression.*"! 


Serotonin Reuptake Inhibitors and Other 
Atypical Antidepressants 


Aside from depression, SSRIs are also considered 
important therapeutic modalities for a number of other 
common psychiatric disorders such as anxiety, anorexia 
nervosa, bulimia, and obsessive-compulsive disorder.!” 
They are also used in the management of borderline 
personality disorder, attention-deficit hyperactivity disorder, 
and fibromyalgia.’* 


EPIDEMIOLOGY 


In 2002, the American Association of Poison Control 
Centers reported 58,817 exposures to SSRIs and 
trazodone, with 116 deaths. This is in contrast to the 
13,198 exposures and 118 deaths associated with cyclic 
antidepressants.'° In a review, Barbey reported only six 
verified overdose deaths involving SSRIs alone from 1985 
to 1997. Of these, only two had been reported in the 
literature. !4 

A comparison of poisoning fatality records for 
England and Wales from 1993 to 1995 found 1 death 
per 411,800 3-month treatment episodes for SSRIs as a 
group compared to | death per 8130 3-month treatment 
episodes for cyclic antidepressants.! A comparison of 
the number of deaths per million prescriptions of antide- 
pressants in England from 1987 to 1992 found a signi- 
ficantly lower number of deaths for the SSRIs compared 
with both the cyclic antidepressants and MAOIs.’ 

The hospital costs for patients hospitalized for SSRI 
overdose are significantly lower than those associated with 
cyclic antidepressant overdose, due to a shorter hospital 
stay, less need for interventions such as intubation, and 
less need for admission to the intensive care unit.!®!9 


STRUCTURE 


Most of the SSRIs are either aryls or aryl-oxyalkylamines. 
Citalopram and fluoxetine are racemic mixtures, while 
sertraline and paroxetine are separate enantiomers. 
The serotonin uptake blocking of citalopram is primarily 
due to the (+)-enantiomer with the 1-(S) absolute 
configuration.*° 

Structure-activity relationships are not well described 
for the SSRIs. One example is the critical association of 
the para-location of the CF; substituent of fluoxetine on 
serotonin transporter potency.”! 

Bupropion is an aminoketone compound that is 
unlike most antidepressants. There are four chemical 
features that contribute to its uniqueness: chloro sub- 
stituent, ketone function, tertiary alkyl group, and meta 
orientation of the substituent.” 


549 


550 CENTRAL NERVOUS SYSTEM 





PHARMACOLOGY 


The SSRIs all have a similar mechanism of action (Box 
28-1). They inhibit the neuronal reuptake of serotonin 
and thus potentiate the effect of serotonin at the 
postsynaptic receptors. Most SSRIs have little or no 
effect on other neuroreceptors such as the histamine, 
acetylcholine, and adrenergic receptors. However, 
because the antidepressant effect is often delayed, it is 
postulated that there also may be a down-regulation of 
some of the postsynaptic serotonin receptors secondary 
to the increased serotonin in the synaptic cleft.??7* The 
SSRIs include fluoxetine, paroxetine, sertraline, fluvox- 
amine, and citalopram. 

The atypical antidepressants, including trazodone, 
nefazodone, venlafaxine, bupropion, and mirtazapine, 
have distinct pharmacologic properties that differ some- 
what from the SSRIs. All are effective antidepressants. 

Venlafaxine, a bicyclic phenylethylamine, is a potent 
inhibitor of serotonin receptors. It has norepinephrine 
uptake and is a weak inhibitor of dopamine. It has 
little affinity for muscarinic, histamine, or O-adrenergic 
receptors.”° 

Trazodone is a triazolopyridine antidepressant that is 
structurally similar to the tricyclic antidepressants, but has 
weak inhibition of the reuptake of both norepinephrine 
and serotonin.”4 

Nefazodone is a 5-HT, antagonist with limited 
inhibition of the presynaptic reuptake of both serotonin 
and norepinephrine with the net effect being enhanced 
serotonin neurotransmission. It has weak affinity for 
the 5-HT,, a-adrenergic, and B-adrenergic receptors and 
does not bind to the histamine, muscarinic, and 
dopaminergic receptors.”° 

Bupropion is a monocyclic antidepressant structurally 
related to amphetamine that acts by selectively inhibiting 
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Selective Serotonin Reuptake Inhibitors 


Fluoxetine 
Paroxetine 
Sertraline 
Fluvoxamine 
Citalopram 


Atypical Antidepressants 


Serotonin Noradrenergic Reuptake Inhibitors (SNaRIs) 
Venlafaxine 

Nefazodone 

Trazodone 


Noradrenergic and Specific Serotonergic Antidepressants 
(NaSSA) 
Mirtazapine 


Dopamine Reuptake Inhibition 
Bupropion 





the neuronal reuptake of serotonin as well as dopamine 
and norepinephrine. It is used as both an antidepressant 
as well as an aid to smoking cessation. 

Mirtazapine has unique pharmacologic effects. It 
blocks the presynaptic inhibitory autoreceptors, and 
the presynaptic inhibitory serotonin receptors. Post- 
synaptically, mirtazapine has little effect of &, receptors 
but blocks 5-HT, and 5-HTs receptors. The net effect is 
enhanced release and effects of both norepinephrine 
and serotonin. Mirtazapine has a high affinity for 
histamine receptors, but low affinity for cholinergic, 
muscarinic, and dopaminergic receptors.??7° 


PHARMACOKINETICS 


The SSRIs, unlike the cyclic antidepressants, are quite 
heterogeneous with respect to pharmacokinetic param- 
eters, such as half-life and the presence of active 
metabolites (Table 28-1).?” They are well absorbed from 
the gastrointestinal tract and undergo minimal first pass 
hepatic metabolism. The effect of food on drug 
absorption is variable with a decreased absorption for 
fluoxetine, increased absorption for sertraline, and no 
effect on paroxetine, fluvoxamine, and citalopram. The 
time to peak concentration averages 4 to 8 hours. SSRIs 
are all highly protein bound, varying from a low of 77% 
for fluvoxamine to over 90% for the remaining agents. 
The volume of distribution is large for most agents.*® 

The elimination half-life varies considerably among 
the various agents, ranging from 2 to 4 hours for 
nefazodone to 48 to 96 hours for fluoxetine. In addition, 
fluoxetine has an active metabolite, norfluoxetine, that 
has a half-life of 7 days. Linear pharmacokinetics have 
been described for sertraline and citalopram, while the 
other agents undergo nonlinear kinetics.?’”9 


SPECIAL POPULATIONS 


The Elderly 


SSRIs may be particularly useful in the elderly because 
of the absence of significant cardiovascular and anti- 
cholinergic adverse effects. However, while the pharmaco- 
kinetic behavior is similar in all age groups, the drugs 
may be more slowly metabolized in the elderly and 
dosage reductions are required. One should start with 
lower doses and titrate them slowly. In most cases, the 
final dose in this group of patients should be lower 
than in the younger population.*”? There are no data 
supporting one SSRI over another for the elderly, and 
the choice of drug will be influenced by other factors 
such as the possibility of drug-drug interactions.*° 


Patients with Renal and Hepatic Disease 


Renal and hepatic disease delays the elimination of the 
SSRIs, and lower dosing or less frequent administration 
is required to avoid adverse effects. Paroxetine is mainly 
eliminated by the kidneys, and the dose should be 
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carefully titrated in patients with kidney disease and 
avoided with renal failure.*55031 Dose reductions in 
patients with renal or hepatic disease are also required 
for mirtazapine.” 


Pregnant and Lactating Patients 


Most medications should be avoided in pregnancy if 
at all possible. Mild depression may be managed with 
nonpharmacological approaches. However, in severe 
depression, pharmacologic therapy may be required, 
and the SSRIs, especially fluoxetine, appear to be 
relatively safe in pregnancy.*”***? Infant exposure during 
pregnancy is potentially significant due to placental 
passage, and therefore the lowest dosage that will 
provide adequate effects should be prescribed.**°° 
A study of 267 women who took SSRIs (fluoxetine, 
fluvoxamine, and sertraline) during the first trimester 
of pregnancy showed no increase in birth defects.*° 

The SSRIs have only been available for a relatively 
short time, and the potential long-term effects on breast- 
fed infants are unknown. However, postpartum depres- 
sion has significant morbidity and mortality, and one 
needs to weigh the risks and benefits of the treatment of 
depression in women who are breast-feeding versus the 
potential risks to the infant. Again, the lowest effective 
dose of an agent that has minimal secretion in breast 
milk is recommended. 

Paroxetine is secreted in breast milk, but it has no 
active metabolites, and adverse effects on breast-fed 
infants have not been reported. The majority of studies 
describing fluoxetine use in lactating women report no 
adverse effects on the infant. Sertraline as well as its 
metabolite desmethylsertraline have been detected in 
breast milk with low or nondetectable serum concen- 
trations in the infant. Fluvoxamine has also been found 
in breast milk in very low concentrations, with no 
reported adverse effect on the infants. Venlafaxine 
and its metabolites have been found in the sera of breast- 
fed infants. However, no adverse effects were reported. 
Limited data exist on the effects of citalopram, 
trazodone, and nefazodone.*4 

In summary, SSRIs should be avoided in lactating 
women if possible. A careful weighing of the risk-benefit 
ratio is required, and if indicated, an agent such as 
paroxetine, sertraline, or fluoxetine that has minimal 
secretion in breast milk is suggested. 


Children and Adolescents 


Although SSRIs are commonly used in the pediatric 
and adolescent population, its use in this group is 
controversial.?’°9 Compared with adults, there is a 
paucity of data from controlled clinical trials in the 
pediatric population, and the best evidence for efficacy 
has been for the treatment of depression and obsessive- 
compulsive disorder. The evidence for other pediatric 
psychiatric disorders such as autism, social anxiety 
disorder, and eating disorders is mainly anecdotal.??*0*! 
In addition, there is concern about significant potential 
adverse effects found in children, such as activation, 


disinhibition, manic reactions, uncovering of comorbid 
disorders such as conduct disorders, frontal lobe 
symptoms (including apathy), and an increase in suicidal 
ideation.*?? 

The concern regarding increased suicidal behavior 
and presumed lack of efficacy has led to a call in the 
United Kingdom that SSRIs should not be used in 
children with the possible exception of fluoxetine. 
Regulatory bodies in the United States and Canada 
have raised similar concerns.*! However, this remains 
controversial.°” 


DRUG INTERACTIONS 


Drug interactions may be either pharmacodynamic, where 
one drug affects the mechanism of action of another 
drug, or pharmacokinetic, where the drug affects the 
metabolism of excretion of another drug. Both of these 
are common with the SSRIs and newer antidepressants“ 
(Table 28-2). 

The most important pharmacodynamic drug inter- 
action involving the SSRIs is the development of the 
potentially life-threatening serotonin syndrome. This 
occurs when an SSRI is combined with another 
serotonergic agent. The serotonin syndrome is described 
in Chapter 10A. When SSRIs are combined with a 
number of agents, the drugs that are of most concern are 
the MAOIs. A washout period of 2 weeks for most SSRIs 
and 5 weeks for fluoxetine is mandatory when switching 
from an SSRI to an MAOI to avoid the development of 
the serotonin syndrome.” 

The cytochrome P-450 (CYP450) system metabolizes a 
number of medications including the SSRIs.°4° Drug 
interactions may result from inhibition of the CYP450 
system, thus slowing metabolism of other medications, by 
acting as a competitive substrate or by the induction of 
enzymes. A number of enzymes are inhibited by the 
SSRIs to varying degrees, including CYP2D6, CYPIA2, 
CYP2C, and CYP3A4. The result is a negative effect on 
the metabolism of the other drugs and possible elevation 
in plasma levels. ‘This is especially problematic if the drug 
in question has a narrow therapeutic window.!*°° 

All of the SSRIs are weak inhibitors of CYP2D6, which 
is also involved in the metabolism of a number of other 
common medications, including the cyclic antide- 
pressants, some antipsychotics, B-adrenergic blockers, 
type Ic antidysrhythmics (encainide, flecainide, mexilitene, 
and propafenone), codeine, and dextromethorphan. 
Paroxetine has the greatest effect on CYP2D6 followed 
by norfluoxetine, fluoxetine, sertraline, fluvoxamine, 
venlafaxine, nefazodone, and mirtazapine.***” 

The SSRIs as well as nefazodone inhibit CYP4A4, 
which also metabolizes terfenadine and astemizole, as 
well as the triazolo-benzodiazepines, such as triazalom, 
alprazalom, and midazolam. 

CYP1A2 metabolizes theophylline as well as the tertiary 
cyclic antidepressants imipramine, clomipramine, and 
amitryptyline. Fluoxetine, paroxetine, and sertraline are 
weak inhibitors of this enzyme. Fluvoxamine is a potent 
inhibitor of this enzyme, and concomitant therapy has 


Selected Substrates and Inhibitors of Some Cytochrome P-450 Enzymes* 
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1A2 2C19 
Substrates 

TCAt TCAt 
Mexiletine Phenytoin 
Theophylline Diazepam 
Caffeine Indomethacin 
Estradiol S-warfarin 
Tacrine Propranolol 
R-warfarin Omeprazole 
Amiodarone Phenobarbital 


Carbamazepine 


Inhibitors 

Fluvoxamine Fluoxetine 
Cimetidine Fluvoxamine 
Erythromycin Sertraline 
Ciprofloxacin Citmetidine 


CYP ENZYMES 


2D6 3A4 

TCA? TCAtT 
Trazodone Quinidine 
Fluoxetine Terfenadine 
Paroxetine Cyclosporine 
Venlafaxine Tamoxifen 
Metoprolol Lidocaine 
Timolol Cisapride 
Haloperidol Rifabutin 
Clozapine Midazolam 
Risperidone Triazolam 
Thioridazine Alprazolam 
Perphenazine Carbamazepine 
Dextromethorphan Dapsone 
Phenytoin Lovastatin 
Sertraline Fluoxetine 
Quinidine Venlafaxine 
Amiodarone Sertraline 
Fluphenazine Nefazodone 


Moclobemide 


Fluvoxamine 


Enoxacin Amiodarone 

Meclobamine Ketoconazole 

Disulfiram Erythromycin 
Propoxyphene 
Felbamate 


TCA, tricyclic antidepressant. 


Fluconazole 
Ketoconazole 
Erythromycin 
Clarithromycin 
Amiodarone 
Saquinavir 
Cimetidine 


*Selective serotonin reuptake inhibitors and TCAs are indicated by bold type. Any two drugs that are substrates of the same cytochrome P-450 (CYP) 
enzyme may potentially compete with each other for that enzyme and thereby inhibit each other’s metabolism. Some drugs may also inhibit a CYP 
enzyme without themselves being a substrate. Note that this table indicates potential interactions; not all have been demonstrated or are necessarily 
of clinical importance. Some drugs listed as inhibitors may actually be substrates for that particular CYP, but sufficient documentation is not available. 


Some drugs are substrates or inhibitors of more than one CYP enzyme. 


tDemethylation of tertiary amine TCAs; imipramine, amitriptyline, and clomipramine. 
*Hydroxylation of desipramine, imipramine, clomipramine, amitriptyline, and nortriptyline. 
Adapted from DeVane CL: Pharmacogenetics and drug metabolism of newer antidepressant agents. J Clin Psychiatry 1994;55(Suppl):38-47. 





resulted in elevated plasma theophylline and cyclic 
antidepressant levels.** 

Fluvoxamine, fluoxetine, and sertraline are mild to 
moderate inhibitors of CYP2C9 and -19, and interactions 
with warfarin and tolbutamide have been reported. 
Venlafaxine has no effects on CYP2C9 in vitro.“4 

CYP3A4 is the most abundant of the cytochrome 
enzymes and therefore one of the most important with 
respect to drug interactions. Nefazodone is the most 
potent inhibitor of this enzyme, followed by fluvoxamine, 
norfluoxetine, paroxetine, desmethylsertraline, fluoxetine, 
sertraline, mirtazapine, and venlafaxine. One should 
avoid combining these antidepressants with other drugs 
with potent effects on CYP3A4, such as ketoconazole, 
terfenadine, and astemizole.*?4 

In summary, the drugs that are most likely to cause 
clinically significant pharmacokinetic drug interactions 
with drugs metabolized by the CYP450 system are 
fluvoxamine, fluoxetine, paroxetine, and nefazodone. 
Sertraline has fewer effects, while mirtazapine and ven- 


lafaxine have the least propensity for such pharmaco- 
kinetic interactions.*4 

Starting at lower dosing and careful titration of 
the medications can minimize drug interactions with the 
SSRIs and other medications that are oxidized by the 
P-450 system.*° 

There is no pharmacokinetic interaction or potentiation 
of psychomotor impairment associated with ethanol.’ 


TOXICOLOGY 


The ingestion of 50 to 75 times the therapeutic dose may 
result in minor symptoms such as drowsiness, tremor, 
weakness, nausea, and vomiting. Seizures and electrocar- 
diographic (ECG) changes such as widening QRS or QT 
prolongation and a decreasing level of consciousness 
occur with larger ingestions. Death has occurred with 
extremely large overdoses of greater than 150 times the 
usual therapeutic dose.'+*8 
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Pure SSRI overdose rarely results in death, and most 
patients recover without long-term effects. Most of the 
reported deaths are associated with the ingestion of 
other drugs or in combination with alcohol. 


CLINICAL MANIFESTATIONS 


Acute Overdose 


The SSRIs and atypical antidepressants are usually 
benign in overdose and considered much safer than 
either the cyclic antidepressants or MAOIs. However, 
each can manifest toxic effects, and there are anecdotal 
reports of significant toxicity for most of the drugs in this 
class.’ 

The most common symptoms after acute SSRI over- 
dose include drowsiness, nausea, and vomiting. Other 
less common effects include dizziness, headache, tremor, 
and agitation. Serious effects such as dysrhythmias and 
seizures occur rarely and are much more common with 
citalopram or venlafaxine overdoses.” 

The serotonin syndrome has been reported after 
SSRI overdose, either alone or in combination with 
other antidepressants.”” It is a potentially life-threatening 
syndrome characterized by autonomic dysfunction 
(hypo- or hypertension, tachycardia, hyperpyrexia, 
diaphoresis, diarrhea), abnormalities in mental status 
(disorientation, delirium, confusion, and agitation), and 
neuromuscular signs and symptoms (myoclonus, 
especially of the lower extremities, tremor, hyperreflexia, 
and rigidity). The serotonin syndrome is discussed in 
Chapter 10A. 


Fluoxetine 


Fluoxetine overdose is associated with either no or minor 
effects described in large case series.°!°° Anecdotally, the 
most significant toxicities reported are seizures, lethargy, 
and mild cardiovascular effects such as increased QRS 
and Ol? 


Sertraline 


Sertraline overdose is usually benign.°'®* Marked 
diarrhea has been reported with a sertraline overdose,” 
and the serotonin syndrome has been reported with 
massive overdose.®®®8 Delayed angioedema necessitating 
tracheal intubation for airway control has been reported 
after a sertraline and trazodone overdose.® Deaths are 
uncommon, but have been reported associated with 
asthma’? and markedly elevated postmortem serum 
concentrations.” 


Citalopram 


Most citalopram overdoses are associated with little or no 
clinical effects, although significant toxicity has been 
reported anecdotally, including seizures, wide complex 
tachycardia, supraventricular tachycardia, prolonged 
QTc, and widened QRS.497%73 Severe bradycardia without 


QTc prolongation, hypotension, and syncope requiring a 
temporary pacemaker has also been reported.” 

Only mild symptoms are associated with ingestions of 
less than 600 mg, while ECG effects and seizures have 
been reported after ingestions of greater than 600 mg. 
All patients will have toxic effects with ingestions of 
1900 mg or greater.” Cardiovascular effects occur in about 
25% of overdoses.” Adult respiratory distress syndrome 
and renal failure, which resolved with supportive care, 
have been reported after an ingestion of 2400 mg of 
citalopram.” Fatalities with high postmortem blood 
concentrations have been reported.*?*! Lower post- 
mortem concentrations may be seen when there are 
multiple ingestants.* 


Paroxetine 


Paroxetine has a high therapeutic index, and overdose is 
usually benign in both adults and children. Symptoms 
are dose related and include minor gastrointestinal 
complaints, drowsiness, tachycardia, dizziness, and 
mydriasis.®*.°* Significant hyponatremia occurred 5 days 
after a paroxetine overdose in an elderly woman.” The 
serotonin syndrome has been reported with combined 
paroxetine and moclobemide overdose.*° Deaths have 
been reported in which there were significant postmortem 
paroxetine concentrations found in blood. However, there 
were other drugs involved in all of these cases.” 


Fluvoxamine 


Fluvoxamine overdose is typically not associated with 
significant toxicity. The most commonly reported effects 
are drowsiness, tremor, nausea and vomiting, anti- 
cholinergic symptoms, and hemodynamically stable 
bradycardia. Nevertheless, a life-threatening intoxi- 
cation with severe bradycardia, hypotension, seizure 
activity, and acute respiratory distress syndrome in a 
4-year-old child has been reported.” 


Trazodone 


The clinical manifestations of trazodone overdose are 
generally mild, with drowsiness, nausea, and vomiting 
being the predominant symptoms, although coma has 
been reported.’ Because trazodone has little effect on 
norepinephrine reuptake and does not affect the sodium 
channels, there is no significant cardiovascular toxicity. 
A case of severe hyponatremia and late seizure after 
an overdose of trazodone in an elderly patient has been 
reported. The hyponatremia was presumed to be due 
to inappropriate antidiuretic hormone secretion.’ The 
terminal half-life of trazodone after overdose was 
reported to be approximately 8.8 hours in a case 
report.” Deaths are uncommon except when trazodone 
is ingested with other agents or ethanol.” 


Nefazodone 


Nefazodone has effects on both the serotonin and 
norepinephrine receptors, and the course after overdose 
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is usually benign, with patients either being asympto- 
matic or having minor effects such as drowsiness, nausea, 
vomiting, and dizziness.°?!°° However, more serious 
effects have also been reported, including hypotension, 
bradycardia, seizures, and prolongation of the QTc.10!1 


Bupropion 


The majority of cases of bupropion ingestion reported 
to poison control centers are benign, likely related to 
minor ingestions. The clinical manifestations seen in 
minor overdose included nausea and vomiting, tachy- 
cardia, hypertension, headache, dizziness, tremor, and 
mild drowsiness or agitation.!°'°° However, bupropion is 
potentially more toxic in overdose compared with most 
of the SSRIs. Significant toxicity has been reported, 
including seizures and cardiac conduction abnormalities 
such as widened QRS and prolonged QTec.!0®13 The 
seizures may occur late in overdose of sustained release 
preparations.'!* Cardiotoxicity has also been reported 
in a combined bupropion and ziprasidone overdose.' 
While deaths are uncommon, they have been reported 
and are usually associated with a massive ingestion!'® or 
multiple ingestants including alcohol.!!” 


Venlafaxine 


Venlafaxine is potentially more toxic in overdose than 
the SSRIs due to its effects on the reuptake of nor- 
epinephrine and to a lesser extent dopamine. It is avail- 
able in both an immediate-release and extended-release 
formulation.” Venlafaxine is considered proconvulsant, 
and overdose has been associated with seizures.!!*!75 
Other toxic effects reported include prolonged QRS 
and QT, ventricular tachycardia, persistent myocardial 
ischemia, hypertension, and refractory hypotension.!27!*7 
Serotonin-associated symptoms such as diarrhea, dia- 
phoresis, and rhabdomyolysis, as well as the serotonin syn- 
drome, have also been described.!2°!°? Fatalities have been 
reported, !2”19?:133 and its fatality toxicity index is greater 
than other serotonergic agents and similar to the less toxic 
cyclic antidepressants.° 


Mirtazapine 


There are only a few reports of mirtazapine overdose in 
the literature, with only minor effects, including drowsi- 
ness, confusion, and tachycardia, described.'**!°8 Miosis 
and coma have also been described with significant 
overdose.!°? 


ADVERSE EFFECTS 


Adverse effects associated with SSRI therapy are common 
and are dose related (Box 28-2).!!! SSRI adverse effects, 
however, are generally mild due to the relative selectivity 
for serotonin receptors and relative absence of 
significant interaction with other receptors such as 
histamine and anticholinergic receptors, and they are 
better tolerated than the cyclic antidepressants.*?3-140 





BOX 28-2 


Central Nervous System 


Headache 
Anxiety 
Agitation 
Insomnia 
Seizures 


Gastrointestinal 


Nausea 

Vomiting 
Diarrhea 
Anorexia 


Other Effects 


Hepatotoxicity 
Hyponatremia 
Discontinuation or withdrawal symptoms 





The most common problems encountered include 
gastrointestinal effects such as nausea and vomiting, 
anorexia, diarrhea, headache, and stimulant effects such 
as agitation, anxiety, and insomnia.®™!9141-143 These are so- 
called serotonin-type symptoms?‘ and are worse at higher 
doses.!° Other adverse effects that are less common, but 
still considered of concern, include weight loss and 
sexual dysfunction. Trazodone has been associated with 
priapism.'*4 

While the general adverse effects are mild, there are 
differences between agents. Fluoxetine has been asso- 
ciated with a greater incidence of agitation compared 
with the other SSRIs, while sertraline appears to cause 
less agitation. Lethargy and apathy have also been 
reported.'** Fluvoxamine has a significant rate of nausea, 
but this may be less prevalent with paroxetine. Of the 
SSRIs, sertraline appears to have a lower incidence 
of side effects.!! 

There is a significant discontinuation rate with SSRI 
therapy that is directly related to the severity of these 
adverse effects. Nausea and agitation are the most 
common reasons for patients stopping therapy.'* 

Cardiovascular side effects are less common with 
SSRIs. Nevertheless, increased angina, especially in 
patients with underlying coronary artery disease, has 
been reported. Dysrhythmias such as atrial fibrillation 
and bradycardia resulting in syncope, as well as blood 
pressure changes, have also been reported.!*!# 

Sudden death, syncope, repolarization changes, pro- 
longed QT, and polymorphous ventricular tachycardia 
(torsades de pointes) in patients taking SSRIs have been 
reported to regulatory agencies. These effects may be 
due to the SSRIs themselves or may be a result of 
increased plasma levels of other medications, due to 
effects on the CYP450 system.'” 

Severe hyponatremia has been reported in elderly 
patients taking SSRIs such as fluoxetine and sertraline. 
The mechanism is unknown, and the hyponatremia 
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usually responds to withdrawal of the medication.'*© The 
syndrome of inappropriate antidiuretic hormone 
(SIADH) has also been reported with SSRIs and may be 
mediated through serotonin-2A and -2C receptors.“ 
Seizures are uncommon, but have been associated 
with therapy with a number of the SSRIs.'*” Bupropion 
has a higher reported incidence of seizures, especially in 
patients with anorexia. However, the incidence in the 
general population is comparable with that associated 
with cyclic antidepressants and is usually associated with 
higher dosing.!*® 
Nefazodone has been associated with hepatic ab- 
normalities and has been removed from the market in 
Sweden, other parts of Europe, and recently Canada.'*9 
Adverse effects reported at therapeutic dosing of 
mirtazapine include akathisia and hepatotoxicity that 
resolved with discontinuation of the drug.!°?!°! The sero- 
tonin syndrome has been described with both mono- 
therapy and in combination with SSRIs therapeutically 
and in overdose, although the role of mirtazapine in 
causation of the serotonin syndrome is disputed.!5?157 
Discontinuation reactions or the SSRI withdrawal 
syndrome have been reported after the abrupt cessation 
of treatment with all SSRIs as well as venlafaxine and 
nefazodone. They are most common with paroxetine 
and fluvoxamine, and much less common with sertraline 
and fluoxetine. This is most likely related to pharma- 
cologic differences, being much more common with 
agents with shorter half-lives and can be ameliorated 
with tapering of the agents when stopping therapy. The 
symptoms are usually mild and short lived, and common 
effects include fatigue, headache, nausea, diarrhea, 
agitation, insomnia, and lethargy. However, more novel 
discontinuation reactions may also occur with the SSRIs. 
These can be grouped into three common symptom 
clusters: effects on balance (vertigo, dizziness, and 
ataxia), sensory symptoms (numbness, paresthesias, and 
“shocklike” sensations), and aggressive and impulsive 
behavior (suicidal and homicidal thoughts). There is 
often overlap of these symptom clusters.2°1°%1°9 


DIAGNOSIS 


Laboratory Testing 


Initial laboratory investigations should include complete 
blood count and routine biochemistry, including renal 
function. Specific blood levels of the SSRIs and other 
atypical antidepressants!” are rarely available and do not 
aid management and thus are not routinely indicated.® 
False-positive urine drug screens for amphetamines 
have been reported with bupropion and trazodone 
overdose.!!*113161 Ą false-positive drug screen for 
phencyclidine not confirmed by gas chromatography- 
mass spectrometry has been reported after a massive 
venlafaxine overdose.''® If rhabdomyolysis or the 
serotonin syndrome is suspected, serum creatine kinase 
and myoglobin should be analyzed. 


Other Diagnostic Testing 


An electrocardiogram should be obtained because 
cardiac effects may occur with SSRI and atypical 
antidepressant overdose. Other investigations may be 
indicated based on the clinical presentation. 


DIFFERENTIAL DIAGNOSIS 


There is no specific toxidrome or laboratory test that is 
diagnostic, and the differential diagnosis will depend on 
the patient’s signs and symptoms. While most overdoses 
are asymptomatic, patients with an SSRI overdose may 
present with a decreased level of consciousness, and 
the differential diagnosis should include the ingestion of 
any agent or clinical condition that could result in an 
alteration of the mental status. If the patient has a 
seizure, then one should consider the differential 
diagnosis of toxin-induced seizures. 


MANAGEMENT 


Supportive Measures 


Cardiac monitoring and pulse oximetry are indicated in 
all patients. Venous access is indicated in patients with 
symptoms or signs of an SSRI overdose. The airway, 
breathing, and circulation should be evaluated and 
corrective actions taken if there are any abnormalities. 
Indications for tracheal intubation include a significant 
decrease in the patient’s level of consciousness or the 
need to establish or protect their airway. Supplemental 
oxygen is indicated for hypoxia. Hypotension should be 
managed initially with intravenous crystalloid solution. 
Vasopressor therapy is rarely needed, but should be 
instituted if hypotension persists despite adequate fluid 
resuscitation. 

Patients with an altered mental status should have a 
bedside glucose determination performed, and hypo- 
glycemia should be treated with hypertonic dextrose. 


Decontamination 


Activated charcoal is indicated if the patient presents 
within 2 hours of ingestion of a potentially toxic 
overdose. However, one must be cautious and protect the 
airway if the patient has an altered level of consciousness 
or seizures. Whole bowel irrigation may be considered if 
a sustained-release preparation is ingested or for late 
presentation. Gastric lavage or administration of ipecac 
is not indicated. 


Laboratory Monitoring 


The indication for serial laboratory testing is initial 
abnormalities or the development of ongoing toxicity 
such as the serotonin syndrome or rhabdomyolysis. If 
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there is QT prolongation on the ECG, then serial ECGs 
should be obtained until the QT is normalized. 


Elimination 


Due to the large volume of distribution of the SSRIs 
and significant protein binding, methods to enhance 
elimination such as multiple doses of charcoal or 
hemodialysis are not effective or indicated. 


Antidotes 


There are no specific antidotes. Anecdotally, sodium 
bicarbonate has been used to treat presumed sodium 
channel blockade-induced cardiotoxicity.©’* The 
administration of a sodium bicarbonate bolus followed 
by an infusion should be considered if there is evidence 
of ORS prolongation. 


Disposition 


Patients with significant symptoms will require admission 
to hospital. Indications for intensive care unit admission 
include significant decreased level of consciousness, 
cardiac dysrhythmias, and presence of the serotonin 
syndrome. 

Patients who are asymptomatic with no signs of 
toxicity may be discharged after 6 hours of observation in 
the emergency department after appropriate psychiatric 
consultation.® 
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Monoamine Oxidase Inhibitors and Serotonin 
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At a Glance... 


m Monoamine oxidase types A and B are responsible for the 
intracellular degradation of biogenic amines. 

m Serotonin is metabolized almost exclusively by monoamine 
oxidase type A. 

m Hypertensive reactions can occur if monoamine oxidase is 
inhibited and indirect-acting amine-releasing substances are 
ingested (tyramine or cheese reaction). 

m In overdose, monoamine oxidase type A inhibition is associated 
with a severe multisystem syndrome involving neuromuscular 
and sympathetic hyperactivity and cardiovascular collapse. 

m Treatment of monoamine oxidase inhibitor overdoses is mostly 
supportive. 

m Direct-acting vasopressors (e.g., norepinephrine or phenyl- 
ephrine) should be used for monoamine oxidase inhibitor over- 
dose; indirect agents (e.g., dopamine) should be avoided. 

m If monoamine oxidase type A is inhibited and another 
serotonergic agent is administered, there is a high likelihood of 
developing a serotonin-excess syndrome. 

m Serotonin syndrome is characterized by altered mental status, 
myoclonus, hyperreflexia, diaphoresis, diarrhea, ataxia, and 
shivering. 

m The treatment of serotonin syndrome is primarily supportive, 
but preliminary data suggest that cyproheptadine may be 
effective. 


The monoamine oxidase inhibitors (MAOIs) are a 
structurally diverse group of pharmaceuticals whose 
place in therapy has been the center of considerable con- 
troversy during the past 40 years. This controversial 
position is largely caused by the many toxic reactions 
and interactions for which MAOIs are responsible. This 
chapter reviews the biochemistry of the enzyme MAO, 
the pharmacology of the MAOIs, and the diagnosis, 
pathophysiology, and treatment of the various toxic 
responses associated with these agents. 


RELEVANT HISTORY 


In 1951, isoniazid and its isopropyl! derivative, iproniazid, 
were introduced for the treatment of tuberculosis. 
Although the latter antibiotic is no longer marketed, it 
was quickly noted that patients treated with it ex- 
perienced elevated mood. This psychotropic effect was 
attributed to the ability of iproniazid to inhibit MAO. 
Although severe hepatotoxicity resulted in the removal 
of iproniazid from the market, the effect on mood 
prompted the use of other MAOIs for the treatment of 
depression. These compounds were the first true specific 
antidepressant agents used. In 1962, enthusiasm for the 


use of MAOIs as antidepressants was tempered when a 
fatality associated with Stilton cheese ingestion in a 
patient taking an MAOI was reported.’ The realization 
of the potential severity of adverse MAOI interactions 
caused considerable retrenchment from their use, a 
situation that has only recently been reconsidered. 

The mood-elevating properties of MAOIs are attrib- 
utable to the inhibition of an MAO isoenzyme family 
referred to as MAO type A (MAO-A), which is distinctly 
different from the MAO type B (MAO-B) isoenzyme. 
Although less useful as a target of antidepressant therapy, 
inhibition of the MAO-B isozyme also has therapeutic 
application. In 1989, several reports*” suggested that a 
selective MAO-B inhibitor, L-deprenyl (selegiline), had a 
marked effect in the treatment of Parkinson’s disease. 
Inhibitors of MAO-B, including selegiline and rasagiline 
mesylate (not available in the United States), appear 
to slow the progression of Parkinson’s disease and ex- 
tend the time before it is necessary to treat patients 
with this condition with L-dihydroxyphenylalanine.* This 
observation has sparked numerous investigations into 
the therapeutic role of MAO-B inhibition. 

Currently, MAOIs are used for a variety of psychiatric 
indications, the most common of which is the treatment 
of depression refractory to standard antidepressant ther- 
apy. MAOIs have assumed this secondary role partly 
because of the reluctance to use these agents as a 
first-line drug given the concerns about the danger of 
major toxic effects. Other therapeutic applications of 
MAOIs include the treatment of vascular headaches, 
narcolepsy, panic disorders, phobias, obsessive-com- 
pulsive disorder, eating disorders, and post-traumatic 
stress disorder. For a full description of the numerous 
medical uses of MAOIs, readers are referred to several of 
the excellent references on this topic.>” 


THE PHYSIOLOGY OF MONOAMINE 
OXIDASE 


Catecholamines are metabolized by MAO and catechol- 
O-methyl transferase (COMT). COMT is responsible 
for the degradation of extracellular catecholamines, 
such as those in the synaptic cleft. In contrast, MAO, 
a flavin-containing intracellular enzyme tightly bound 
to the outer mitochondrial membrane, is the major 
enzyme responsible for the catabolism of intracellular 
bioactive amines. Because MAO is confined to the 
intracellular compartment, the physiologic response to 
the administration of direct-acting pressor amines (e.g., 
norepinephrine) is unaffected by MAOIs.’ 

The intracellular location of MAO is a critical factor in 
understanding the pathogenesis of toxic reactions 
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associated with MAOIs. Normally, the presence of func- 
toning MAO keeps the intracellular concentration of 
free biogenic amines quite low. Because of its location, 
inhibition of MAO raises concentrations of intracellular 
biogenic amine substrates. Those amine substrates that 
are located in storage vesicles, however, are protected 
from MAO degradation. Similarly, exogenous biogenic 
amines that act directly at extracellular receptors are 
relatively unaffected by MAO. Thus, inhibition of MAO 
does not result in increased concentrations of, and sub- 
sequent toxic reactions to, directly acting agents. 

MAO catalyzes the oxidative deamination biogenic 
amines such as epinephrine, norepinephrine, dopa- 
mine, 5-hydroxytryptamine (5-HT, serotonin), and tyra- 
mine. The generic reaction of MAO on primary biogenic 
amines is described as follows.” 

Note that one of the products of the MAO reaction 
is hydrogen peroxide, which is a generator of highly 
toxic free radicals.'° Examples of the specific reactions 
of MAO with specific biogenic amines are shown in 
Figure 29-1. 

With the exceptions of erythrocytes, blood serum, and 
skeletal muscle, virtually all tissues contain some small 
amounts of MAO. This enzyme is found primarily in 
brain, peripheral noradrenergic neuronal axons, in- 
testine, and liver. First pass catabolism by hepatic and 
gastrointestinal MAO prevents systemic absorption and 
significant physiologic effects following the oral inges- 
tion of pressor amines (e.g., tyramine or pheny- 
lethanolamine). In general, MAO levels tend to increase 
with age. The two isoenzymes of MAO are separate gene 
products, although they share considerable sequence 


H 


{4 $ 
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homology. Both genes for MAO are found on the X 
chromosome. 


Monoamine Oxidase Isoenzymes 


The two MAO isoenzymes differ in both their anatomic 
distribution and substrate specificity (Table 29-1). 
Because of these differences, the roles of the two iso- 
zymes in the pathophysiology of toxic syndromes asso- 
ciated with MAOIs must be considered separately. 

The highest concentration of MAO is in the liver, 
which contains a slight predominance of MAO-A. Brain 
similarly contains both isoenzymes, although type B is 
found primarily in glial cells and serotonergic neurons. 
Platelets contain exclusively MAO-B." 

Although qualitatively most substrates are oxidized by 
both isoenzymes, the substrate specificities of the MAOs'*"4 
exhibit quantitative differences (see Table 29-1). The 
Michaelis constant (K,,) and maximal velocity (Vmax) for 
epinephrine, norepinephrine, dopamine, and tyramine 
are similar for both isoenzymes. However, serotonin (5-HT) 
is almost exclusively metabolized by MAO-A, while 2- 
phenylethylamine (the parent compound for amphetamine 
and its derivatives) is primarily metabolized by MAO-B. 

The substrate preferences of the MAO isozymes are 
determined by the relative electrostatic, steric, and lipo- 
philic properties of the substrate when compared with 
the enzyme active site. The three-dimensional structure 
of both isoenzymes is such that they have two active 
sites, a larger one for bulky substituents, and a smaller 
lipophilic one. However, the relative sizes of these sites 
are different in the two isoenzymes.!° 


FIGURE 29-1 Representative reac- 
tions of Monoamine oxidase (MAO). 
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Monoamine Oxidase Isoenzymes 


LOCATIONS SUBSTRATE SPECIFICITY 
MAO-A 

Intestinal mucosa Serotonin 

Placenta Dopamine 

Biogenic amine Norepinephrine 

terminals 

Liver Tyramine 

Brain* Epinephrine 
MAO-B 

Brain* Dopamine 

Platelets Tyramine 

Liver Phenylethylamine 

Epinephrine 


Norepinephrine 


MAO-A, monoamine oxidase type A; MAO-B, monoamine oxidase 
type B. 

*Approximately equal quantities of both isoenzymes exist in the brain, 
but there are considerable differences in their regional distribution. In 
addition, monoamine oxidase type B is found primarily in glial tissue. 





PHARMACOLOGY AND 
PHARMACOKINETICS OF MONOAMINE 
OXIDASE INHIBITORS 


The MAOIs are available only as oral preparations. In 
general, MAOIs are rapidly and completely absorbed 
from the gastrointestinal tract, with peak plasma 
concentrations ranging from l to 4 hours after in- 
gestion.!®!8 Plasma elimination of these agents occurs 
largely by hepatic metabolism and is also rapid; half-lives 
range from 1 to 3 hours. In general, MAOIs are trans- 
ported into cells by the neurotransmitter amine reuptake 
system. For irreversible MAOIs, maximal MAO inhibition 
takes 5 to 10 days after initiation of drug therapy. Thus, 
plasma drug concentrations do not correlate with the 
level of MAO inhibition.!*!8 For reversible MAOIs, how- 
ever, maximal inhibition of MAO occurs within a few 
hours of the first dose. 

As can be seen in Table 29-2, MAOIs are generally 
classified according to their preferential effect on the 
isoenzyme they inhibit. For most of these agents, 
however, the selectivity is not complete and tends to 
be lost at higher doses and especially in overdose. The 
selective MAO-B inhibitor selegiline has been reported 
to lose some of its selectivity at doses as low as 10 mg/day, 
a dose that is in the therapeutic range.'9 

MAOIs may also be classified as either reversible or 
irreversible inhibitors of MAO. The classic MAOIs are 
irreversible inhibitors of the enzyme. Although serum 
concentrations of the MAOIs decline rapidly after last 
use, their effects are long-lived. It is generally believed 
that a period of 2 to 3 weeks is necessary to regain MAO 
activity after the cessation of the administration of an 
irreversible inhibitor, because new enzyme must be 
synthesized.!” 

A new class of reversible inhibitors of MAO,?°*° the 
prototype of which is moclobemide, have been devel- 





oped (see Table 29-2). Other agents include bef- 
loxatone, brofaromine, cimoxatone, and teloxantrone. 
The reversible inhibitors act primarily on MAO-A and 
are therefore referred to as reversible inhibitors of 
MAO-A (RIMAs). The effect of RIMAs is short lived, with 
MAO activity being reconstituted within hours to days 
of the last dose. Because of the reversible nature of the 
binding of RIMAs with MAO, adverse reactions such as 
the pressor effect with tyramine ingestion (“cheese 
reaction”) are unlikely to occur.** Approximately 150 mg 
of tyramine is needed to cause an increase in blood 
pressure while taking moclobemide. This is the 
equivalent of eating approximately 300 g of a tyramine- 
containing cheese.2’ Thus, although a tyramine reaction 
is theoretically possible, it is highly unlikely to occur 
given the doses required. The reason why MAO-A 
inhibition by moclobemide does not predispose to a 
tyramine reaction is a result of competitive substrate 
binding; the tyramine displaces the RIMA from the 
enzyme active site, allowing normal metabolism of the 
substrate. 

Several of the older MAOIs are substituted hydrazine 
(NH.-NH.) derivatives (see Table 29-2). These MAOIs 
tend to be metabolized into active products and, like 
the well-known hydrazine isoniazid, are inactivated by N- 
acetylation at a genetically determined rate. The human 
population can be broadly separated into fast and slow 
acetylators on the basis of the rate of this reaction. For 
example, approximately equal numbers of American 
and European whites may be classified as fast versus slow 
acetylators. The rate of slow acetylators is higher in 
Asian populations. Slow acetylators may be at greater risk 
for developing adverse effects (e.g., drug and dietary 
interactions) with therapeutic doses. Various adverse 
effects are specifically associated with the hydrazine- 
derived MAOIs.” Most prominent among these are the 
inhibition of multiple enzyme systems, hepatotoxicity, 
and the induction of pyridoxine (vitamin B,) deficiency 
with the associated problem of seizures. The hepato- 
toxicity of MAOI hydrazines has been well reviewed.**°! 

Among the various other enzyme systems inhibited by 
hydrazine MAOIs, the most important are pyridoxal 
kinase, L-amino acid decarboxylase, diamine oxidase, 
and cytochrome P-450.*° In addition, hydrazines tend to 
form soluble complexes with pyridoxine, resulting in a 
deficiency of this vitamin by enhancing its urinary 
excretion. 

In addition to the induction of pyridoxine deficiency, 
hydrazines prevent the use of pyridoxine for important 
metabolic reactions. Pyridoxine is not active as an en- 
zyme cofactor until it is phosphorylated to pyridoxal 
phosphate by the enzyme pyridoxal kinase. Among the 
reactions for which pyridoxal phosphate is a cofactor is 
the synthesis of Yaminobutyric acid (GABA) by the de- 
carboxylation of glutamic acid, catalyzed by L-amino acid 
decarboxylase. Reduced production of GABA may cause 
the development of profound seizures as a result of 
poisoning by hydrazine MAOIs. The specific treatment 
for these seizures is administration of pyridoxine. 

Virtually all MAOIs have a terminal phenyl group 
attached to a short aliphatic side chain, thus mimicking 
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Characteristics of Monoamine Oxidase Inhibitors 





GENERIC NAME TRADE NAME 
Clorgyline 

Isocaboxazid Marplan 
Moclobemide Aurorix 
Pargyline Eutonyl 
Phenelzine Nardil 
Selegiline Deprenyl, Eldepryl 
Tranylcypromine Parnate 
Brofaromine Consonar 
lproniazid Marsilid* 
Isoniazid 

MDMA 

Fluoxetine Prozac 


MDMA, 3,4-methylenedioxymethamphetamine (“Ecstasy”). 
*Selectivity is lost at supratherapeutic doses. 

tNo longer manufactured. 

*Weak monoamine oxidase inhibitor. 

SWeak inhibitor of monoamine oxidase type B. 

Weak inhibitor of monoamine oxidase type A. 


SELECTIVITY REVERSIBILITY HYDRAZINE 
A* No No 
A5 No Yes 
A* Yes No 
BII No No 
A5 No Yes 
B* No No 
As No No 
A* Yes No 
A5 No Yes 
No* No Yes 
A5 Yes No 
Bt Probably No 





the phenethylamine structure of amphetamines 
(Fig. 29-2). It is thus possible that excessive doses of 
these agents may cause amphetamine-like reactions. 
Conversely, amphetamine or its derivatives tend to have 
some inhibitory effects on MAO. 

MAOIs enhance synaptic biogenic amine transmitter 
concentrations by various mechanisms (Box 29-1). By 
inhibiting the enzymatic degradation, the cytoplasmic 
concentrations of these neurotransmitters are increased, 
resulting in the tendency for release of these biogenic 
amines by a mass action effect. In addition, the act of 
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transporting the MAOI into the cell by the amine 
reuptake system causes the ligand-binding site of the 
membrane-bound transporter molecule to face inward, 
and it thus becomes available for the transport of 
neurotransmitter out of the cytoplasm into the synapse 
or neuroeffector junction. By being transported into the 
cell by the amine reuptake pump, the MAOIs act as 
competitive inhibitors of bioactive amine transport out 
of the synapse by this system. All of these factors tend 
to increase both intracellular and extracellular amine 
levels. 


FIGURE 29-2 Chemical structures 
of selected monoamine oxidase 
inhibitors. The structures of phen- 
ethylamine, amphetamine, and meth- 
amphetamine are included for com- 
parison. 
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Decreased biogenic amine degradation 

Amphetamine-like effect and increased catecholamine release from 
intracellular vesicles 

GABA deficiency (hydrazines) 

Decreased amine reuptake 

Depletion of biogenic amine stores 

GABA antagonism (tranylcypromine, isocarboxazid) 

Increased amine release 

Metabolism to amphetamine (tranylcypromine) 


GABA, y-aminobutyric acid. 





Being amphetamine congeners, MAOIs provoke 
release of stored amines from presynaptic vesicles, and 
thus the free intracellular concentrations of these 
molecules are increased. Given the decreased de- 
gradation of these amines by virtue of inhibition of 
MAO, any free bioactive amine molecules resulting 
from either release from vesicles or from reuptake are 
relatively protected from catabolism. 

As noted in Table 29-2, the MAOIs differ in their 
characteristics. Several of them, however, merit specific 
comment. 

Although no longer available as a therapeutic agent, 
clorgyline is the prototypic inhibitor of MAO-A. By virtue 
of the fact that nanomolar concentrations of this agent 
irreversibly inhibit MAO-A in a selective manner, this 
particular isoenzyme was defined. 

Moclobemide is the prototype RIMA.*°*° Although 
not available in the United States, moclobemide is 
available in most other parts of the world. In general, 
it appears that moclobemide and other RIMAs are safer 
than the traditional MAOIs. 

In addition to the MAOIs noted in Table 29-2, various 
other agents have weak inhibiting properties of this 
enzyme. For example, procarbazine (Matulane, Sigma- 
Tau Pharmaceuticals, Gaithersburg, MD), a chemothera- 
peutic agent used in regimens to combat Hodgkin’s 
disease, is also a weak, nonselective, irreversible MAOI. 
Linezolid (Zyvox [Pfizer, New York, NY]), a novel antimi- 
crobial, is a reversible, nonselective MAOI. In addition, 
St. John’s wort, an herbal supplement, has been noted to 
have weak MAOI activity. Fortunately, MAO inhibition by 
these agents is unlikely to have significant therapeutic 
implications. 

Tranylcypromine is an MAOI with great structural 
similarity to amphetamine. It may be metabolized to 
amphetamine, which may have a role in some of the 
toxicity of this agent. In addition, tranylcypromine can 
inhibit the action of GABA at the GABA, receptor by 
preventing chloride influx. This inhibition of GABA 
activity by tranylcypromine may be responsible for the 
seizures observed with therapeutic doses of this agent. 
A similar effect on GABA channels is possible with 
isocarboxazid. 





Selective MAO-B inhibition with selegiline is utilized 
in the treatment of Parkinson’s disease since it inhibits 
striatal dopamine degradation. Selegiline is metabolized 
to -methamphetamine, which is substantially less active 
than its disomer. Although the serum half-life of selegi- 
line is short (0.15 hour), it is an irreversible inhibitor of 
MAO-B and thus its effects are long-lasting. Although 
relatively safe compared with the nonselective MAOIs, 
when selegiline and levodopa are concurrently admi- 
nistered, dopaminergic effects (hallucinations and 
dyskinesia) may occur. 


TOXICOLOGY AND CLINICAL 
MANIFESTATIONS OF OVERDOSE 


Overdose with the classic irreversible inhibitors of MAO- 
A, although infrequent, is associated with extremely high 
morbidity and mortality. All classic MAO-A inhibitors can 
cause a similar severe toxic syndrome in overdose. 
Ingestion of these agents in amounts greater than 
approximately 2 mg/kg should generally be considered 
potentially life threatening.** Although many factors 
affect the course of poisoning by these agents, a general 
chronologic framework may be noted in the construct 
of MAOI overdose. This syndromic description, pro- 
mulgated by Linden and coworkers,” highlights the fol- 
lowing four phases: 


1. Asymptomatic (latent) 

2. Neuromuscular excitation and sympathetic hyper- 
activity 

3. Central nervous system (CNS) depression with the 
potential for cardiovascular collapse 

4. Secondary complications for survivors of the above 


As noted in this scheme, a relatively asymptomatic 
period may precede the significant clinical manifesta- 
tions of MAOI poisoning. Although it is unusual for this 
latent period to last for more than 6 to 12 hours, it is 
generally believed that patients ingesting these agents 
should be observed for a full 24 hours to adequately rule 
out significant toxicity.°?°° 

The clinical effects of MAO-A inhibitor overdose are 
varied. Early manifestations frequently include headache 
and mild agitation, which may progress to profound 
central and peripheral nervous system stimulation asso- 
ciated with increased agitation, hyperthermia, hyper- 
reflexia, diaphoresis, tremor, myoclonus, seizures, rhab- 
domyolysis, and a general hypersympathetic state. More 
serious cases may evolve to frank rigidity. The hyper- 
adrenergic state is often followed by obtundation and a 
sympatholytic syndrome, which may deteriorate to 
cardiovascular collapse. Common in cases of acute over- 
dose are manifold complications that include adult res- 
piratory distress syndrome, disseminated intravascular 
coagulation, multiple organ system failure, and rhab- 
domyolysis.3*33-35-39 

The pathophysiology of MAO-A inhibitor overdose 
involves many factors (see Box 29-1). The exact weight of 
the contribution of each of these factors is variable and 
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may depend on multiple factors, including exact drug, 
dose ingested, and the underlying physiology of the 
patient. 

Inhibition of MAO-A is associated with various effects 
on the degradative metabolism of intracellular cate- 
cholamines, indoles, and histamine. Because MAO-A is 
the major enzyme involved in degradation of these intra- 
cellular amines, inhibition results in increased cyto- 
plasmic concentrations of these substances. Normally 
stored in intracytoplasmic vesicles, these amines are 
generally inaccessible to MAO. However, any amine that 
is released from these vesicles, metabolically generated, 
or free amine resulting from reuptake will not be nor- 


mally degraded by MAO. 
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5-HT is the major biologically active indole meta- 
bolized by MAO-A (Fig. 29-3). Thus, inhibition of MAO- 
A results in elevated levels of intracytoplasmic 5-HT.* It 
should be noted, however, that alternative minor 
pathways for 5-HT metabolism also exist.4°** Tryptamine 
is an eleptogenic indole produced by the metabolic 
decarboxylation of tryptophan. MAO is the major 
enzymatic pathway for the catabolism of tryptamine, 
which is oxidatively deaminated to indoleacetic acid.*° 
After poisoning by MAO-A inhibitors, urinary excretion 
of unmetabolized tryptamine increases.*° This inhibition 
of tryptamine catabolism may contribute to the CNS 
excitation and seizures that occur after overdose with 
these agents. 


FIGURE 29-3 Metabolism of trypto- 
phan. 
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Histamine is metabolized either oxidatively to imida- 
zole acetic acid or by Macetylation to Macetylhistamine.’ 
The oxidative metabolism of histamine is accomplished 
by either MAO or diamine oxidase. As already noted, 
hydrazine MAOIs inhibit both of these enzymes. Thus, 
overdoses with hydrazine MAOIs are expected to result 
in elevated histamine levels, which would contribute to 
flushing and hypotension. 

All of these factors associated with an overdose of 
an MAO-A inhibitor may be anticipated to increase 
intracytoplasmic biologically active amine concen- 
trations. However, the exact contribution of the in- 
hibition of MAO to the toxidrome engendered by an 
acute overdose of these agents is unknown. Some doubt 
may be raised about the significance of the inhibition 
of MAO in acute overdose because clinically effective 
MAO inhibition takes approximately 1 week with 
therapeutic dosing. It is possible that higher doses may 
cause faster inhibition of this enzyme. 

Although moclobemide is safer than the traditional 
MAOIs, there are reports of overdose patients sustaining 
cardiovascular collapse after a delay of many hours. Fatalities 
have been reported at serum moclobemide concentrations 
of 55 mg/L and higher (therapeutic 1.5 to 2.5 mg/L).*” 


DIAGNOSIS 


The diagnosis of MAOI poisoning is made by a positive 
history of exposure and corroborating evidence from 
the physical examination. The presence of an altered 
mental status coupled with autonomic and neuro- 
muscular dysfunction (e.g., a hyperadrenergic and 
hyperserotonergic state) suggest MAOI toxicity. In the 
absence of a positive history of ingestion, however, it is 
extremely difficult to make a definitive diagnosis of 
MAOI toxicity. The presence of “ping-pong” gaze (slow, 
rhythmic, saccadic eye movements or ocular clonus) may 
suggest MAOI toxicity, but there are no pathognomonic 
physical findings or laboratory findings commonly 
associated with MAOI poisoning. Serotonin syndrome 
and MAOI poisoning have a significant degree of overlap 
in their pathophysiology and clinical manifestations. 
Other conditions that could create a similar clinical 
picture include the neuroleptic malignant syndrome, 
sepsis, tetanus, meningoencephalitis, intracranial hem- 
orrhage, heatstroke, malignant hyperthermia, sympatho- 
mimetic syndrome, central hallucinogen toxicity, lithium 
toxicity, salicylism, hypoglycemia, thyrotoxicosis, and 
pheochromocytoma. 

Although toxicology screening may be useful to 
exclude other intoxications, screening methods are un- 
likely to detect MAOIs. Specific qualitative and quan- 
titative testing for MAOIs are not readily available and do 
not correlate with the severity of toxicity. 


TREATMENT 


The treatment of MAO-A inhibitor overdose is primarily 
supportive. The early sympathomimetic component of 
MAO-A inhibitor poisoning may have associated hyper- 





tension, which can be severe. However, caution must be 
used in the treatment of this hypertension because this 
early sympathomimetic state may unpredictably and 
suddenly be replaced by a sympatholytic syndrome. 
Thus, the treatment of MAOI-induced hypertension 
should involve a short-acting titratable agent such as 
phentolamine or nitroprusside. Standard agents should 
be used to treat cardiac dysrhythmias. Gastrointestinal 
decontamination for patients presenting after an MAOI 
overdose should include administration of activated 
charcoal if the ingestion occurred within | to 2 hours 
of patient presentation. 

Although not systematically studied in a controlled 
trial, aggressive management of MAOI-induced hyper- 
thermia should be considered to be of paramount 
importance in favorably altering a patient’s prognosis. 

The muscular hyperactivity and CNS stimulation in 
MAOI overdoses contribute to catecholamine release,*® 
hyperthermia, and rhabdomyolysis. Thus, sedation 
of agitated, rigid, or hyperactive patients with benzo- 
diazepines or barbiturates is generally beneficial. Benzo- 
diazepines may be preferable because they are typically 
associated with fewer hemodynamic side effects. Linden 
and colleagues suggested that amobarbital would be 
an appropriate barbiturate to use because of its short 
duration of effect and rapid onset of action.” If rigidity, 
agitation, or muscular activity cannot be readily and 
effectively controlled by simple pharmacologic maneu- 
vers, then neuromuscular paralysis should be induced. It 
must be remembered, however, that neuromuscular 
blockade obscures the ability to observe seizures, and 
thus paralyzed patients may be experiencing unap- 
preciated CNS seizure activity. It is therefore important 
to use a short-acting paralytic agent, induce a state of 
partial paralysis as measured by twitches, or to perform 
continuous electroencephalographic monitoring. 

Blood pressure support should be accomplished using 
direct-acting sympathomimetic amines such as epine- 
phrine, norepinephrine, or phenylephrine. The benefits 
of the direct agonists are that they act directly at smooth 
muscle receptors on blood vessels and do not require 
intracellular metabolism to generate an active pressor 
amine. In addition, direct agonists undergo COMT- 
mediated catabolism. However, because of decreased re- 
uptake of these amines coupled with diminished 
degradation of any that is transported to the intracellular 
compartment, an exaggerated response is a theoretical 
possibility.*” Therefore, low and titrated doses should 
initially be used. 

The indirect-acting amines that are used for blood 
pressure support (e.g., dopamine) are metabolized to 
active pressors (epinephrine and norepinephrine) intra- 
cellularly. MAO normally prevents excessive amounts of 
these active metabolites from being generated; however, 
in the setting of MAO inhibition, elevated concen- 
trations of these amines may lead to an exaggerated 
hemodynamic response. Thus, indirect pressor amines 
are generally considered to be contraindicated, although 
this notion is based primarily on theoretical grounds. 

As already discussed, a hyperexcitable state or 
seizures in patients who have overdosed on a hydrazine 
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type of MAOI (see Table 29-2) should be treated with 
pyridoxine. Because one element of the toxidrome 
observed following MAOI overdose is an excess of 5-HT, 
it seems reasonable that a serotonin antagonist would 
be of benefit. However, this treatment approach has not 
been well studied. The primary sites at which excess 
serotonin causes significant clinical effects are the 
5-HT, and 5-HT, receptors. Cyproheptadine is an 
antagonist at 5-HT, and 5-HT, receptors and is relatively 
devoid of potentially harmful effects; however, it is 
available only as an oral preparation. Methysergide is a 5- 
HT, and 5-HT, antagonist but is also not available as 
a parenteral preparation. Ondansetron is a 5-HTs 
antagonist, and it is unlikely that this receptor is involved 
in the pathogenesis of the MAOI toxidrome or serotonin 
syndrome. Procainamide, propranolol, and trazodone 
also have 5-HT antagonist properties; however, little is 
known about the effects of these agents in MAOI 
overdose, and these drugs may produce undesirable 
hemodynamic effects. Bromocriptine is an ergot 
derivative that is a direct partial agonist at the dopamine 
receptor and blunts the effects of excess dopamine. Its 
use has not been proven effective for the MAOI 
toxidrome. Dantrolene sodium is an inhibitor of calcium 
release from the sarcoplasmic reticulum of skeletal 
muscle and thereby attenuates excitation-contraction 
coupling. Theoretically, it may be of use in decreasing 
the muscle rigidity associated with MAOI poisoning. As 
noted earlier, hydrazine MAOIs (see Table 29-2) block 
histamine catabolism, and therefore antihistamines (e.g., 
diphenhydramine) may be of some benefit in these 
cases. 

The antihypertensives tolazoline, pentolinium, and 
clonidine have been touted as appropriate agents to 
treat the hypertension associated with the early stages 
of MAOI poisoning.**:*? However, no evidence shows that 
these agents are preferable to other antihypertensives, 
and their half-lives may be too long. 

Urinary acidification has a minor enhancing effect 
on the urinary excretion of tranylcypromine.” No data 
suggest that urinary acidification will further the 
clearance of other MAOIs. Given the almost inevitable 
rhabdomyolysis associated with the MAOI toxidrome 
and the lack of proven efficacy of urinary acidification, 
this treatment should be considered contraindicated. 


INTERACTION OF MONOAMINE 
OXIDASE INHIBITORS WITH DIETARY 
AMINES 


One of the greatest concerns in the therapeutic use of 
MAOIs is the potential hypertensive reaction associated 
with the ingestion of dietary amines. The amine most 
commonly implicated in these reactions is tyramine. 
Because the vast majority of all reported reactions and 
deaths have been associated with the ingestion of 
tyramine-containing cheese,’!** the name generally 
applied to this phenomenon is the cheese reaction. 
Spontaneous cases in the absence of any apparent 


exogenous amine have also been reported in patients 
taking both classic MAOIs and RIMAs.°?:°4 

Tyramine does not cross the blood-brain barrier. 
Therefore, the manifestations of the cheese reaction are 
due to its peripheral actions. Tyramine is an indirect- 
acting agonist that, similar to cocaine, competes for 
reuptake and thus increases synaptic concentrations of 
norepinephrine and dopamine. 

Dietary tyramine is normally metabolized by gastro- 
intestinal MAO-A,°°°® and, thus, little of it gains access to 
the systemic circulation. Approximately 87% of an 
oral dose of tyramine is metabolized by this pathway to 
p-hydroxyphenylacetic acid.” That fraction which is ab- 
sorbed is further subject to degradation by neuronal 
MAO-A. Although tyramine is a substrate for both 
MAO isoenzymes, MAO-A provides protection from the 
cheese effect. Patients taking MAO-B inhibitors are 
much less vulnerable to a cheese reaction; they become 
susceptible only at supratherapeutic doses of the in- 
hibitor when isoenzyme selectivity may be substantially 
reduced.” 

The literature contains considerable debate and mis- 
understanding about the potential dietary sources of 
tyramine and the resulting restrictions required 
of patients being treated with MAO-A inhibitors. The 
list of various foods that have been implicated in 
hypertensive reactions associated with MAO-A inhibitors 
is lengthy (Box 29-2). Such an extensive list of dietary 
restrictions is both impractical and not justified by 
scientific data. However, certain dietary restrictions do 
appear to be necessary. 

The greatest concern with regard to food interactions 
with MAO-A inhibitors involves cheeses. On average, 
European cheeses contain 20 mg tyramine per 100 g 
of cheese.” However, marked differences may exist 
between individual types of cheese. Many aged cheeses 
are high in tyramine content and therefore should be 
restricted, but other aged cheeses such as Brie, 
Emmenthal, Mozzarella,°'? and Gruyère contain little 
tyramine and can be eaten without concern.°*! Cottage 
cheese, processed cheese slices, ricotta, cream cheese, 
Romano,°! Havarti, Boursin, Parmesan, bleu cheese 
dressing, Gorgonzola, feta, Muenster, sour cream, and 
yogurt can likewise be eaten because of their low 
tyramine content.?! Thus, it appears that a cheese pizza 
may be safe to eat when taking an MAO.®! Alcoholic 
beverages have been a source of concern, although few 
contain dangerously high concentrations of tyramine. 
Beer, even dealcoholized, has been implicated in 
hypertensive reactors.® Chianti wine has traditionally 
been singled out because of a 1964 report showing dan- 
gerously high tyramine levels.°* However, more recent 
studies have failed to confirm this.” 

The original reports of high levels of tyramine in 
pickled herring® have not been replicated by more 
recent studies.°!° It has been suggested that the original 
report by Nuessle and colleagues in 1965°° alleging 
a high concentration of tyramine in this fish was due 
to either an unreliable assay method or spoilage. 
Similarly, studies of smoked fish and caviar have also 
failed to demonstrate any significant tyramine content.°! 
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BOX 29-2 


Yeast Extracts 

Vitamin 
supplements 
(brewer's yeast) 


Fruit 


Spoiled or overripefruits 

Canned or overripe figs 

Stewed or whole bananas 
(including peeled) 


Meat 


All fermented/aged meat, 
including: 
Corned beef, 
Salami 


Cheese 


All cheeses except 
cottage cheese 
and yogurt 


Alcoholic Beverages Fish 


Red wine (especially Chianti) Smoked fish 
Sherry Pickled 
Vermouth Herring 
Cognac Caviar 


Beer Pepperoni 
Liqueurs Liver 
Sausage 


Sauerkraut Bouillon Beans 


Soy Sauce 


Broad bean pods 
(Italian green beans) 
Fava beans 


Processed meat such as salami and some sausage have 
been shown to be high in tyramine.®!°° However, other 
meats such as liver, bologna, aged meat, corned beef, 
and pâtés have failed to demonstrate any significant 
tyramine content. Fruits and figs, including avocado, 
have virtually no tyramine content and should not be 
restricted. The one exception is banana peels, which 
contain approximately 1.4 mg of tyramine per peel. 
Therefore, preparations of whole banana should be 
eaten only in moderation. 

Concentrated yeast extracts (Marmite [Unilever Best 
Foods, UK]) contain a significant amount of tyramine 
and should be restricted in patients taking MAO-A 
inhibitors.°!©’ However, various brewer’s yeasts have low 
to nonexistent tyramine content and may be eaten 
without concern.°! Sauerkraut contains nearly 14 mg of 
tyramine per 250-g serving and therefore should be 
considered contraindicated in patients who are taking 
MAO-A inhibitors. Bouillon and soy sauce have been 
found to contain very low amounts of tyramine and 
therefore can be eaten without any concern.”! Fava beans 
contain virtually no tyramine.*! Italian green broad bean 
pods are not a concern with regard to their tyramine 
content, although they do contain the indirect-acting 
pressor dihydroxyphenylalanine (DOPA) and therefore 
should not be eaten. 

Given these data, it is clear that many of the existing 
lists of foodstuffs to be avoided by patients taking 
MAO-A inhibitors are unduly restrictive, and more 
liberalized and scientifically based suggestions have 
evolved.*!9.9 Tt appears to be safe for patients using 
MAO-A inhibitors simply to avoid aged cheeses, 
concentrated yeast extract (Marmite), Italian broad 
bean pods, sauerkraut, salami, and sausage. 

If a patient does have a hypertensive response 
associated with the ingestion of a dietary amine, treat- 
ment is generally considered to consist of pharmacologic 
control of blood pressure and management of any 
complications associated with the hypertensive episode. 
If the ingestion was within the last 1 or 2 hours, ad- 
ministration of activated charcoal may be considered on 
theoretical grounds. Although no controlled studies 
have investigated the appropriate management of these 





hypertensive responses, phentolamine in doses of 
5 to 10 mg is generally recommended because it is an 
Q-receptor antagonist and will antagonize the 
hypertensive effect of norepinephrine. However, no data 
suggest that other antihypertensive regimens would be 
any less effective. 

It is generally considered that there is a lower risk 
for a cheese reaction with MAO-B inhibitors,2*7!-” 
except if they are taken in high doses, which may cause 
these agents to lose their isoenzyme selectivity.?”° 
However, hypertensive reactions have been reported 
in patients taking selegiline.'? In contrast to case reports, 
a meta-analysis of clinical trials with selegiline found 
no difference in the incidence of clinical effects between 
those taking the drug and placebo.” Thus, it appears 
that these reactions are less likely to occur clinically 
with these agents than with MAO-A inhibitors, although 
the possibility cannot be ruled out. Data from human 
volunteer studies indicate that selegiline does appear 
to decrease the catabolism of tyramine." 

Reversible inhibitors of MAO-A are unlikely to cause a 
pressor response from ingested cheese because tyramine 
can displace RIMAs from the MAO-A binding site.*+7° 
Very large doses of tyramine can cause an elevation in 
blood pressure in patients taking RIMAs.?’ However, 
hypertensive responses to dietary amines have not been 
reported with the use of these agents. 


SEROTONIN SYNDROME 


Relevant History 


In 1955, a “fatal toxic encephalitis” was described in 
a patient who received meperidine while he was being 
treated for tuberculosis with iproniazid. Before the 
patients death, he exhibited severe muscular hyper- 
activity, rigidity, and clonus.” Shortly thereafter, Oates 
and Sjoerdsma” noted that tryptophan administered 
to patients who were taking an MAOI caused a pheno- 
menon of unsteady gait, clonus, tremor, incoordination, 
feeling of lightheadedness, paresthesias, CNS excitation, 
dilated pupils, and hyperactive reflexes. Noting that 
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tryptophan is a precursor in the biosynthetic pathway of 
both 5-HT and the neuroexcitatory transmitter tryp- 
tamine (see Fig. 29-3), the researchers concluded that 
inhibition of MAO caused an increase in levels of 
these molecules.” That these effects were indeed likely 
due to a derivative of tryptophan was verified by Smith 
and Prockop, who showed that high doses of this 
amino acid can cause a similar effect. The following 
year, similar effects were observed when rhesus monkeys 
were fed high doses of tryptophan.” That these effects 
were likely not due to the tryptophan itself but to a 
metabolic derivative was shown in 1964 by Hodge and 
colleagues,’ who demonstrated that they can be 
prevented by the administration of an inhibitor of the 
enzyme L-amino acid decarboxylase, which prevents 
the formation of tryptamine and 5-HT from tryptophan 
(see Fig. 29-3). 

In 1971, Grahame-Smith” produced a similar pheno- 
menon in rats, thus creating the animal model most 
commonly used to study serotonin syndrome. That the 
observed syndrome is due to heightened levels of sero- 
tonin and not tryptamine was suggested by the clinical 
report by Beaumont,” which described four cases of a 
fatal interaction associated with similar symptoms as the 
prior reports, in patients taking an MAOI and the 
serotonergic antidepressant clomipramine (Anafranil). 
Although not specifically discussed in this report, this 
interaction suggested that 5-HT was responsible for this 
syndrome. In 1982, Insel and associates?! described a 
similar syndrome in patients taking clomipramine plus 
an MAOI and coined the term serotonin syndrome. The 
reader is referred to Chapter 10A for additional infor- 
mation on serotonin syndrome. 


Pathophysiology of Serotonin 
Syndrome 


Since the mid-1930s, it has been known that a substance 
in intestinal enterochromaffin cells had a stimulating 
effect on bowel motility.°* In 1948, a vasoconstrictor 
material was isolated from serum and named serotonin. 
This material was subsequently chemically characterized 
as 5-HT.® By 1952, it was known that 5-HT was the gut- 
stimulating material from the enterochromaffin cells.** 

It is now known that serotonin is synthesized from 
tryptophan (see Fig. 29-3) intracellularly and stored in 
vesicles by ion trapping. Any free 5-HT that is not so 
stored is metabolized by intracellular MAO to 
5-hydroxyindoleacetaldehyde. 

Serotonin is found in high concentrations in platelets, 
enterochromaffin cells of the gastrointestinal tract, and 
the brain. Platelet 5-HT is important in hemostasis. 
Intestinal enterochromaffin cells contain approximately 
90% of the total-body 5-HT. Tumors of these cells 
produce excess amounts of 5-HT and give rise to the 
carcinoid syndrome. 

Serotonin acts by interaction with a specific family 
of receptors. The universe of serotonin-binding sites 
was originally thought to be composed of two separate 
receptors known as M and D.* However, by the early 
1970s, studies of lysergic acid diethylamide (LSD) 


binding to serotonin receptors indicated that this 
scheme of two receptor types was too simple. Sub- 
sequently, seven families of serotonin receptors were 
demonstrated. Because there are subtypes within these 
families, we now know of 13 separate serotonin 
receptors.® All are G-protein coupled except the 
5-HT; receptor, which is a ligand-gated ion channel 
(see Chapter 10). The 5-HT,, and 5-HT5, receptors 
appear to be of importance in the pathogenesis of the 
serotonin syndrome. Agonists at the 5-HT\, receptor, 
which include LSD and 5-HT, inhibit the firing of raphe 
neurons. These neurons tend to modulate and attenuate 
sensory input. 5-HT»., receptors are excitatory and 
stimulate vascular smooth muscle and the CNS neurons. 
Serotonin is an indole compound structurally similar 
to LSD and psilocybin. The effects of these hallu- 
cinogens are mediated through interaction with the sero- 
tonin receptors (see Chapter 45). Because 5-HT|, and 
5-HT, antagonists block features of the serotonin syn- 
drome, it has been concluded that these receptors 
are responsible for the various manifestations of 5-HT 
excess. An alternative explanation for the serotonin 
syndrome derives from the similarity in clinical features 
between this condition and the neuroleptic malignant 
syndrome, which results from blockade of central 
dopamine effects (see Chapters 10A and 38). An excess 
of 5-HT inhibits brain dopaminergic neurons by 
blocking dopamine release or synthesis.°°*? If this hypo- 
thesis is true, then some or all of the clinical features of 
the serotonin syndrome could potentially be blocked or 
attenuated by dopamine agonists. This has not been well 
studied experimentally. 


Clinical Manifestations 


Serotonin syndrome is commonly identified by the pres- 
ence of the triad of alteration of mental status, auto- 
nomic hyperactivity, and neuromuscular dysfunction. In 
1991, Sternbach® reviewed 38 reported patients with 
serotonin syndrome and used the observed clinical 
features to define his diagnostic criteria (see next 
section). The most common manifestations were, in 
decreasing order of frequency, restlessness, confusion, 
myoclonus, hyperreflexia, diaphoresis, shivering, tremor, 
hypomania, diarrhea, and incoordination. A later review 
found that the most common reported manifestations 
were, in order of decreasing frequency, hyperreflexia, 
altered mental status, myoclonus, ataxia, diaphoresis, 
fever, shivering, and diarrhea.” Mills conducted the 
most comprehensive analysis of reported cases and 
reported the signs and symptoms in 100 previously 
reported cases, dividing them into cognitive /behavioral, 
autonomic, and neuromuscular. The results of his 
analysis are shown in Table 29-3. 


Diagnosis of Serotonin Syndrome 


Given the clinical presentation of serotonin syndrome, 
the differential diagnosis to be entertained is broad and 
includes withdrawal states, tetanus, neuroleptic malig- 
nant syndrome, thyrotoxicosis, sepsis, and overdose of 
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Signs and Symptoms of Serotonin 


Syndrome (Review of 100 Cases) 





SIGN/SYMPTOM FREQUENCY (%) 
Cognitive-Behavioral Symptoms 
Confusion/disorientation 51 
Agitation/irritability 34 
Coma/unresponsiveness 29 
Anxiety 15 
Euphoria/hypomania 14 
Headache 13 
Drowsiness 13 
Seizures 12 
Insomnia 11 
Hallucinations (visual and auditory) 6 
Dizziness 5 
Autonomic Nervous System 

Hyperthermia 45 
Diaphoresis 45 
Sinus tachycardia 36 
Hypertension 35 
Dilated pupils 28 
Tachypnea 26 
Nausea 23 
Unreactive pupils 20 
Flushing 16 
Hypotension 15 
Diarrhea 8 
Ventricular tachycardia 6 
Cyanosis 5 
Abdominal cramps 4 
Salivation 2 
Neuromuscular 

Myoclonus 58 
Hyperreflexia 52 
Muscle rigidity 51 
Restlessness/hyperactivity 48 
Tremor 43 
Ataxia/incoordination 40 
Clonus 23 
Babinski’s sign (bilateral) 16 
Nystagmus 15 
Trismus 7 
Teeth chattering 6 
Opisthotonos 6 
Paresthesias 6 





sympathomimetics, strychnine, MAOIs, or lithium. 

Sternbach®’? proposed the following three diagnostic cri- 

teria for the serotonin syndrome: 

A. Coincident with the addition of a known sero- 
tonergic agent to an established medication regimen 
or an increase in its dose, at least three of the 
following clinical features are present: 

Mental status changes (confusion, hypomania) 

Agitation 

Myoclonus 

Hyperreflexia 

Diaphoresis 

Shivering 

‘Tremor 

Diarrhea 

Incoordination 

Fever 
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B. Other causes (e.g., infectious, metabolic, substance 
abuse or withdrawal) have been ruled out. 

C. A neuroleptic had not been started or increased in 
dose before the onset of the signs and symptoms 
listed earlier. 

Insel’! and Dursun and their colleagues have 
suggested modifications of Sternbach’s criteria by 
replacing the 10 items under the first diagnostic 
criterion with the following, of which three were believed 
to be required: 

Uncontrollable shivering 

Incoordination 

. Restlessness in the feet while sitting 

. Initial involuntary contractions followed by myo- 

clonus-like movements in the legs 

Hyperreflexia 

Frightened, diaphoretic hyperarousal state 

Agitation 

. Oculogyric crisis 

. Diarrhea 
10. Fear 

The diagnosis of serotonin syndrome is clinical. No 
laboratory tests confirm the diagnosis. It requires the 
presence of known exposure to serotonin-potentiating 
agents and the appropriate constellation of physical 
findings. More recently, an alternative algorithm for 
diagnosis has been proposed that is considered simpler 
to use and to have a higher sensitivity and specificity.?°”° 
Using this algorithm, the diagnosis of serotonin 
syndrome is made if a serotonergic agent has been 
recently introduced and there is the presence of any of 
the following: (1) tremor and _ hyperreflexia; (2) 
spontaneous clonus; (3) muscle rigidity, temperature 
greater than 38° C, and either ocular clonus or inducible 
clonus; (4) ocular clonus and either agitation or dia- 
phoresis; or (5) inducible clonus and either agitation or 
diaphoresis. With this latter clinical algorithm, the 
presence of clonus is the single most important physical 
finding that suggests the diagnosis of serotonin 
syndrome.” It is also important to understand that the 
serotonin syndrome encompasses a broad spectrum of 
illness severity, from very mild to severe and immediately 
life-threatening stigmata.” 
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Agents That Cause Serotonin Syndrome 


Theoretically, any scenario that produces an increase of 
5-HT concentrations can result in serotonin syndrome. 
However, this syndrome typically results from a com- 
bination of serotonergic agents rather than simply an 
increase in a single medication. This occurs most 
commonly when two agents that increase serotonin levels 
by different mechanisms are taken. The various 
serotonergic agents are listed in Table 29-4. In 1995, 
Bodner and associates? compiled a six-page table 
documenting the various interactions of serotonergic 
agents that may cause the serotonin syndrome. A 
comprehensive list would be much longer now and 
difficult to commit to memory. It is, thus, best to under- 
stand that any two serotonergic agents in combination 
are at least theoretically capable of causing this 
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Serotonergic Agents 





AGENT MECHANISM 


Inhibit serotonin breakdown 
Inhibits serotonin reuptake 
Inhibit serotonin reuptake 


MAOls 

Clomipramine 

Selective serotonin 
reuptake inhibitors 

Tryptophan 

Lithium 


Metbolized in serotonin 
Enhances serotonin release, 
potentiates effects of 5- 

HT,, receptor 


Amitryptyline/impramine Inhibits serotonin reuptake 


Meperidine Inhibits serotonin reuptake 
Dextromethorphan Inhibits serotonin reuptake 
Levodopa Causes serotonin release 
Trazodone Inhibits serotonin reuptake 
MDMA MAOI, cause serotonin 


release 
Cause serotonin release 
Causes serotonin release 
5-HT,, agonist 


Amphetamines 

Cocaine 

Lysergic acid 
diethylamide (LSD) 


MAOI, monoamine oxidase inhibitor; 5-HT, 5-hydroxytryptamine; 
MDMA, 3,4-methylenedioxymethamphetamine. 





syndrome. The most common drug combinations re- 
ported to cause serotonin syndrome are MAOIs plus 
selective serotonin reuptake inhibitors (SSRIs)5%9097100 
and MAOIs plus clomipramine.?”!°! Another com- 
bination that has been frequently implicated in causing 
the serotonin syndrome is simultaneous administration 
of an MAOI and tryptophan.”:88!97102110 Overdose of a 
single serotonin-potentiating agent may also produce the 
serotonin syndrome. In one study, serotonin syndrome 
was diagnosed in 14% to 16% of patients that overdosed 
on SSRIs.'!' The serotonin syndrome may also occur 
when a drug is administered that interferes with the 
metabolism of a serotonin-potentiating agent (e.g., SSRI 
combined with erythromycin) .!* 

One particular drug combination that has received 
considerable attention is the interaction between an 
MAOI and meperidine. In 1962, a woman who received 
meperidine in labor was reported to have developed 
coma and hypotension. It was subsequently noted that 
she had been self-administering phenelzine, and thus 
concern was raised about a possible drug interaction.'’” 
Shortly thereafter, a patient on pargyline therapy was 
reported to have developed rigidity, coma, and clonus 
after receiving meperidine.!'* Since then, several other 
cases of an interaction of a similar nature in patients 
taking meperidine in MAOIs have been reported.°?” 
There are several unexplained curiosities about the 
serotonin syndrome generated by the interaction be- 
tween meperidine and MAOIs. Despite the diverse group 
of serotonergic drugs in common clinical practice 
(see Table 29-4) and the frequent use of meperidine, few 
reports have described a serotonin syndrome with any 
other agent in combination with meperidine. Similarly, 
Ebrahim reported a series of 42 patients who were taking 
isocarboxazid and who were premedicated with meperidine 
for surgery; none of them had an adverse effect.'!° 


An animal model developed for this syndrome almost 
three decades ago involved the sole administration of 
high doses of tryptophan to rats, which caused a unique 
constellation of tremors and movement abnormalities.” 
The same syndrome could be induced by simply ad- 
ministering high doses of an MAOI.” This observation 
provided evidence that some aspects of the clinical 
syndrome engendered by MAOI overdoses are related to 
serotonin excess. It is possible that a serotonin excess 
syndrome could occur after overdoses of SSRIs. However, 
this appears to occur rarely'!*''® and was not a feature in 
a series of fluoxetine overdoses (see Chapter 28)."'!9 A 
child ingested an excessive amount of sertraline and 
appeared to develop a serotonin syndrome manifested 
by tachycardia, hypertension, hallucinations, coma, 
hyperthermia, tremors, and skin flushing.!*° 

A serotonin syndrome-like toxidrome has been 
reported to follow the ingestion of methylenedioxy- 
methamphetamine (MDMA, or “Ecstasy”).'*!!*9 Being 
a phenylethylamine type of agent, it is structurally similar 
to amphetamines and primarily affects serotonergic 
neurons. In addition, MDMA is frequently ingested in 
the context of a “rave,” a gathering at which so-called 
smart drinks, which are amino acid supplements that 
possibly contain significant amounts of tryptophan, are 
also ingested.'*°!°° Thus, it is possible that the complex 
clinical syndrome noted after MDMA ingestion may 
often be a drug interaction between two serotonergic 
agents. MDMA, in combination with other serotonergic 
agents, should be considered to have the potential 
of causing a serotonin syndrome. A series of deaths have 
been reported from serotonin syndromes caused by 
the intentional mixing of MDMA with moclobemide, the 
latter ingested in an attempt to heighten serotonergic 
effects.!*! 

Although they appear to be safer than classic MAOIs, 
RIMAs are capable of causing a drug interaction 
resulting in a serotonin syndrome. Reported cases 
have involved the interaction of moclobemide and either 
clomipramine, citalopram, or another serotonin reuptake 
inhibitor, after both overdose®'**!%* and therapeutic 
use.'*° Two of the fatalities involve purposeful taking of 
the combination to achieve a psychologic “high.”!*? 

As noted in Table 29-4, lithium has several sero- 
tonergic effects, which include stimulation of 5-HT 
release! and enhancement of the response to sti- 
mulation of 5-HT,, receptors.!°71°5 Several case reports 
describe a serotonin syndrome caused by the therapeutic 
combination of lithium with SSRIs.!°%!4! Given the fre- 
quency with which lithium is prescribed in combination 
with SSRIs, the relatively few cases of serotonin syndrome 
induced by these combinations suggest that this is an 
unusual interaction. 

The use of MAOIs with tricyclic antidepressants has 
been the subject of considerable debate. Combining 
these two agents has been associated with a serotonin 
syndrome-like picture.'**'** However, given the frequency 
of the use of this combination and the rarity of adverse 
reports, it appears that the likelihood of an adverse effect 
from this combination is small.'** However, particular 
caution must be exercised when using clomipramine, 
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which is a tricyclic antidepressant (3-chloroimipramine) 
that has a significant effect on inhibiting serotonin 
reuptake (see Table 29-4). The combination of a TCA 
with an RIMA appears to be safe, with the exception of 
agents such as clomipramine, which have a significant 
effect on serotonin uptake.'* 

A body of literature suggests that the serotonergic 
effects of dextromethorphan (DM), in consort with 
other agents, may produce a serotonin syndrome. In 
1970, Rivers and Horner described profound hyper- 
thermia in a patient ingesting a DM-containing 
preparation while taking phenelzine.'*® Several reports 
have since described similar interactions.!47!#9 A similar 
syndrome has been described in rabbits pretreated with 
MAOIs. !*? Whether DM can cause a serotonin syndrome 
in concert with an SSRI has been the subject of 
controversy. Several cases have been reported.'**'* It has 
been proposed that the nature of the interaction in two 
cases, involving paroxetine and fluoxetine, respectively, 
is a result of an interaction at the level of the hepatic 
microsomal P-450 isoenzyme CYP2D6 (debrisoquin 
hydroxylase).'°'!°* DM is metabolized by this enzyme to 
dextrorphan, in a genetically determined manner by one 
of two phenotypes, known as extensive and poor metab- 
olizers. Administration of DM to subjects who have had 
this isoenzyme inhibited by quinidine results in pro- 
foundly elevated DM levels and signs and symptoms 
similar to the serotonin syndrome. Both paroxetine and 
fluoxetine are inhibitors of this isoenzyme,'**'* as are 
sertraline and fluvoxamine.'?!°° However, the signi- 
ficance of this enzymatic inhibition in the generation of 
a serotonin syndrome associated with the administration 
of DM has been questioned on the basis of the small 
amounts of DM requisite to the formation of a mani- 
festation of 5-HT in these combinations.!” 

Sandyk!*’ reported an apparent serotonin syndrome 
in a patient with parkinsonism treated with bromocrip- 
tine in whom levodopa was started. The reported 
syndrome consisted of tremor, mild clonus, hyper- 
reflexia, clonus, hypertension, tachycardia, diaphoresis, 
and diarrhea. Support that this was due to serotonin 
excess was suggested by its prompt response to the 
serotonin antagonist methysergide. Both bromocriptine 
and levodopa are serotonergic agents. Serotonergic 
neurons are capable of decarboxylating levodopa to 
dopamine, during which 5-HT may be released.!°%!°9 
Bromocriptine appears to increase brain levels of sero- 
tonin, inhibiting 5-HT catabolism'®'*!; however, only 
one case of such an interaction has been described.!°” 

Trazodone is an antidepressant with complex sero- 
tonergic effects. At low doses, it appears to be a serotonin 
antagonist.'®* At higher doses, however, it appears to be 
a mixed agonist/antagonist.'°* Low doses appear to be 
safe when trazodone is taken in combination with an 
MAOIL.!® Cases of serotonin syndrome have been re- 
ported after the combined administration of trazodone 
and other serotonergic agents.'™ 

Selegiline and MAO-B inhibitors have been reported 
to cause the serotonin syndrome. Although 5-HT is 
metabolized by MAO-A, selegiline may cause an excess 
serotonin effect by virtue of its loss of MAO specificity 





at higher doses. Cases of the serotonin syndrome, 
including death, have been reported with the 
combination of selegiline and SSRIs,!65!67 tricyclic 
antidepressants,”?'®® and other serotonergic agents.!° 

Buspirone is an anxiolytic agent that is a partial 
agonist at the 5-HT\, receptor. Its potential role in the 
generation of the serotonin syndrome is unclear but 
probably unlikely because animals treated with high 
doses do not develop a full-blown serotonin syndrome. 
Several cases of the serotonin syndrome have been 
reported when buspirone has been used in conjunction 
with other serotonergic agents.'™% 

The “triptans” are serotonergic antimigraine agents 
that are generally implicated in the etiology of the 
serotonin syndrome. They act primarily on 5-HTjp re- 
ceptors. Their antimigraine effect is related to 
vasoconstriction of cephalic blood vessels. However, most 
of the triptans are catabolized by MAO and thus their 
use with an MAOI may cause elevated levels of these 
agents. A recent report, however, found no evidence 
of an adverse reaction from the combined use of 
moclobemide and sumatriptan.’ 

Tramadol is a serotonergic agent that blocks 5-HT 
reuptake!®!7° and has been implicated in causing a 
serotonin syndrome.'** The antibiotic linezolid rep- 
resents the first of the oxazolidinones class and is a weak, 
nonspecific reversible inhibitor of MAO. Case reports 
have suggested the possibility of a serotonin syndrome 
when linezolid is used with SSRIs.!”! A curious inter- 
action, suggestive of a serotonin syndrome, has been 
reported in patients taking serotonergic medications and 
atypical neuroleptics, such as olanzapine.'” The signi- 
ficance of this is that the atypical agents are 5-HT, recep- 
tor antagonists, and thus would be expected to be pro- 
tective against serotonin syndrome. However, it has 
been hypothesized that such blockade of the 5-HT, 
receptor may result in overactivation of the 5-HT\, 
receptor.!” 

St. John’s wort (Hypericum perforatum), a very popular 
and widely available herbal agent marketed as an 
antidepressant, is a weak MAOI that inhibits 5-HT 
reuptake. It has been reported to cause or contribute to 
serotonin syndrome!” probably on the basis of the latter 
activity. 


Treatment of Serotonin Syndrome 


No controlled prospective studies have investigated any 
specific treatment for serotonin syndrome. Virtually all 
of the data that we have to rely on come from anecdotal 
case reports and animal studies. From these, it can 
be gleaned that discontinuation of the provoking 
agents and supportive care are the cardinal principles in 
the treatment of this syndrome. Patients with agitation 
or neuromuscular hyperactivity should be treated 
initially with benzodiazepines. Benzodiazepines have 
been shown to improve survival in animal models of 
serotonin survival.!”>174 Severe cases should be treated in 
the same manner as an MAOI overdose. Prompt neuro- 
muscular paralysis with nondepolarizing agents is in- 
dicated for patients with severe neuromuscular 
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hyperreactivity and hyperthermia. The life- 
threatening complications associated with the serotonin 
syndrome (e.g., metabolic acidosis, rhabdomyolysis, 
hepatitis, renal failure, and disseminated intravascular 
coagulopathy) occur as a result of severe and/or 
prolonged hyperthermia. 

Cyproheptadine, a general 5-HT receptor antagonist 
that is most potent at the 5-HT, receptor,!” is the most 
commonly touted antidote for the serotonin syndrome. 
The apparent utility of cyproheptadine is derived from 
evidence that suggests that the 5-HT, receptor is 
important in the pathophysiology of the serotonin syn- 
drome. In addition to being a serotonin antagonist, 
cyproheptadine is antihistaminic and anticholinergic. 
Animal studies suggest that cyproheptadine can block 
serotonin syndrome.!”° 

Several anecdotal reports describe treatment of sero- 
tonin syndrome with cyproheptadine.®*!4!164177 Un- 
fortunately, cyproheptadine is available only as an oral 
preparation. A standard starting dose is 4 to 8 mg, 
typically followed by doses of 4 mg every 2 to 4 hours. 
Because of its antimuscarinic properties, anticholinergic 
side effects may occur; therefore, doses should not 
exceed more than 0.5 mg/kg per day (typically, 32 mg 
for an adult). 

Methysergide maleate is a nonspecific serotonin anta- 
gonist that appears to have some efficacy in animal 
studies in preventing serotonin syndrome.’ Clinical 
data evaluating the efficacy of methysergide in this 
toxidrome are sparse. In one case report, it appeared to 
be effective in the treatment of a serotonin syndrome 
induced by the therapeutic use of the combination 
of levodopa and bromocriptine.!°’ Methysergide is 
available only as an oral preparation. It is usually given in 
doses of 2 to 6 mg, the latter being the typical total dose. 
It is frequently administered in a twice-a-day regimen. 

B-Adrenergic receptor antagonists also tend to 
have some serotonin antagonist qualities. Propranolol is 
a 5-HT,, blocker!” that is effective in blocking the 
serotonin syndrome in animals.!”>!8° Responses to 
propranolol in human cases of serotonin syndrome have 
been inconsistent.°89%108 

Dantrolene has been mentioned as an agent that 
might inhibit the neuromuscular hyperactivity com- 
ponent of the serotonin syndrome; however, there has 
been little clinical experience with it in this setting. In 
addition, dantrolene does not alter survival in animal 
models of serotonin syndrome.!*!1® 

Although certain antipsychotics (e.g., chlorproma- 
zine, ziprasidone, olanzapine, risperidone) are 5-HT, 
antagonists and are available for parenteral adminis- 
tration, there has been little experience with them in the 
treatment of the serotonin syndrome. The few case 
reports studied have shown mixed results. 145-183-185 
Olanzapine (10 mg in a sublingual dose) was used with 
favorable results in one case of serotonin syndrome.!*° 
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3 0 Lithium 


JOSEF G. THUNDIYIL, MD, MPH Æ KENT R. OLSON, MD 


At a Glance... 


m = Lithium is a drug with a narrow therapeutic index. 

m It has a two-compartment volume of distribution moving from 
extracellular to intracellular compartments. 

m Lithium is eliminated almost entirely by the kidneys. 

m Its toxicity is most commonly manifested by CNS symptoms. 

m Acute lithium overdose differs significantly from chronic lithium 
intoxication. 

m Serum levels do not correlate with systemic toxicity. 

m Hemodialysis is an ideal treatment modality but should be 
reserved for patients exhibiting signs of severe intoxication and 
should be based on clinical and kinetic criteria. 


INTRODUCTION 


Lithium was discovered in 1818 and initially used for the 
treatment of gout, rheumatism, and renal calculi.'? In 
the early 1900s it was used as a salt substitute but was later 
abandoned because of toxic effects. It was also once 
present in the soft drink 7-Up.*? Although Aulde and 
Lange recognized in the 1880s that lithium could be 
used to treat depression, it was not until the 1950s that 
Cade and Schou established its use as a treatment 
for bipolar disorder.* In 1970, the U.S. Food and Drug 
Administration (FDA) approved its use for the treatment 
of acute mania. Currently, lithium is used to treat a wide 
variety of disorders (Box 30-1) from bipolar affective 
disorder and alcoholism to prophylaxis for cluster 


Xo): ct! ea | EUTIC USES OF 


Psychiatric Disorders 


Manic-depressive (bipolar) illness* 
Unipolar depressive illness 
Behavior disorders ? Premenstrual tension 
Character disorders ? Leukopenia/chemotherapy 
Pain ? Felty’s syndrome 
Alcoholism/drug abuse ? Thyrotoxicosis 
Premenstrual tension ? Tardive dyskinesia 
Organic brain syndrome ? Huntington's chorea 
Cycloid psychosis ? Pancreatic cholera 
Anorexia nervosa syndrome 
Schizoaffective disorders ? Syndrome of inappropriate 
Steroid-induced psychosis antidiuretic hormone 
secretion 


Nonpsychiatric Disorders 


? Pain 
Graves’ disease 


*Only approved use for lithium in the United States; other uses are 
experimental. 





headache. It remains the drug of choice for the 
treatment of recurrent bipolar illness.” 

With increasing use of lithium comes an increased 
risk for toxic effects. It is estimated that up to 90% of 
patients taking lithium have at some time experienced 
signs and symptoms of toxicity. In 1991, the American 
Association of Poison Control Centers reported 4149 
cases of lithium exposure, with 622 (15%) resulting 
in moderate to severe intoxication and 12 in death.” In 
2002, 4954 cases were reported (one third being unin- 
tentional exposures) with 1527 resulting in moderate to 
severe intoxication and 15 in death. Although death is 
rare, the risks for morbidity and prolonged hospitalization 
emphasize the importance of appropriate management. 


PHARMACOLOGY 


Lithium is the lightest alkali metal and has no known 
physiologic role. Its mechanism of action is not clearly 
understood. It inhibits the release of norepinephrine 
and augments its reuptake. It also depletes brain 
inositol, which is a precursor in the phosphatidylinositol 
pathway assisting in signal transduction of hormones and 
neurotransmitters.! This effect may result in reduced 
responsiveness to -adrenergic stimulation.? Other 
proposed mechanisms include inhibition of G proteins 
crucial to ion channel opening, !? stimulation of release 
of serotonin from the hippocampus, and inhibition 
of adenylate cyclase. These inhibitory effects may 
decrease neuronal responsiveness to neurotransmitters. 
Additionally, because lithium is a cation, it behaves 
similarly to potassium and sodium, thereby affecting ion 
transport and cell membrane potential. 


PHARMACOKINETICS 


Lithium is dispensed in a variety of formulations (Table 
30-1) some of which are sustained-release preparations. 
Lithium is rapidly absorbed, reaching peak levels in 1 to 
3 hours in regular preparations and 4 to 12 hours in 
sustained-release preparations. The bioavailability for 
most preparations is nearly 100%. It is neither protein 
bound nor metabolized. Lithium initially has a volume of 
distribution approximately 0.4 L/kg. However, as the ion 
moves from extracellular compartments to intracellular 
compartments over 6 to 8 hours, the final volume of 
distribution is between 0.6 and 0.9 L/kg.!! This process, 
which takes up to 6 to 10 days to reach final equilibrium, 
reflects the amount of time required to achieve thera- 
peutic response. Serum lithium levels measure only the 
extracellular concentration of lithium. Yet, lithium 
exerts its effects once it has moved to its intracellular 
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Some Available Lithium (Li) Preparations* 


TRADE NAME CHEMICAL FORMULATION 


United States 


Lithane (Miles Pharmaceutical) 
Lithium carbonate USP 

Lithium citrate syrup USP (Roxane) 
Cibalith-S (CIBA) 

Lithobid (CIBA) 

Eskalith (SmithKline) 

Eskalith CR (SmithKline) 


Lithium carbonate 
Lithium carbonate 
Lithium citrate 

Lithium citrate 

Lithium carbonate 
Lithium carbonate 
Lithium carbonate 


Canada 


Carbolith (ICN) 
Lithane (Pfizer) 
Lithizine (Maney) 


Lithium carbonate 
Lithium carbonate 
Lithium carbonate 


United Kingdom Lithium carbonate 
Scandinavia 
Litarex Lithium carbonate 


DOSE FORMS 


Tablets, 300 mg 

Capsules, 150 mg, 300 mg, 600 mg; tablets, 300 mg 

Syrup, 8 mMEq/5 mL—equivalent to 300 mg of lithium carbonate 
Syrup, 8 mEq/5 mL—equivalent to 300 mg of lithium carbonate 
Tablets, 300 mg (sustained release) 

Capsules and tablets, 300 mg 

Tablets, 300 mg, 450 mg; capsules, 300 mg (sustained release) 


Capsules and tablets, 300 mg 
As above 
As above 


400 mg tablets also available 


Sustained-release formulation 


*Molecular mass = 73.89 daltons; atomic number, 3; atomic weight, 6.94; emission line on flame photometer, 671 nm. 





compartment. This two-compartment phenomenon 
explains why patients can be initially asymptomatic in the 
setting of significantly elevated serum levels. 

Lithium has a predilection for accumulation in liver, 
bone, muscle, brain, kidney, and thyroid.” The highest 
levels are found in the brain and kidney,!'' and toxicity is 
most commonly associated with these organs. 

Ninety-five percent of lithium is excreted by the 
kidneys, while the remainder is eliminated via sweat and 
feces. Lithium is handled similarly to sodium by the 
kidney, and approximately 75% of the filtered load is 
reabsorbed in the proximal tubule.!? The renal 
clearance is between 10 mL and 40 mL/min.!* Sodium 
depletion can increase lithium reabsorption significantly. 
Consequently, volume depletion from diuretics, dehy- 
dration, febrile illness, or gastrointestinal (GI) loss can 
lead to elevated lithium levels in the serum. 

The serum elimination half-life of lithium can vary 
from 12 to 27 hours. In patients with chronic intoxication 
the half-life can be prolonged up to 48 hours.!* The half- 
life of lithium may vary significantly with duration of 
therapy.'® It has been hypothesized that this phe- 
nomenon may be due in part to inhibition of lithium 
efflux from cells by the drug itself during chronic therapy. 

The usual renal clearance of lithium is 10 to 40 mL/ 
min. In the elderly, renal clearance may be reduced to 
15 mL/min and the elimination half-life can be as long 
as 58 hours. There is also a propensity toward a smaller 
final volume of distribution in the elderly.!” In a study of 
hospitalized patients with lithium toxicity, age greater 
than 65 years was associated with a significantly higher 
likelihood of toxic lithium level.!8 

During the third trimester of pregnancy, lithium clear- 
ance will usually increase, thereby creating difficulties 
with serum monitoring.!’ Lithium freely crosses the 
placenta and is also excreted in breast milk.!9 It is labeled 
as pregnancy class D and has been implicated in causing 


an increased risk of congenital cardiac defects, 
particularly Ebstein’s anomaly. Breast-feeding infants of 
mothers taking lithium have been reported to have signs 
of cyanosis, hypotonia, and lethargy.*° 

Multiple medication interactions are associated with 
lithium (Table 30-2). It has been reported to cause 
neuroleptic malignant syndrome in combination therapy 
with neuroleptic agents or by itself in overdose. 
Additionally, diuretics that deplete sodium and water will 
indirectly result in lithium toxicity by enhancing its 
reabsorption in the proximal tubules. Most notable, 
however, are the drug interactions that affect lithium 
clearance. Studies in both healthy patients given lithium 
and those receiving chronic lithium therapy have shown 
that nonsteroidal anti-inflammatory drugs (NSAIDs) can 
decrease lithium clearance and raise plasma lithium 
levels.“ This may be secondary to prostaglandin 
inhibition causing a reduction in glomerular filtration 
rate (GFR) and subsequent sodium (and lithium) re- 
absorption in patients with preexisting volume deple- 
tion. Angiotensin-converting enzyme (ACE) inhibitors 
also contribute to lithium toxicity in volume-depleted 
patients by causing a further decrease in GFR. 


TOXICOLOGY 


Lithium toxicity can be classified into three major 
categories. It may occur as the result of an acute overdose 
(in a lithium-naive patient), acute overdose in a patient 
on chronic therapy (acute-on-chronic), or chronic over- 
medication or drug accumulation. Generally, chronic 
intoxication is associated with the most serious toxicity. 
Accumulation of lithium may result from excessive 
intake or impaired excretion. Excessive intake is seen in 
the acute and acute-on-chronic overdose settings in 
which a patient intentionally ingests an excessive amount 


Known Drug Interactions with Lithium 
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DRUG 


Haloperidol 
Tricyclic antidepressants (TCAs) 


Phenothiazines 

Benzodiazepines 

Neuromuscular blockers 

Methyldopa 

Nonsteroidal anti-inflammatory drugs: indomethacin, 
piroxicam, mefenamic acid, phenylbutazone 

Phenytoin 

Calcium channel blockers: 
verapamil, nifedipine, diltiazem 

Angiotensin-converting enzyme inhibitors 
(e.g., captopril, enalapril) 


Diuretics 


Thiazides 
Osmotics, acetazolamide, sodium bicarbonate 
Furosemide 


EFFECTS OF INTERACTION 


Rigidity, ataxia, oral tardive dyskinesia, T depression, T haloperidol toxicity 
Additive antidepressant effect, hypotension, delirium, seizures, increase 
in blood pressure if hypotension secondary to TCA 
T Lithium and phenothiazine toxicity, T depression along with toxicity 
T Depression 
T Neuromuscular blockade 
T Parkinsonian syndrome 
Partial reversal of nephrogenic diabetes insipidus and 
T serum lithium, J renal lithium clearance 
Polyuria, polydipsia, tremor 


Additive or synergistic action with lithium 
Reduced glomerular filtration rate, 4 lithium clearance 


T Serum lithium 
T Urinary lithium excretion 
No change in serum lithium, unless induces significant sodium loss 


Potassium-sparing diuretics and potassium supplements Abolish distal renal tubular acidosis and may prevent renal lithium toxicity 





of lithium tablets in a suicidal or accidental ingestion. 
Excessive intake also occurs when dose modifications are 
made for the patient chronically taking lithium. 

Impaired excretion of lithium occurs from a variety of 
factors. Any condition in which sodium and volume 
depletion occurs may lead to increased reabsorption of 
the drug in the kidneys. Vomiting, diarrhea, febrile illness, 
renal insufficiency, excessive exercise, water restriction, 
excessive sweating, low sodium diet, and congestive heart 
failure all can increase the risk for lithium toxicity. 
Concomitant administration of drugs that decrease GFR 
will also contribute to chronic toxicity. Other factors that 
play a role in toxicity include duration of therapy'® and 
individual tolerance to lithium.’ 

Patients on chronic lithium therapy may develop 
nephrogenic diabetes insipidus (NDI), which can trigger 
a cascade of symptoms and signs of lithium toxicity. 
However, most patients will develop symptoms of 
polyuria without full-blown NDI. Up to 37% of patients 
taking therapeutic doses of lithium experience symptoms 
of polyuria.** This is attributable to impaired urinary 
concentrating ability by the kidneys. This effect coupled 
with any intercurrent illness can trigger the vicious cycle 
of lithium toxicity (Fig. 30-1). With sodium and volume 
depletion, the excretion and clearance of lithium 
decreases as the kidney increases its reabsorption of the 
cation. The increased reabsorption leads to elevated 
levels of serum lithium, which in turn continues to 
adversely affect the kidneys’ ability to concentrate urine. 
Consequently, patients on chronic lithium therapy who 
exhibit symptoms of polyuria (or NDI) are at increased 
risk for developing lithium toxicity.° 


CLINICAL MANIFESTATIONS 


The clinical manifestations of lithium toxicity are 
primarily related to the central nervous system (CNS) 


Na/H,O deficiency 
Renal impairment 


| Fractional excretion 
of lithium (FE,)) 






t Serum lithium 


Lithium 
clearance (C,,) 


FIGURE 30-1 The vicious cycle of sodium and water depletion 
and lithium toxicity. 


and kidneys. In addition, gastrointestinal, cardiovascular, 
and endocrine side effects are commonly reported. 

Neurologic symptoms of intoxication include coarse 
tremor, dysarthria, ataxia, nystagmus, slurred speech, 
hyperreflexia, and myoclonia. Patients often have 
alterations in level of consciousness ranging from mild 
confusion to delirium, agitation, seizures, and coma. 
Some patients on chronic therapy complain of prodromal 
symptoms of nervousness prior to more objective signs of 
intoxication.’ Although most patients recover after 
lithium intoxication, there are reports of neurologic 
sequelae including scanning speech, ataxia, memory 
deficits, and choreoathetoid movements persisting for 
12 months or even permanently.??*® 

Renal toxicity is more common in patients on chronic 
lithium therapy. Toxicity includes impaired urinary 
concentrating ability, NDI, and sodium-losing nephritis. 
Previous studies have suggested the incidence of polyuria 
to be as high as 37% and worsened by concomitant use 
of serotoninergic antidepressants.** Nephrotic syndrome, 
acute tubular necrosis, and chronic interstitial nephropa- 
thy have also been described in association with lithium 
therapy. 
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Lithium is the most common cause of drug-induced 
NDI.” The mechanism is not entirely understood. Lithium 
enters the renal tubules via sodium channels and 
modulates the function of certain G proteins, thereby 
lowering the levels of cyclic adenosine monophosphate 
(cAMP). The lowered intracellular cAMP may contribute 
to a decrease in transcription and expression of the 
antidiuretic hormone-sensitive aquaporin-2 water 
channels”? responsible for water reabsorption in the 
kidney. NDI is characterized by polyuria, polydipsia, 
hypernatremia, and low urine osmolality. Elevated serum 
osmolality is also expected, but most patients are able to 
compensate by excessive fluid intake on a daily basis. 
NDI can significantly predispose patients to lithium 
toxicity via volume depletion, lithium reabsorption, 
and the vicious cycle of renal toxicity. Treatment of 
lithium-induced NDI includes discontinuation of the 
drug and administration of amiloride,?! NSAIDS, or 
thiazide diuretics.°*°* Cases of persistent NDI after 
discontinuation of lithium for up to 57 months have 
been described.” 

Cardiovascular effects are usually mild and non- 
specific. Patients may experience mild hypertension, 
bradycardia, or tachycardia. Electrocardiographic changes 
can include transient ST depression, flattened or 
inverted T waves, ORS widening, QT prolongation, or 
intraventricular conduction delays. Nearly all patients 
taking lithium will develop T wave flattening. Sinus node 
dysfunction is the most commonly reported conduction 
defect followed by QT prolongation, intraventricular 
conduction defects, and U waves. Although these findings 
are reversible, their prevalence and significance are 
undetermined.” In rare circumstances, severe ventricular 
arrhythmias and myocardial infarction have been 
described in acute overdoses.’ 

Gastrointestinal symptoms are also more common in 
the acute overdose setting. Symptoms include nausea, 
vomiting, diarrhea, anorexia, and bloating and typically 
occur within 1 hour of ingestion. 

Endocrine effects from lithium toxicity most commonly 
include hypothyroidism via inhibition of thyroid hormone 
synthesis and subsequent release (in 3% to 60% of 
patients taking lithium).** Less commonly seen is hyper- 
thyroidism, which may not only mask symptoms of 


lithium toxicity but can increase toxicity by inducing 
cellular unresponsiveness and altered renal tubular 
handling of lithium.*® Lithium is also associated with 
hyperparathyroidism, hypothermia, and less frequently 
hyperthermia. 


DIAGNOSIS 


Degree of intoxication is important for understanding 
the diagnosis and management of lithium toxicity. 
Severity of lithium toxicity is most frequently arbitrarily 
divided into three grades: mild, moderate, and severe® 
(Table 30-3). This grading system was first described by 
Hansen and Amdisen in 19784 and has been used with 
some degree of consistency throughout the literature. 
Mild symptoms include nausea, vomiting, lethargy, 
tremor, and fatigue. Symptoms of moderate intoxication 
are confusion, agitation, delirium, tachycardia, and 
hypertonia. Coma, seizures, hyperthermia, and hypo- 
tension characterize severe intoxication. 


Patient History 


Diagnosis and classification (acute, acute-on-chronic, or 
chronic) of lithium intoxication can be difficult. The 
prevalence of neurologic symptoms should alert the 
clinician to the possibility of lithium poisoning. 
Additional history from the patient and outside sources 
regarding previous level of functioning, other medi- 
cations, prodromal symptoms, and recent intercurrent 
illness may be necessary. Other pertinent history should 
include the type of lithium preparation that was ingested 
and any underlying illnesses that predispose to toxicity. 
The diagnosis can be further complicated by the fact that 
many patients with toxicity on presentation may not have 
taken an intentional overdose of lithium, but rather may 
be suffering from chronic toxicity. 


Physical Examination 


Particular attention should be paid to the vital signs, 
degree of neurologic involvement, and cardiovascular 
status. Documentation of a thorough initial neurologic 


Serum Lithium and Toxic Manifestationst 


APPROXIMATE SERUM LITHIUM 


SEVERITY OF SYMPTOMS 


No toxicity (therapeutic) 0.4-1.3 
Mild toxicity 1.5-2.5 
Moderate toxicity 2.5-3.5 
Severe toxicity >3.5 


CONCENTRATION (mEq/L) 


SYMPTOMS 


Usually none 

Nausea, vomiting, lethargy, tremor 

CNS depression, fatigue, diarrhea 

Confusion, agitation, delirium, 
tachycardia, hypertonia 

Coma, seizures, hyperthermia, 
hypotension 


*Lithium toxicity may be manifested even at therapeutic levels, especially in the elderly, when the therapeutic level may be 0.2 mEq/L. 
Classification of Hansen and Amdisen.* (Stages | and Il: apathy, tremor, weakness, ataxia, motor agitation, rigidity, fascicular twitching, nausea, 
vomiting and diarrhea. Stage Ill: Latent convulsive movements, stupor, and coma.) 





examination may be helpful in patients who may endure 
a prolonged hospital course. 


Laboratory and Imaging Studies 


Initial studies should include cardiac monitoring, 
electrocardiogram (ECG), assessment of oxygenation 
and monitoring of urine output, serum electrolytes, 
calcium, renal function, glucose, serum lithium level, 
and thyroid-stimulating hormone (TSH). Leukocytosis 
can be seen with therapeutic lithium use as well as 
intoxication. A low anion gap can also be present after 
acute ingestion of lithium carbonate® possibly owing to 
the presence of and interference by the carbonate anion 
in the calculation of anion gap. In addition, in chronic 
poisoning, patients are likely to demonstrate evidence of 
renal insufficiency with elevated blood urea nitrogen 
and creatinine. In some cases in which the diagnosis is 
initially unclear, imaging of the brain may be necessary. 
Although some formulations of lithium may be 
radiopaque, radiography is not reliable for excluding 
ingestion.” 

Many hospitals have readily available serum testing for 
lithium levels (normal range, ~0.6 to 1.2 mEq/L). Serum 
levels should ideally be drawn at least 6 to 12 hours after 
the last therapeutic dose to avoid misinterpretation of 
predistributional levels. However, these levels can still be 
misleading because lithium has a low therapeutic index 
and levels frequently do not correlate with level of 
toxicity. Levels as high as 10.6 mEq/L (10.6 mmol/L) 
have been reported without evidence of neurologic 
toxicity after an acute overdose’? because of the 
multicompartment kinetics of the drug. Furthermore, a 
normal level does not exclude toxicity, because serum 
levels do not accurately reflect the intracellular 
concentration or toxicity of the drug. 

It is important to note that some specimen tubes 
contain lithium heparin as an anticoagulant and can 
falsely elevate serum lithium results. This phenomenon 
has been demonstrated to factitiously elevate serum 
lithium levels by as much as 2.0 mEq/L in healthy 
volunteers.*! Others have reported these tubes producing 
falsely elevated levels by as much as 6 to 8 mEq/L.” 

There is relatively poor correlation between serum 
levels and systemic toxicity, particularly after an acute or 
acute-on-chronic overdose. Hansen and Amdisen described 
23 patients with lithium intoxication and concluded that 
there is no clear-cut relationship between serum lithium levels 
and severity of symptoms. However, 21 of their patients were 
suffering from chronic lithium intoxication. They 
suggested that levels of 1.5 to 2.5 mEq/L are associated 
with mild symptoms of toxicity, 2.5 to 3.5 mEq/L are 
considered serious, and greater than 3.5 mEq/L are 
considered life threatening (see Table 30-3). These 
levels, which were all drawn at approximately 12 hours 
after the last dose of lithium,’ hold relevance only for 
patients with chronic lithium exposure. 

Bailey and McGuigan prospectively studied all cases of 
lithium exposure brought to the attention of a poison 
control center over a l-year period, and their study 
group included patients with acute, acute-on-chronic, 
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and chronic exposures plus one patient with severe 
lithium intoxication after a chronic exposure and a peak 
serum level of 1.5 mEq/L.** They noted that toxicity 
occurred at lower levels in patients with chronic 
exposures compared with those with acute-on-chronic 
exposures. They concluded that the Hansen and 
Amdisen classification is not a useful tool for predicting 
morbidity or mortality and does not correlate well with 
lithium level. 

Oakley and colleagues conducted a retrospective 
analysis of 97 cases of lithium exposure at a regional 
center over a 13-year period. They concluded that peak 
serum levels are significantly higher in patients with 
severe intoxication and that chronic exposure carries a 
substantially higher risk of severe neurotoxicity than 
acute exposure. Furthermore, they identified risk factors 
contributing independently to the development of 
chronic intoxication: NDI, age over 50 years, thyroid 
dysfunction, and baseline endogenous creatinine 
clearance below normal.” 

Currently, most authors agree that clinical symptoms 
are more reliable than serum lithium levels. Additionally, 
management should be based on these clinical parameters 
rather than on drug levels.4° Clinicians are cautioned 
about reliance on an isolated serum lithium level. 

It has been suggested that erythrocyte, urine, or 
cerebrospinal fluid (CSF) levels of lithium might be 
useful in the assessment of lithium toxicity. The 
erythrocyte concentration does not fluctuate as much as 
plasma lithium levels, perhaps reflecting an intracellular 
lithium concentration. However, this value has not been 
shown to have clinical significance. CSF levels are about 
40% to 50% of plasma lithium levels, but in animal 
studies they have demonstrated no advantage over 
plasma lithium levels in assessing toxicity.” In addition to 
being more invasive, CSF levels do not reflect 
intracellular levels of lithium. Urine levels do not 
correlate with clinical toxicity but can be useful in the 
calculation of renal lithium clearance. 


Differential Diagnosis 


Differential diagnosis of lithium toxicity includes psy- 
chosis, hypoglycemia, meningitis, encephalitis, gastroen- 
teritis, food poisoning, drug withdrawal, intracranial 
bleeding, trauma, thyrotoxicosis, Parkinson’s disease, and 
neuroleptic malignant syndrome. Intoxication by other 
psychotropic drugs that may be available to the patient 
should be considered, such as tricyclic antidepressants, 
selective serotonin reuptake inhibitors (SSRIs), valproic 
acid, and antipsychotic drugs. 


MANAGEMENT 


Supportive Measures 


Initial treatment of lithium toxicity includes appropriate 
airway management, assessment of vital signs, and 
continuous cardiac monitoring. Peripheral IV lines 
should be inserted for the administration of fluids as well 
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as other general emergency treatment measures including 
dextrose and naloxone if needed. Hyperthermia or 
hypothermia should be treated appropriately. If seizures 
develop, they should be treated with standard measures 
including benzodiazepines and barbiturates (see 
Chapter 2A). Electrocardiographic findings such as 
flattened or inverse T waves and mild QT prolongation 
do not usually require treatment; however, severe 
arrhythmias should be treated with usual measures, 
including magnesium for marked QT prolongation or 
torsades de pointes. 

The goal of fluid therapy is to maintain GFR and 
urine output in order to reduce the continued 
reabsorption of lithium. Fluid replacement should begin 
with isotonic saline. A few reports have suggested 
marked improvement with forced diuresis using very 
large volumes of normal saline along with diuretics,*° 
achieving lithium clearance values of 39 mL/min (in 
patients with normal renal function).® However, other 
studies have suggested less than favorable outcomes 
with forced diuresis, including a reduction in lithium 
clearance.** Because of inconsistent results and the risk 
of electrolyte imbalances, forced diuresis is not 
recommended. On the other hand, volume resuscitation 
to replace fluid losses and to maintain adequate urine 
output is crucial to the treatment of lithium intoxication. 


Decontamination 


There is no known antidote for lithium, so particular 
attention should be paid to gastric decontamination. 
Although it has been demonstrated in in vitro studies 
that lithium does not bind well to activated charcoal,” 
charcoal should be given if co-ingestants are suspected. 
In patients with early presentation, consideration should 
be given to gastric lavage, especially for regular-release 
preparations. After ingestion of sustained-release 
preparations (e.g., Litho-Bid), whole bowel irrigation 
may be preferable. In a crossover study of healthy 
volunteers who were given GoLYTELY at 2 L/hr for 
5 hours after lithium ingestion, there was a significant 
reduction in peak lithium concentrations by more than 
50% and reduction in lithium absorption by 67%.°! 
Whole-bowel irrigation should also be considered after 
massive ingestion of regular-release products. 

Limited evidence supports the use of sodium 
polystyrene sulfonate (SPS; Kayexalate) to bind lithium 
in the gut and to enhance elimination. Animal studies 
have demonstrated that the SPS resin effectively binds 
lithium and can reduce serum lithium concentrations 
even after IV lithium dosing.’ Studies in healthy human 
volunteers have shown small but statistically significant 
reductions in lithium absorption after treatment with 
SPS, without significant changes in serum sodium or 
potassium levels.°*°? However, the reductions were not 
large enough to likely affect the clinical course of an 
acute overdose.°? Furthermore, there is no consensus 
regarding optimal dosing or whether electrolyte 
alterations in a sick patient population could be more 
pronounced. At this time, SPS is not recommended for 
acute lithium ingestion. 


Elimination 


Besides hemodialysis, a variety of methods have been 
suggested or reported to enhance the elimination of 
lithium, including alkaline diuresis, IV theophylline, and 
dopamine. However, in addition to posing potential 
adverse effects, these alternative methods are not 
supported by clinical studies. 

Lithium renal clearance can be estimated using the 
serum and urine lithium levels. Renal lithium clearance 
= urine flow rate (mL/min) x urine lithium (mEq/L) / 
serum lithium (mEq/L). The normal renal lithium 
clearance is estimated to be between 10 and 40 mL/min. 
Hansen and Amdisen, however, reported in their study 
of chronic lithium intoxicated patients that the lithium 
clearance of this group ranged from 0.9 to 18.4 mL/ 
min.* Similar variable clearances for patients on chronic 
lithium therapy have been found in other studies.* 

Peritoneal dialysis has been shown to achieve lithium 
clearance rates of between 9 and 15 mL/min.?**" This 
modality might be considered in patients who have poor 
renal function if hemodialysis facilities are unavailable 
(e.g., in remote areas). Otherwise, it should not be 
substituted for hemodialysis. 

Because lithium has a small volume of distribution 
and minimal protein binding, hemodialysis is an 
appropriate method for lithium removal. Lithium 
clearances of 70 to 170 mL/min have been reported with 
hemodialysis. However, there is controversy about 
indications for hemodialysis. Removal of lithium from 
the plasma and extracellular fluid may have little effect 
on intracellular lithium concentrations, and toxic effects 
may persist even after serum levels fall. This is consistent 
with the clinical observation that serum lithium levels 
correlate poorly with signs and symptoms of toxicity. It 
could be argued that dialysis is most likely to be effective 
soon after an acute ingestion while the serum lithium 
level is markedly elevated and prior to intracellular 
redistribution. However, these patients generally expe- 
rience less severe toxic effects,*” and patients with levels 
as high as 10.6 or higher may remain asymptomatic and 
recover with supportive measures alone. 

Amdisen recommended that patients with impaired 
renal function or those who have taken an overdose and 
have persistent levels greater than 1.4 mEq/L should 
undergo hemodialysis. Jaeger and coworkers studied 
the kinetics of lithium in intoxicated patients and 
concluded that no rigid indication for hemodialysis can 
be set. They further stated that hemodialysis is not an 
emergency therapy but one that should be initiated only 
after observation of the patient as an inpatient and based 
on a combination of clinical and kinetic criteria.°* Other 
authors have suggested that the rapid correction of lithium 
by hemodialysis might contribute to persistent neurologic 
toxicity similarly to rapid correction of hyponatremia.*® 

Bailey and McGuigan in a prospective study recom- 
mended hemodialysis for patients with any of the 
following criteria: (1) severe toxicity, (2) alteration in 
level of consciousness, (3) cardiac toxicity, (4) creatinine 
greater than 2.3 mg/dL associated with an acute lithium 
level greater than 2.0 mEq/L or chronic level greater 


than 1.5, or (5) creatinine greater than 1.7 mg/dL 
associated with a chronic level of 2.5 mEq/L or acute 
level of 4.0 mEq/L. Serum creatinine levels were 
obtained after several hours of hydration. The authors 
compared the outcomes for patients in whom dialysis was 
recommended but not performed to those of patients 
who actually received hemodialysis. Although fewer 
patients received dialysis than was recommended, there 
was no outcome difference between the two groups. 
They concluded that indications for hemodialysis should 
be based on clinical symptoms and reserved for the more 
severe cases.” 

Clearly, there is no consensus on precisely when to 
dialyze. Most agree that patients exhibiting signs and 
symptoms of severe lithium poisoning (seizures, coma, 
cardiac arrhythmias) or who have renal failure should 
undergo hemodialysis. In addition, dialysis should be 
considered in acute overdose patients with clinical 
deterioration and patients with chronic lithium toxicity 
whose serum levels are greater than 3.5 mEq/L. Patients 
with acute or acute-on-chronic overdose with elevated 
levels but who are asymptomatic or minimally symp- 
tomatic and have normal renal function should be 
treated with IV fluids and monitored closely for 
deterioration. There may be rebound (Fig. 30-2) in 
serum levels after dialysis, and the procedure should be 
repeated until the serum level 6 to 8 hours after dialysis 
is less than 1 mEq/L. 

Several case reports have demonstrated success in 
adults and children®® for treating lithium intoxication 
with the use of continuous renal replacement therapy 
(CRRT). This includes methods such as continuous 
venovenous hemodialysis (CVVHD), continuous arteri- 
ovenous hemodialysis (CAVHD), continuous venovenous 
hemodiafiltration (CVVHDF), and continuous arteri- 
ovenous hemodiafiltration (CAVHDF). The reported 
lithium clearance rates for CVVHD, CVVHDF, CAVHD, 
and CAVHDF are given in Table 30-4.°°° While these 
clearances are less than for hemodialysis, the procedures 
require less specialized staff and facilities and can be 
done continuously for several hours or days, compared 
with typical dialysis runs of 2 to 3 hours at a time. In 
addition, CVVHD is pump-driven and therefore does not 
rely on the patient’s arterial pressure to provide a 
pressure gradient. One particular case study documented 
success with CVVHD in a hemodynamically unstable 
lithium-intoxicated patient in whom hemodialysis had to 
be discontinued.” 

CRRT has the added advantage of ease of implemen- 
tation and avoidance of rebound lithium levels (see 
Fig. 30-2). One author suggests that the combination of 
hemodialysis and CVVHD may have the potential to 
decrease length of hospital stay and health care costs.*° 
CRRT procedures have been used for periods of 14 to 
72 hours, with an average duration of 34.7 hours in one 
study.°” It is not yet clear, however, whether CRRT will 
shorten the length of hospital stay or change outcome 
when compared with intermittent hemodialysis. There 
are no controlled studies to date comparing safety and 
efficacy of CRRT over other methods of therapy for 
routine treatment of lithium toxicity. Continuous renal 
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FIGURE 30-2 Serum lithium concentration after (A) high- 
volume continuous venovenous hemofiltration (HV-CVVH) vs. (B) 
intermittent hemodialysis (HD). Note the steady decline in lithium 
concentration during HV-CVVH in A in contrast with the rebound 
in lithium concentration after each run of hemodialysis in B. 
Although hemodialysis remains the gold standard for lithium 
elimination, other modes of continuous renal replacement 
therapy demonstrate promise. (Reproduced from Jaeger A, Sauder 
P, Kopferschmidt J, et al: When should dialysis be performed in 
lithium poisoning? A kinetic study in 14 cases of lithium poisoning. 
J Toxicol Clin Toxicol 1993;31:429-447, and van Bommel EF, 
Kalmeijer MD, Donssen H: Treatment of life-threatening lithium 
toxicity with high-volume continuous venovenous hemofiltration. 
Am J Nephrol 2000;20:408-41 1.) 


replacement therapy may be considered in treating 
patients in facilities in which dialysis is not readily 
available or who are considered too unstable for 
immediate hemodialysis. 


Disposition 


All patients with symptoms of lithium intoxication 
should be admitted to the hospital for observation in a 
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Approximate Clearance of Lithium Based 


on Different Methods* 


METHOD OF LITHIUM CLEARANCE 


Normal renal clearance in healthy 


Renal clearance of patients taking 





APPROXIMATE CLEARANCE 
(mL/min) 


10-40 mL/min 
patient 

0.9-18.4 mL/min 
lithium chronically 


Peritoneal dialysis 9-15 mL/min 
Hemodialysis 70-170 mL/min 
CVVHD 23-54 mL/min 
CVVHDF 28-62 mL/min 
CAVHD 20.5 mL/min 
CAVHDF 27-55 mL/min 


*Approximate clearances are based on data from references 56 to 60. 
CVVHD, continuous venovenous hemodialysis; CVVHDF, continuous 
venovenous hemodiafiltration; CAVHD, continuous arteriovenous 
hemodialysis; CAVHDF, continuous arteriovenous hemodiafiltraton. 





monitored setting, even in the presence of normal serum 


lithium levels. 


Patients with moderate or severe 


symptoms should be admitted to an intensive care unit. 
For patients who are asymptomatic after an acute 
ingestion, serial levels should be obtained at 6-hour 
intervals until a downward trend has been established. 
Patients should not be discharged until they are 
asymptomatic and have a serum lithium level less than 
1.5 mEq/L. 
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3 1 Ethanol 


KURT C. KLEINSCHMIDT, MD 


At a Glance... 


m Chronic ethanol use is associated with many medical problems 
including osteoporosis, electrolyte abnormalities, polyneuropathy, 
endocrine disorders, dementia, alcoholic heart disease, cardiac 
dysrhythmias, liver dysfunction, and suppression of all 
hematopoietic elements. 

m The elderly and children are more prone to experience ethanol'’s 
intoxicating effects. 

m Benzodiazepines are the mainstay of therapy of alcohol with- 
drawal. Very large doses may be needed for severe withdrawal. 
Sympatholytic agents should not be used alone in severe 
withdrawal management. 

m Delirium tremens is uncommon today. It manifests with 
significant autonomic hyperactivity and gross disorientation. 
Hyperthermia or seizures during delirium tremens is particularly 
associated with poor outcome. 

m Wernicke’s encephalopathy is difficult to diagnose, so all 
persons with alcoholism should receive thiamine during an 
evaluation. 


INTRODUCTION 


Ethanol is derived from fermentation of sugars in fruits, 
cereals, and vegetables. Valued for its medicinal and 
mood altering effects, ethanol has played a significant 
historical role in the medical, social, and religious rituals 
of humankind. While modern medical uses of ethanol 
are limited, it remains a popular social lubricant and is 
widely used in religious and social ceremonies. Ethanol 
is commonly abused by humans, resulting in significant 
medical and social morbidity. Its widespread availability 
also makes it a common cause of unintentional poi- 
soning in children. In addition to alcoholic beverages, 
many household products such as food extracts, 
mouthwashes, and cough preparations contain ethanol, 
often in large amounts (Table 31-1).'” 

Chronic alcohol-related problems are common. 
Approximately 8.2 million persons in the United States 
are dependent on alcohol. In a primary care practice, 
15% of the patients had an “at-risk” pattern of alcohol 
use or an alcohol-related health problem.* Chronic use 
of ethanol is associated with many medical problems 
including physical dependence and withdrawal, neu- 
ropsychiatric problems including Wernicke’s encephalopa- 
thy, and significant effects on many body organs. 


PHARMACOKINETICS 


Ethanol is a clear, low-molecular-weight hydrocarbon 
that is highly soluble in water and lipids. Its volume of 


distribution (0.6 L/kg) is similar to that of water. Ethanol 
does not bind proteins or tissues and does not affect the 
binding of other agents.* Environmental and genetic 
factors influence its absorption, bioavailability, metab- 
olism, and elimination.’ The significance of these factors 
is difficult to assess owing to great variations among 
individuals. 

Ethanol is rapidly absorbed by passive diffusion across 
the lipid membranes of the stomach (=20%) and small 
intestine (~80%), reaching peak levels 20 to 60 minutes 
after ingestion.*® Various factors affect absorption (Table 
31-2). Inter- and intraindividual differences in gastric 
emptying rate affect absorption.* The time to maximum 
concentration can vary by as much as fourfold between 
subjects, and the maximum concentration itself can vary 
by twofold.* The major factor decreasing the rate of 
gastric emptying, thus delaying ethanol absorption, is the 
presence of food.* Decreased gastrointestinal motility 
also delays absorption.” Activated charcoal binds ethanol 
poorly, minimally affecting its absorption.’ 

Ethanol is metabolized in a series of oxidative steps; 
initially to acetaldehyde and then to acetate. Three hepatic 
enzyme systems contribute to the initial metabolism to 
acetaldehyde: the microsomal cytochrome P-450 (CYP) 
isoenzyme CYP2E1, the cytosol-based enzyme alcohol 
dehydrogenase (ADH), and the hydrogen peroxide- 
dependent peroxisome catalase system (Fig. 31-1). The 
catalase system contributes minimally and is not 
discussed further.® 

In the nonalcoholic person, 90% of the oxidation of 
ethanol to acetaldehyde is done by ADH. Multiple 
isoenzyme forms of ADH occur with variable frequency 
in different human populations. These ADH isoenzymes 
have different affinities for ethanol, resulting in 
variations in ethanol elimination rates among individuals 
and racial groups. The activity of ADH does not change 
with chronic ethanol consumption.’ However, liver ADH 
is degraded in the fasting state, which may result in as 
much as a 40% decrease in ADH activity.'° 

CYP2E1 (CYP2E1 is the specific isoenzyme) con- 
tributes less than 10% to the oxidation of ethanol in the 


Alcohol Content of Common Products and 


Medications 





PRODUCT ETHANOL CONTENT (%) 
Aftershave lotions 15-80 
Cold/allergy medications 5-16 

Cough preparations 2-25 

Glass cleaners 10 
Mouthwashes 15-25 
Perfumes/colognes 25-95 


589 


CENTRAL NERVOUS SYSTEM 





Absorption and Metabolic Factors Affecting Blood Ethanol Concentrations 





FACTOR EFFECT ON BLOOD ETHANOL REASON 
Adiposity T Relative J in Vd 
Age T in elderly ļ Vd secondary to Î adipose/lean body mass ratio 
ļ in those < 13 years of age T in metabolic rate 
Chronic use il If severe alcoholic liver disease present 
1 T in metabolic rate secondary to 7 CYP2E1 oxidation 
Fasting state T T Absorption secondary to faster gastric emptying and temporary 
J in gastric ADH activity 
Delayed gastric emptying L Longer exposure to gastric ADH 
Increased lung tidal volume | T in elimination from breath 
Medications Variable Often secondary to change in CYP2E1 activity 
Sex T in females T in absorption secondary to J gastric metabolism 
T in adipose tissue 
ļ in lean body weight 
Cigarette smoking Li T in metabolic rate 


Lean body weight (increased) J Relative Î in Vd 


T, increase; J, decrease; ADH, alcohol dehydrogenase; Vd, volume of distribution. 





CYP2E1 
NADPH 


ADH 


NAD* Acetaldehyde 





Ethanol 


Catalase 
H20, 


FIGURE 31-1 Pathways for ethanol oxidation to acetaldehyde. 
ADH, alcohol dehydrogenase; H,O,, hydrogen peroxide; NAD*, 
nicotinamide adenine dinucleotide, oxidized form; NADPH, 
nicotinamide adenine dinucleotide phosphate, reduced form. 


moderate drinker. The K,, (the concentration of a 
substrate which yields half-maximal enzyme activity) of 
ADH for ethanol is much lower than that for CYP2E1. 
The contribution of CYP2E1 to the oxidation of ethanol 
increases as the blood ethanol concentration rises. The 
activity of CYP2E1 is significantly increased in chronic 
drinkers.® Unlike ADH, which requires oxidized nicoti- 
namide adenine dinucleotide (NAD*) and generates 
nicotinamide adenine dinucleotide reduced form 
(NADH), CYP2EI requires the reduced form of nicoti- 
namide adenine dinucleotide phosphate (NADPH) and 
yields nicotinamide adenine dinucleotide phosphate, 
oxidized form (NADP*). Oxidation of ethanol by ADH 
results in an increased NADH/NAD* ratio, creating an 
unfavorable “redox” state for oxidative metabolism, 
decreasing the oxidative capacity of the liver. Interestingly, 
the “revved up” CYP2E1 in chronic alcoholics creates 
excess NADP*, which improves the redox state of the 
liver and enhances ADH activity.® 

The next step in ethanol metabolism is the oxidation 
of acetaldehyde to acetate, which also yields more NADH 
(Fig. 31-2). The reaction is catalyzed by various 
acetaldehyde dehydrogenase (ALDH) isoenzymes. 


These isoenzymes are very efficient, having a Kpa 
approximately 1000 times lower than that of ADH for 
ethanol.'° Fifty-percent of Japanese and Chinese persons 
have isoenzymes with decreased activity, resulting in 
increased levels of acetaldehyde after ingestion of 
ethanol.®!° This may be the cause of the increased 
incidence of facial flushing, vasodilation, and tachycardia 
(acetaldehyde syndrome) noted in some Japanese after 
drinking.'° The increased acetaldehyde levels found in 
chronic alcoholics result from its increased production 
and are not due to inadequate ALDH activity." 
Acetaldehyde itself is hepatotoxic by decreasing cellular 
capacity to repair DNA, increasing free radical-mediated 
lipid peroxidation, and augmenting hepatic collagen 
synthesis. !* 

Ethanol’s bioavailability, and thus blood ethanol 
concentration (BEC), is affected by first pass metabolism 
(FPM). FPM primarily results from liver ADH. However, 
the mucosa of the intestinal tract, particularly the stomach, 
also contains ADH. Stomach ADH can contribute up to 
20% of the metabolism of ethanol.'* 

Metabolism is affected by other factors. Persons with 
chronic alcoholism and severe liver disease have 
decreased rates of ethanol metabolism that correlate 
with severity of hepatic damage. This mechanism may 
contribute to the loss of previously attained tolerance in 
some persons with chronic alcoholism.!’ Abnormalities 
of liver function tests are not associated with changes in 
BEGs.'4 

Elimination involves multiple processes. Most ethanol 
is metabolized by the above-noted oxidative processes, 
resulting in carbon dioxide and water production. A 
small percentage of ethanol is eliminated unchanged in 
the breath. For example, lung volume affects levels, since 
ethanol is excreted unchanged in the breath. The 
contribution of this mechanism may be significant at 
high BECs.’ 

The elimination kinetics of ethanol are complex and 
not clearly defined. It was considered to be linear and to 
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NAD+ NADH + H+ NAD+ NADH + H+ Tricarboxylic acid cycle 
Ethanol Acetaldehyde Acetate Acetyl CoA CO. + H-O 
CH;CH,OH CH3;CHO CH,COO- i a i 


FIGURE 31-2 Ethanol metabolism. CoA, coenzyme A; NAD+, nicotinamide adenine dinucleotide, oxidized form; NADH, nicotinamide- 


adenine dinucleotide, reduced form. 


follow zero order kinetics, that is, an absolute amount is 
eliminated per unit time. However, more recent work 
reflects that the kinetics are complicated. Elimination 
kinetics are difficult to evaluate because many enzyme 
systems with different K,,s are involved, different BEC 
ranges have been studied, and individual variability exists 
in the rates of ethanol elimination. One case report 
described a patient with a BEC of 1500 mg% whose 
ethanol elimination followed first order kinetics (an 
absolute percentage eliminated per unit time) down to 
400 mg%.'°? When BECs are high, the initial availability 
of free enzymes plus activation of CYP2E1 contributes to 
a rapid decline in ethanol that is most consistent with a 
first order process. The contribution of CYP2E1 decreases 
at moderate ethanol concentrations where the more 
linear decline reflects saturation of alcohol dehydro- 
genase. Ethanol elimination slows even further at low 
concentrations, a pattern consistent with the final phase 
of first order kinetics. 

Because of ethanol’s complex pharmacokinetics, 
BECs are variable and difficult to predict (see Table 
31-2). Although the absolute dose of ethanol roughly 
correlates with the resulting BEG, it is not associated with 
the time to the peak level.° The metabolism rate 
correlates directly with the degree of drinking done by 
individuals; however, there is much overlap between 
groups. Metabolism rates for nondrinkers are 12 to 
24 mg%/hr and for persons with alcoholism 15 to 
49 mg%/hr. Not all studies have demonstrated differ- 
ences between chronic and intermittent drinkers.'* The 
only way to definitely know an individual’s elimination 
rate is to obtain serial BECs. It is reasonable to assume a 
metabolic rate of 20 mg%/hr for unselected patients in 
an emergency department setting." 


SPECIAL POPULATIONS 


The metabolism of ethanol is not significantly different 
in the elderly. However, age-related increases in adipose 
tissue and decreases in lean body mass result in 
decreased total body water. This results in higher BECs 
than those obtained by younger individuals ingesting 
equal amounts of ethanol.'® Cognitive impairment and 
dementia may also be worsened by chronic ethanol use.!® 
In addition, ethanol interacts with many medications 
commonly used by the elderly, including central nervous 
system (CNS) depressants, analgesics, anticoagulants, 
and antidiabetic agents.'® 

Childhood exposure to ethanol is uncommon, rep- 
resenting less than 1% of contacts with poison control 
centers (PCCs).!7 Reports of pediatric deaths due to 
ethanol alone are rare. In 2002, exposures in children 


aged 6 to 19 years were alcoholic beverages in 93%, 
whereas exposure in those younger than 6 years of age 
were not beverage related in 77%.'7 Unlike many 
pediatric exposures, older children were involved with 
ethanol more than younger ones.!’ Approximately 75% 
of the exposures reported to PCCs involve perfumes, 
colognes, and aftershave lotions; alcoholic beverages and 
mouthwashes make up 15% and 7% of the ingestions, 
respectively. Most emergency department visits and 
hospital admissions result from drinking alcoholic 
beverages rather than nonbeverage items.'” Intentional 
exposure must always be considered and the appropriate 
child protection network initiated if this concern exists. 
While the pharmacokinetics are similar, children less 
than 13 years of age appear to metabolize ethanol faster 
than do adults with alcoholism.* Children have more 
severe effects at lower BECs than do adults, and fatal 
complications have been reported at less than 50 mg%.* 
Children commonly present with marked sleepiness or 
coma and may also have vomiting, ataxia, and seizures.” 
Ethanol-induced hypoglycemia occurs more frequently 
in children than in adults and has occurred with a 
BEC level as low 20 to 30 mg%.* Hypoglycemia is usually 
associated with ingestion of alcoholic beverages but 
does not appear to be dose dependent.* Seizures may 
occur and are often associated with hypoglycemia.* 
The etiology of hypoglycemia in children versus adults 
is not fully understood but may be related to smaller 
glycogen stores.” 

An estimate of the potential BEC can be obtained by 
using the relationship between the volume of distri- 
bution (Vd), specific gravity of ethanol (SG), and volume 
ingested (A): 


BEC (mg/dL) = A (mL) x %EtOH x SG (0.80 g/mL) + Vd 
(0.6 L/kg) x body weight (kg) 


For example, a concerned individual calls because a 
20-kg toddler grabbed a half-ounce (15 mL) shot glass of 
100-proof (50% ethanol) whiskey and drank it. The 
numerator determines the absolute amount of ethanol 
ingested (15 mL x 0.50 x 0.80 g/mL) and is divided by 
the volume in which it is distributed (0.6 L/kg x 20 kg). 
After correcting for the units used, the expected BEC is 
49 mg%. This is a potentially dangerous level in so young 
a child, and immediate evaluation in an emergency 
department would be appropriate. Conversely, the 
formula can be rearranged to determine the amount 
ingested once the BEC has been determined. This 
information may be used to verify the history when 
considering the possibility of a nonaccidental exposure. 

Women attain higher BECs after ingesting equal 
amounts to men. Women generally have a smaller body 
mass but more fat, resulting in decreased total body 
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water and a decreased volume of distribution of 
ethanol.'® Women have decreased gastric ADH activity 
compared with men, also contributing to higher BECs.!° 


DRUG INTERACTIONS 


Ethanol’s complex pharmacology results in many 
potential drug interactions (Table 31-3). Because of 
cross-tolerance between ethanol and barbiturates, 
alcohol-dependent individuals who are abstaining from 
ethanol require relatively larger doses of barbiturates for 
induction of anesthesia.!? Conversely, barbiturate and 
benzodiazepine metabolism is inhibited in actively 
drinking individuals, since ethanol already occupies 
the microsomal CYP oxidizing system. Ethanol-associated 
CNS sedation is additive to that produced by benzo- 
diazepines and other sedative-hypnotics such as chloral 
hydrate, ethchlorvynol, meprobamate, methylqualone, 
and glutethamide.'? Sedation associated with pheno- 
thiazines, antihistamines, and narcotics is also enhanced 
by ethanol.” The use of long-term B-blockers in persons 
with alcoholism may mask sympathomimetic symptoms 
associated with hypoglycemia or early withdrawal.” The 
significance of the interaction between the Ho 
antagonists and ethanol is debated. All H, blockers 
except famotidine inhibit gastric alcohol dehydrogenase 
and have been associated with increased BECs.?! 
Disulfiram (Antabuse) irreversibly inhibits acetalde- 
hyde dehydrogenase. If ethanol is ingested after 
pretreatment with disulfiram, a 5- to 10-fold increase 
in acetaldehyde develops within 15 minutes. Patients 
experience flushing and throbbing pains of the head and 


neck, which are secondary to vasodilation. In addition, 
abdominal cramps, nausea, vomiting, chest pain, weak- 
ness, dizziness, dyspnea, hyperventilation, tachycardia, 
diaphoresis, and hypotension occur." Symptoms last 
30 minutes to several hours. This reaction develops even 
up to 2 weeks after disulfiram exposure.*° Toxicity can 
be precipitated by as few as 7 mL ethanol.** Patients 
using disulfiram should be made aware of the presence 
of ethanol in over-the-counter products to prevent 
unexpected reactions. 

Diethyldithiocarbamate, the major metabolite of 
disulfiram, chelates metals and thus inactivates metal- 
loenzymes including ADH and dopamine fB-hydroxylase 
(DBH). The increased BECs sometimes associated 
with disulfiram therapy have been attributed to ADH 
suppression. The sometimes intractable hypotension 
associated with disulfiram reactions may be secondary 
to DBH inhibition, which causes decreased nerve 
terminal norepinephrine production.** Long-term users 
of disulfiram have an increased incidence of depression, 
which may be secondary to altered dopamine metab- 
olism owing to suppression of central nervous system 
DBH.” Although other medications have been associated 
with disulfiram-like reactions (see Table 31-3), their effects 
are generally inconsistent and mild.’ Management of 
patients with disulfiram reactions is generally supportive. 
However, hypotension secondary to vomiting and vasodi- 
lation can be severe and aggressive volume resuscitation 
may be needed. If vasopressor support is indicated, 
direct Œ agonists such as nor-epinephrine should be 
used, since dopamine’s effect is blocked by disulfiram’s 
inhibition of DBH. Antiemetics should be considered if 
vomiting is present. 





Medications That Interact with Ethanol 


MEDICATIONS 


Acetaminophen 

Anesthetics (chloroform, halothane) 
Barbiturates 

Benzodiazepines 

Isoniazid 

Phenytoin 

Warfarin 


Cimetidine 
Ranitidine 


Barbiturates 
Benzodiazepines 
Chloral hydrate 


Allopurinol 
to ethanol 

Cephalosporins 
dehydrogenase 

Chloramphenicol 

Griseofulvin 

Metronidazole 

Quinacrine 

Sulfonylurea oral hypoglycemics 


T increase; | decrease; ADH, alcohol dehydrogenase. 


MECHANISM OF INTERACTION 


Chronic ethanol use enhances CYP2E1 activity if 
(1) alcoholic is currently abstaining from drinking 
(2) alcoholic is currently drinking alcohol 


Inhibits gastric ADH, increasing ethanol bioavailability 


Synergistic with effects of ethanol 


Synergistic with the T in serum uric acid levels secondary 


Disulfiram-like reaction with inhibition of acetaldehyde 


FINAL EFFECT 


Fulminant hepatic failure 
J in medication levels 
T in medication levels 


T in blood ethanol 
concentration 


T in sedation 
T in respiratory depression 
T in gouty arthritis 


Acetaldehyde syndrome 





The significance of the interaction between aceta- 
minophen and ethanol in persons with chronic 
alcoholism is debated. Both acetaminophen and ethanol 
are metabolized by the CYP isoenzyme CYP2E1. Acetamin- 
ophen metabolism results in a small amount of the 
hepatotoxic metabolite Macetyl-pbenzoquinone imine 
(NAPQI), which is eliminated by conjugation with 
glutathione. Hepatic injury, however, occurs when NAPOI 
production overwhelms the detoxification mechanism. 
Conditions that result in increased NAPQI production or 
in decreased glutathione detoxification can cause hepato- 
toxicity; patients with chronic alcoholism have these 
conditions. Ethanol use induces the CYP2E]1 isoenzyme, 
resulting in increased NAPQI production. Chronic 
ethanol use and starvation decrease glutathione avail- 
ability; further contributing to potential toxicity.*?* One 
retrospective series describes patients with chronic 
alcoholism who have developed hepatotoxicity despite 
having minor overdoses or even after using less than 
4 g/day. Some authors have recommended that 
acetaminophen be used in decreased doses or not at all in 
patients with alcoholism. However, a randomized, 
double-blind, prospective comparison of acetaminophen 
with placebo in 201 chronic alcoholics did not find 
increased transaminases with acetaminophen.*° 


TOXICOLOGY 


Acute Toxicity (Intoxication) 


It is unusual for persons with alcoholism to present for 
acute care with intoxication as their only medical 
problem. In one urban emergency department (ED) 
series, only 26% of patients intoxicated with ethanol had 
intoxication as their sole problem." A different ED series 
found that 50% of 289 patients with positive ethanol 
screens had at least one other drug.” Fifty-three percent 
of 116 consecutive motor vehicle accident admissions 
to an urban trauma service had BECs greater than 
100 mg%.*® 

A toxic dose is considered to be 5 g/kg in an adult 
or 3 g/kg in a child. The ethanol content of popular 
beverages ranges from 3% to 6% in beers to as high as 
90% in some distilled liquors. One ounce of whiskey (80 
proof, or 40%), 12 ounces of beer, or 4 ounces of wine 
are approximately equipotent and will raise the BEC 
25 mg% in the average adult. The majority of states in 
the United States use 0.08% (80 mg%) as the legal limit 
for ethanol. 

Symptoms of intoxication begin with a perception of 
stimulation due to the suppression of central inhibitory 
mechanisms. However, as BEC rises, sedation, incoor- 
dination, ataxia, and impaired psychomotor perfor- 
mance appear.*” Even higher levels can result in coma 
and death. While BECs typically correlate with symp- 
toms in nondrinkers (Table 31-4),°°°* chronic drinkers 
require higher levels to reach similar states of 
intoxication. The degree of intoxication also correlates 
with the rate of rise of the BEC. Slower ethanol ingestion 
results in less intoxication.®® Acute tolerance has been 


CHAPTER 31 Ethanol 593 





Signs and Symptoms of Intoxication and 


Blood Ethanol Concentrations in a Non-Alcohol- 
Dependent Population* 





ETHANOL CONCENTRATION 
(MG%) 


SIGNS AND SYMPTOMS 


<25 Sense of warmth 

Sense of well-being 

Talkativeness 

Mild incoordination 

Euphoria 

Clumsiness 

Decreased judgment and control 

Decreased sensorium 

Worsened coordination, ataxia 

Decreased reflexes/increased 
reaction time 

Emotional lability 

Cerebellar/vestibular dysfunction 
(ataxia, diplopia, slurred 
speech, visual impairment, 
nystagmus) 

Severe emotional lability, 
confusion, stupor 

Nausea, vomiting 

Stupor or coma 

Little response to stimuli 

Incontinence 

Respiratory depression 

Respiratory paralysis 

Loss of protective reflexes 

Hypothermia 

Death 


25-50 


50—100 


100-250 


250-400 


>400 


*Correlation between signs and symptoms and blood ethanol levels 
show wide variability among individuals. 





demonstrated with a single large ingestion of ethanol. 
This manifests as a greater degree of intoxication at any 
BEC when the level is rising compared to when the level 
is falling.°? Visual tracking of objects is decreased as 
much as 25% with a BEC of 80 mg%.** Coma is unusual 
when the BEC is below 200 mg%.*! The lethal level 
for 50% of the non-ethanol-dependent population is 
450 mg%°' although individuals have survived BECs as 
large as 1500 mg%."° 


DIAGNOSIS OF ACUTE INTOXICATION 
The differential diagnosis is vast because it involves 
altered mentation or coma. Conditions that must 
routinely be considered include hypoglycemia, hypoxia, 
intracranial pathology, seizure, encephalopathy, uremia, 
cerebral infection, and shock. Many medications cause 
an alteration in mental status including sedative- 
hypnotics, opioids, antidepressants, and antipsychotics. 
The patient’s history and physical examination should 
guide the selection of ancillary laboratory data. The 
usefulness of routine measurement of the BEC in the 
emergency department is controversial. Its use is 
appropriate in a patient with an altered mental status. 
However, the BEC is less likely to affect management 
decisions in an intoxicated individual who is awake and 
alert. The disposition of intoxicated patients is a clinical 
decision and should not be based on BEC. 
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The BEC may be obtained by using various body 
fluids; however, venous blood and breath samples are 
most commonly used. BECs are not affected by the use 
of ethanol in the skin preparation, despite theoretical 
concerns.” The accuracy of the breath ethanol analyzer 
(BEA) depends on the constant equilibrium of ethanol 
in the blood to alveolar air at a ratio of 2100:1.4 BEA 
results are slightly lower than those from venous blood, 
especially at higher levels of ethanol, and may be 
affected by the patient’s ability to cooperate.°° BEA 
results are also consistently less than venous blood 
estimations in patients with poor pulmonary function, 
including the elderly.*’ Testing within 15 to 20 minutes 
of the last drink or if vomitus is in the mouth may cause 
small false elevations. Conversely, false negatives are 
rare.°° 


MANAGEMENT OF ACUTE INTOXICATION 

Other causes of altered mental status must be assessed 
depending on the clinical situation. Hypoglycemia 
should routinely be considered. The threshold to 
perform a head computed tomographic (CT) scan must 
be low. Because steady improvement occurs when mental 
status is depressed by ethanol, a head CT scan is 
indicated if a patient’s sensorium does not improve 
during a period of observation. 

Fluid administration is indicated, since the intoxi- 
cated patient is frequently volume depleted secondary 
to ethanol-induced diuresis, vomiting, and poor oral 
intake. However, IV fluids do not affect blood ethanol 
clearance.*® Patients with alcoholism should also receive 
multivitamins, thiamine, and folate. The routine 
administration of glucose to sick alcoholic patients is 
rational because of the significant incidence of ketoaci- 
dosis and glycogen deficiency. Studies have not shown 
caffeine, naloxone, fructose,*! or flumazenil* to 
hasten the reversal of intoxication. Gastric emptying is 
ineffective at decreasing BECs due to ethanol’s rapid 
absorption. Charcoal should be considered in patients 
who may have ingested other toxins. 

The timing of the disposition of an intoxicated patient 
is controversial. However, most would agree that patients 
should walk away from an acute care facility only when 
they actually can walk without difficulty and can 
demonstrate clear, appropriate thought processes. ‘These 
points should be documented at the time of disposition. 


Chronic Toxicity 


NEUROPSYCHIATRIC EFFECTS OF CHRONIC 
INTOXICATION 
In addition to the neuropsychiatric effects of acute 
intoxication, chronic ethanol use is associated with 
polyneuropathy, Wernicke’s encephalopathy, Korsakoff’s 
psychosis, cerebellar degeneration, dementia, and 
central pontine myelinolysis. Controversy exists over the 
etiology and management of these disorders and the 
relationship between them. 

The most common chronic neurologic symptom in 
alcoholics is polyneuropathy. The axonal degeneration 
and demyelination likely results from both nutritional 


deficiencies and direct toxic ethanol effects.” Common 
findings include painful dysesthesia, anesthesia, weakness, 
decreased pain and temperature sensation, and decreased 
touch and vibration sense.**** Disease progression is 
gradual, bilateral, and symmetric. The most common site 
of involvement is the distal legs.°*°° If severe, muscle 
atrophy occurs and the deep tendon reflexes are 
decreased. Abstinence may result in slow and incomplete 
recovery.°° 

Wernicke’s encephalopathy (WE) results from a 
deficiency of vitamin B, (thiamine) and is characterized 
by the classic clinical triad of oculomotor abnormalities, 
ataxia, and global confusion. Thiamine is an enzyme 
cofactor in various metabolic pathways. Although WE 
is classically associated with alcoholism, thiamine 
deficiency may also occur in any nutritionally depleted 
state.°*°. Indeed, one autopsy series demonstrated that 
only 18% of cases occurred in persons with alcoholism.* 
Thiamine deficiency occurs in persons with alcoholism 
because of poor diet, reduced absorption and liver 
storage, and decreased conversion to its active form.***° 

Glucose loading in thiamine-depleted individuals has 
been proposed to induce WE.* It is common for authors 
to recommend that thiamine be given prior to glucose in 
patients with altered mental status. The usual reference“ 
cited in support describes four patients. None of these 
developed WE after a single, acute administration of 
glucose; however, all required hours of glucose 
administration. Thus, the specific order of administration 
of thiamine and glucose likely does not matter as long as 
they are given around the same time.” 

Only a small minority of thiamine-deficient patients 
develop WE. A low serum thiamine level has poor 
specificity for the diagnosis. The development of clinical 
disease in so few thiamine-deficient individuals reflects 
either a genetic contribution, unknown affecting 
variables, or underdiagnosis.*° The diagnosis is usually 
established by the combination of clinical symptoms and 
magnetic resonance imaging revealing mammillary body 
shrinkage. On autopsy, findings include mammillary 
body shrinkage and petechial hemorrhages.*?*” 

WE is likely more common than generally perceived, 
since the diagnosis is difficult to establish. Autopsy series 
have demonstrated cerebral and cerebellar neuropatho- 
logic changes specific for WE in 0.8% to 2.8% of the 
general population and in 12% of persons with 
alcoholism. Reviews of premorbid patient symptoms 
from these series found stupor and coma to be the most 
common presentations, while WE was diagnosed in less 
than 20% of the patients.*?*” 

Based on pathologic studies and chart reviews, WE 
presents with the classic triad in only 10% to 33% of 
the patients and up to 20% have none of the three.*?*° 
The onset occurs over several days to many weeks. The 
hallmark of WE is the extraocular movement abnor- 
malities, with horizontal nystagmus noted in 85%, 
bilateral lateral rectus paralysis in 54%, and paresis of 
conjugate gaze in 44%.** The equilibrium loss is 
secondary to vestibular paresis and cerebellar dys- 
function and typically produces ataxia of gait but not 
of the limbs. The global confusional state consists of 


apathy, poor concentration, spatial and temporal 
disorientation, and slow and irrational thinking. Most 
patients have a normal level of consciousness. Impair- 
ment of memory and ability to learn is present in a 
majority but is often difficult to demonstrate because of 
poor concentration skills.°” Other manifestations include 
hypothermia and hypotension secondary to altered 
temperature regulation and decreased sympathetic 
outflow.** Wernicke’s encephalopathy evolves over time, 
with mild, subclinical episodes progressing until the 
clinical triad is apparent. The mortality for treated 
WE is 17% during the initial weeks after diagnosis, most 
of which is related to associated diseases including 
infections and cirrhosis.*® 

WE is partially reversible with the administration of 
thiamine. It should be considered a medical emergency 
because of the associated morbidity and mortality. 
Thiamine absorption from the gastrointestinal tract is 
significantly poorer in thiamine-deficient patients than 
in healthy controls. In addition, ethanol loading decreases 
thiamine absorption by 50%.® It is recommend that 
patients with WE be hospitalized and receive 100 mg 
thiamine intravenously daily for at least 5 days.°*°° 
Ocular abnormalities generally reverse completely within 
hours to days except for a fine horizontal nystagmus on 
lateral gaze that persists in 60%.** Recovery from ataxia 
usually takes more than a month and is complete in only 
33% of patients. Virtually all patients recover from the 
global confusion within 2 months, although most have 
persistent memory difficulties.* 

Abnormal thought processing is common in persons 
with chronic alcoholism. Neuropsychological impair- 
ment is present in 50% to 70% of detoxified persons with 
alcoholism.” Diagnoses that have been applied to these 
patients include both Korsakoff’s psychosis (KP) and 
alcoholic dementia. Much overlap between dementia 
and KP exists and differentiation between the two is not 
clear. KP is classically described as an “abnormal mental 
state in which memory and learning are affected out of 
all proportion to other cognitive functions in an other- 
wise alert and responsive patient.”* It is characterized by 
anterograde (events occurring now) and some retrograde 
(recent events) amnesia. Patients are alert, responsive, 
and can interact well socially but are apathetic and 
unaware of their disability.“* The term psychosis is 
confusing, since patients with KP do not have the gross 
distortion of mental capacity typically associated with a 
psychosis. 

The classic work of Victor reflected that 80% of those 
with WE will have KP evident once the global confusion 
of WE has cleared following thiamine treatment. He 
suggests that the memory impairment associated with 
WE is likely the beginning of KP—all primarily related to 
thiamine deficiency. However, not all patients with KP 
will have had WE. In particular, patients with non- 
alcoholic WE uncommonly develop severe permanent 
memory disorders. This argues against WE and KP being 
the acute and chronic phases of the same thiamine 
deficiency.” KP may have a multifactorial etiology 
including a drinking lifestyle, multiple episodes of 
withdrawal, seizures, and repeated head injury.*” 
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Management of KP includes routine nursing care, 
proper diet, and abstinence from alcohol. The role of 
thiamine is not clear. Complete recovery from KP occurs 
over 1 to 3 months in 20% of afflicted patients, while 
25% do not recover at all.*® 

Alcoholic dementia has been used to describe cases in 
which amnesia occurs in conjunction with global 
intellectual decline.® It likely has multiple etiologies 
including a direct toxic effect of ethanol on the CNS. 
Cerebral atrophy is common. Some feel the dementia is 
a manifestation of KP.” Central pontine myelinolysis is 
also associated with alcoholism. It evolves over days to 
weeks and is associated with hyponatremia.’ The pontine 
corticobulbar white fibers undergo demyelination, 
causing mental confusion, dysarthria, dysphagia, facial 
and neck weakness, dysfunctional tongue movements, 
and gaze palsies.’®53 

Alcoholic cerebellar degeneration affects chronic 
drinkers and is characterized by a gradual onset of ataxia 
that affects the trunk more than the limbs and the legs 
more than the arms.**** The symptoms and cerebellar 
abnormalities are similar to those found in WE, 
suggesting that these diseases may actually be parts of the 
same process.*’ While the gait ataxia is similar to that of 
WE, patients with cerebellar degeneration have more 
limb ataxia and dysarthria and much less nystagmus.’ 
Various causes have been proposed, including thiamine 
deficiency, electrolyte abnormalities, and direct toxicity 
from ethanol.*? The disease stabilizes or improves with 
the cessation of drinking.” 


OTHER EFFECTS OF CHRONIC INTOXICATION 

Ethanol alters many aspects of endocrine function 
including all levels of the hypothalamic-pituitary-adrenal 
axis, gonadal and carbohydrate activity, and mineral 
metabolism. Some of these effects may reverse with 
prolonged abstinence.°*! Ethanol and its metabolites 
directly decrease testosterone production.*' Up to 50% 
of persons with alcoholism and cirrhosis have atrophic 
testes and many have gynecomastia. Women who drink 
moderately have more anovulatory cycles, and amenor- 
rhea occurs more often in those with cirrhosis.°! 

Alcoholism is associated with osteoporosis in both 
men and women. Etiologies include ethanol’s direct 
toxicity to osteoblasts, hypogonadism, decreased calcium 
intake, malabsorption, increased urinary calcium excre- 
tion, minimal exercise, and an altered parathormone 
response to hypocalcemia.”! 

Acute and chronic ethanol ingestion cause stimu- 
lation of the hypothalamic-pituitary-adrenal axis. Elevated 
adrenocorticotropin hormone and cortisol levels in some 
persons with alcoholism suggest Cushing’s syndrome.*!”! 
These individuals have classic clinical stigmata such as 
central obesity and laboratory abnormalities including 
altered dexamethasone suppression tests.°! Gluco- 
corticoid secretion returns to normal within a few weeks 
of abstinence.°! 

Ethanol alters fat and carbohydrate metabolism. 
Hepatic lipogenesis, peripheral fat mobilization, and 
hepatic uptake of circulating lipids are increased 
while hepatic lipoprotein release is decreased. The 
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Pyruvate NADH Acetoacetate 


Lactate NAD+ B-Hydroxybutyrate 


FIGURE 31-3 Some effects of the increased NADH/NAD*? ratio. 


altered NADH/NAD* ratio impedes the function of the 
tricarboxylic acid cycle and slows fatty acid oxidation.” 
These actions cause triglycerides to accumulate in 
hepatocytes (steatosis) and increase serum triglycerides. 
Hypoglycemia results from nutrition-related glycogen 
depletion and decreased gluconeogenic activity resulting 
from the altered redox ratio.!?°!°? 

Malnutrition leads to vitamin deficiency disorders 
such as pellagra, stomatitis, and scurvy. Thiamine 
deficiency is particularly common because its total body 
supply can be depleted within 33 days. Electrolyte 
disorders include hypokalemia, hypophosphatemia, and 
hypomagnesemia. Hypokalemia is also caused by 
gastrointestinal losses and urinary excretion due to 
altered mineralocorticoid activity.°*°? Acid—base ab- 
normalities occur in persons with alcoholism; however, 
ethanol itself does not cause an acidosis. The anion-gap 
acidosis sometimes seen in alcoholic patients results 
from a combination of keto acids and lactic acid. The 
increased NADH /NAD* ratio favors lactate over pyruvate 
production (Fig. 31-3).°*°* Metabolic alkalosis secondary 
to vomiting and volume contraction may occur.°” 

Alcoholic ketoacidosis (AKA) typically begins with 
abdominal pain (from gastric irritation, pancreatitis, 
hepatitis, etc.) and vomiting. Volume depletion occurs, 
and ethanol ingestion decreases as the patient becomes 
more ill. Gomorbid conditions often cloud the typical 
clinical characteristics (Table 31-5). The stress-related 
catecholamine increase and resurgent gluconeogenesis 
(since the patient has stopped drinking) result in normal 
to mildly elevated serum glucose levels. Ketoacidosis 
results from acetyl CoA shunting to ketone production, 
increased lipolysis and free fatty acid (FFA) release, 
decreased peripheral tissue uptake and metabolism of 
ketones, and decreased urinary elimination of ketones 
(Fig. 31-4).°* The primary keto acids are B-hydroxy- 
butyrate and acetoacetate. In AKA, the increased 
NADH/NAD* ratio favors B-hydroxybutyrate production 
(see Fig. 31-3). 

The treatment of AKA includes volume resuscitation, 
thiamine and glucose supplementation, and manage- 
ment of associated disorders. Glucose administration 
causes endogenous insulin release, which suppresses 
FFA release and ketogenesis. Treatment of AKA results in 
a decreased NADH/NAD* ratio, which decreases the B- 
hydroxybutyrate-to-acetoacetate ratio. Because the nitro- 
prusside test for ketones measures only acetoacetate, this 
is paradoxically reflected by an increasingly positive 
nitroprusside test for ketones. Most urine dipsticks and 
in-laboratory tests for ketones are still based on 
nitroprusside color changes. 

Acute ethanol ingestion causes dose-dependent 
suppression of pituitary antidiuretic hormone, resulting 
in its familiar diuretic effect. This causes free water loss 


Alcoholic Ketoacidosis Presentation 


Summary 





SOURCE OF DATA FINDINGS 


Alcoholism 

Cessation or decrease of ethanol intake 
over prior 24—72 hours 

Fasted state 

Abdominal pain 

Vomiting 

Consciousness 

Status consistent with volume depletion 

Tachycardia 

Tachypnea 

Anion-gap metabolic acidosis 

pH may be acidemic, normal, or alkalemic 
Acidemia secondary to ketoacidosis 
Alkalosis secondary to tachypnea and 

vomiting 

Hypokalemia 

Hypophosphatemia 

Glucose level mildly elevated, normal, 
or low 

Serum and urinary ketones increased 
(elevation may be underestimated 
with the nitroprusside test because this 
test only measures acetoacetate, 
whereas $-hydroxybutyrate is the 
primary ketoacid) 


History taking 


Physical 
examination 


Laboratory 





without significant urinary electrolyte loss.°> The effect 
of chronic ethanol intake on total body water is 
debatable. Ethanol-induced diuresis and periodic 
abdominal upset and vomiting may lead to dehydration 
in persons with chronic alcoholism. However, chronic 
ethanol use may cause a lowering of the pituitary osmole 
receptor set-point that increases antidiuretic hormone 
secretion, resulting in eventual volume overload.” Fluid 
supplementation of the patient with chronic alcoholism 
should be based on the clinical evaluation. 

Cardiac abnormalities associated with ethanol use 
include alcoholic cardiomyopathy with congestive heart 
failure, dysrhythmias, hypertension, and coronary artery 
disease. The term alcoholic heart disease is replacing the 
term alcoholic cardiomyopathy, since cardiomyopathy 
technically is the primary disease of the cardiac muscle of 
unknown etiology. Alcoholic heart disease is affected by 
genetic predisposition and the amount and length of 
ethanol abuse.” Once alcoholic heart disease is present, 
the prognosis is poor unless patients abstain from further 
ethanol intake.” The postulated pathophysiology 
includes changes in the sarcolemma, the Na*/K’-activated 
ATPase pump, calcium homeostasis, and contractile 
proteins.” Changes in cardiac structure and function 
include four chamber dilatation, reduced left ventricular 
compliance and ejection fraction, mild endocardial and 
valve-leaflet scarring, and mural thrombi.” 

Chronic, heavy ethanol use increases both systolic and 
diastolic blood pressures.*?°® Conversely, acute ethanol 
ingestion causes decreased blood pressure that may be 
due to a combination of decreased vascular resistance 
and cardiac function.°” 







Increased: 
Catecholamines 
Glucagon 
Glucocorticoids 


Lipolysis 


Free fatty acid release 


Ethanol Acetyl CoA 


Tricarboxylic 
acid cycle 


Decreased insulin 
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Vomiting and 
ethanol blockage 


Decreased KB of ADH secretion 


metabolism by 
peripheral tissues 


Volume depletion 


Decreased ketone 
Serum ketones Pacey 
elimination 


Decreased 


food intake 





FIGURE 31-4 Factors causing ketonemia in alcoholic ketoacidosis. ADH, antiduretic hormone. *The tricarboxylic acid cycle is 
significantly slowed because intermediates are used for gluconeogenesis. 


The effect of ethanol on coronary atherosclerotic 
disease (CAD) and on stroke is biphasic. Regular light- 
to-moderate alcohol intake appears to provide protec- 
tion against both CAD and ischemic stroke. This 
protective effect may be related to an increase in 
high-density lipoprotein and to a decrease in low-density 
lipoprotein, platelet aggregation, and fibrinolytic 
activity.°°°? Low doses of ethanol increase nitric oxide 
release, augmenting vasodilation. Conversely, heavy 
consumption increases the risk of CAD and both 
hemorrhagic and ischemic stroke.°®°? Excessive alcohol 
use increases atherosclerotic disease by increasing 
blood pressure, triglycerides, and insulin resistance and 
by altering coagulation.°®”9 

Ethanol is associated with atrial and ventricular 
dysrhythmias. Ettinger and others described the “holiday 
heart syndrome” in persons with alcoholism without 
overt alcoholic heart disease who developed dysrhyth- 
mias. Atrial fibrillation and flutter are the most common 
signs; they clear with abstinence.” This relationship was 
supported by a review that found ethanol caused or 
contributed to 63% of admissions for atrial fibrillation. 
Eighty-nine percent of the ethanol-related cases 
converted to sinus rhythm within 24 hours of admission 
in contrast to only 42% of those with atrial fibrillation 
secondary to other etiologies.°! 

The effects of ethanol on the gastrointestinal tract 
include esophagitis, gastritis, peptic ulcer disease, malab- 
sorption, gastrointestinal bleeding secondary to 
numerous causes, and liver and pancreatic diseases. 
Ethanol-associated liver disorders include fatty 
infiltration, alcoholic hepatitis, and fibrosis (cirrhosis). 
Fatty infiltration of the liver can start within days of the 
onset of heavy drinking. It is due primarily to triglyceride 
deposition, but dietary fat intake also contributes."® 
Inflammation resulting from alcoholic hepatitis hastens 
the deposition of collagen. Inflammation associated with 
fatty infiltration results in the deposition of collagen, the 
primary protein of fibrous tissues, into liver lipocytes. 
The lipocytes eventually transform into collagen- 


producing cells. Cirrhosis develops when collagen 
production outpaces its degradation.'® 

Ethanol’s induction of the CYP system increases the 
conversion of xenobiotic compounds such as anesthetics 
and industrial solvents to toxic metabolites. The system 
also activates carcinogens that may contribute to the 
increased incidence of upper alimentary and respiratory 
tract cancers in persons with alcoholism. Acetaldehyde 
accumulation is associated with impaired hepatic oxygen 
utilization, increased free radical production, lipid 
peroxidation, and fibrinogenesis.'* 

Ethanol abuse suppresses hematopoietic elements of 
the bone marrow through malnutrition-related vitamin 
deficiency and direct ethanol toxicity. Ethanol causes 
decreased bone marrow cellularity, vacuolization of 
marrow precursor cells, and a macrocytosis independent 
of folate deficiency. Chronic ethanol abuse causes 
thrombocytopenia that resolves with abstinence; 
however, its effect on platelet function is not clear. 
Ethanol also causes many types of anemia including iron 
and folate deficiency, hemolytic, and sideroblastic. 
Classic folate-dependent megaloblastic anemia occurs in 
4% of ambulatory persons with alcoholism and generally 
affects those who imbibe hard liquor, since beer is 
actually a good folate source.” Folate deficiency in 
persons with alcoholism is secondary to poor diet, 
malabsorption, disruption of the enterohepatic circu- 
lation, and a direct antifolate effect of ethanol. 

Infection in alcoholics is associated with increased 
morbidity. Immunosuppression occurs with acute and 
chronic ethanol abuse. Acute ingestion causes decreased 
neutrophil delivery to infection sites and decreased 
adherence, whereas chronic abuse results in marrow 
suppression, decreased chemotaxis, and neutropenia. 
Neutrophil bactericidal and phagocyte activity are not 
affected by ethanol." Abstinence results in the reversal 
of leukopenia within a few days.°* Ethanol is also asso- 
ciated with decreased pulmonary macrophage mobiliza- 
tion, bactericidal activity, and reticuloendothelial system 
clearance.” 


598 CENTRAL NERVOUS SYSTEM 





Addiction, Tolerance, Dependency, and 
Withdrawal in Chronic Intoxication 


Various terms are associated with inappropriate use of 
addicting agents. The American Psychiatric Association 
uses the term substance dependence instead of drug 
addiction.*” Substance dependence is a collection of 
physiologic, behavioral, and cognitive symptoms indicating 
that a person is continuing to use an agent despite 
having significant agent-related problems.*? Tolerance 
and physical dependence reflect physiologic adaptation 
at a cellular level. Larger and larger doses of an agent are 
required to obtain the same effect and use of the agent 
is necessary to maintain the desired psychological effect 
or prevent symptoms of withdrawal. A withdrawal 
syndrome occurs in physically dependent individuals 
who reduce or cease their ethanol intake.*’ Physical 
dependence is not required for the diagnosis of 
substance dependence. Addictive drugs provide a 
“reward” by acting as positive reinforcers (producing 
euphoria) or as negative reinforcers (alleviating 
symptoms of withdrawal or dysphoria). The brain 
system involved in the reward mechanism becomes 
hypersensitized to both the direct effects of the drug and 
associated environmental stimuli (cues) that are not 
directly attributable to the drug. The hypersensitization 
results in pathologic wanting, or craving, independent of 
symptoms of withdrawal. Substance abuse incorporates 
recurrent and significant adverse effects related to the 
use of an agent including the use of the agent in 
dangerous situations, failure to fulfill major role 
obligations, legal problems, and continued use despite 
all the attendant problems.*9 

The pathophysiology of addiction is complex but 
interestingly is shared by different addicting agents. The 
center is the mesocorticolimbic dopamine systems 
that originate in the ventral tegmental area (VTA). 
Projections from the VTA go to limbic structures such as 
the nucleus accumbens, amygdala, and hippocampus 
and to the prefrontal cortex and anterior cingulate. 
These circuits affect reinforcement, memory, craving, 
and the emotional and motivational changes of the 
withdrawal syndrome. Addictive drugs provide a 
“reward” by stimulating release of dopamine from the 
VTA into the nucleus accumbens, causing euphoria and 
reinforcement of the behavior. Ethanol increases 
dopamine by activating the inhibitory neurotransmitter 
y-aminobutyric acid (GABA) receptors or by inhibiting 
the stimulatory -methyl-b-aspartate (NMDA) receptors. 
Chronic ethanol use enhances the function of NMDA 
receptors by modifying the subunits.*? Opioid and 
serotonin receptors have a role in the reinforcing effects 
of ethanol.*? Interestingly, during withdrawal, there is a 
decrease in dopamine levels in the nucleus accumbens. 

The severity of withdrawal syndrome is related to 
three major factors: the degree of drug exposure, 
duration of exposure, and (of less clarity) the history of 
previous withdrawal episodes. Persons with alcoholism 
with a longer history of recurrent withdrawal experience 
more severe withdrawal. This phenomenon has been 
referred to as “kindling.” “Reinstatement” is another 


clinical entity that refers to the ever-shortening drinking 
bouts required before cycles of withdrawal. This 
sensitization is likely related to hypofunction of the 
GABA receptors and enhanced function of the NMDA 
receptors.™ 


PATHOPHYSIOLOGY OF INTOXICATION AND 
WITHDRAWAL 

The complex cellular mechanisms of ethanol intoxi- 
cation, tolerance, dependence, and withdrawal are not 
completely clear. Ethanol is a relatively weak sedative. 
Much greater concentrations of ethanol are required to 
induce an effect than are required of agents such as 
benzodiazepines or barbiturates. This likely reflects the 
absence of specific receptors for ethanol.” Ethanol alters 
membrane fluidity, the function of membrane structures 
involved in signal transduction, binding of neurotrans- 
mitters, and regulation of gene expression.**”° Selective 
sites of toxicity include the receptor complex of GABA, 
the areas regulating excitatory amino acids, calcium 
channels, the central adrenergic system, dopamine and 
adenosine receptors, and the hypothalamic-pituitary- 
adrenal axis.°**° 

GABA receptors are part of a large membrane protein 
complex that includes a GABA-activated chloride channel 
and closely linked benzodiazepine receptors whose 
effect is mediated by the same chloride channels.**°? 
Ethanol causes neuronal inhibition by a direct effect on 
the chloride channel and indirectly by potentiating 
GABA.** The physical proximity of these receptors may 
explain the cross-tolerance that occurs between ethanol 
and the benzodiazepines. Chronic ethanol use decreases 
the magnitude of GABA complex—mediated neuro- 
inhibition, an effect that probably contributes to the 
development of tolerance.** Decreased GABA-activated 
chloride channel flux during abstinence contributes 
to the CNS hyperexcitability of ethanol withdrawal.** 
The sedating effect of benzodiazepines on patients 
with symptoms of ethanol withdrawal is likely due to 
activation of these same channels. 

Calcium channels and their receptors also contribute 
to the cellular mechanisms of tolerance and withdrawal. 
A few days of ethanol use causes an increase in both 
calcium channel flux and binding site availability that 
persists for several hours after drinking has ceased. 
Calcium channel blockers decrease tremors, seizures, 
and death in ethanol-dependent rodents deprived of 
ethanol. Calcium channel blockers attenuate some of the 
sympathetic symptoms of withdrawal in humans; how- 
ever, they do not prevent seizures or delirium tremens.*° 

Ethanol affects the activity of excitatory amino acids, 
particularly NMDA, in certain areas of the brain.°*° 
Ethanol decreases NMDA-receptor-associated calcium 
channel flux and changes the cell’s response to its 
activation. Of particular interest is ethanol’s inhibition of 
NMDA receptors in the hippocampus, an area involved 
in learning and memory. This is a proposed mechanism 
of cognitive defects and “blackouts” associated with 
ethanol use.***? 

Adrenergic activity affects withdrawal symptoms. The 
excitatory neurotransmitter norepinephrine (NE) is 


released by presynaptic vesicles. It interacts with various 
receptors and is then resequestered into the presynaptic 
terminal. Within the hypothalamus, intersynaptic NE 
is taken up by extraneuronal cells (possibly astrocytes) 
and converted to epinephrine, which is then released 
back into the synapse. Phenylethanolamine-N- 
methyltransferase (PNMT) catalyzes this extraneuronal 
conversion of NE to epinephrine. Epinephrine activates 
presynaptic OQ, receptors, which inhibit NE release. 
Ethanol increases PNMT activity, leading to central 
adrenergic inhibition. Chronic ethanol ingestion leads 
to compensatory down-regulation of presynaptic Qs, 
receptors. Ethanol withdrawal is associated with 
decreased PNMT activity that results in less epinephrine 
being available to stimulate the previously down- 
regulated Q receptors. Since the Oo receptors provide 
negative feedback to the presynaptic neurons, the 
resulting loss of negative inhibition yields increased 
sympathomimetic activity. This pathophysiologic 
process explains the effect of the central Qo agonist 
clonidine in decreasing the sympathomimetic activity 
associated with withdrawal. The stimulatory central 
adrenergic B receptors also appear to contribute to the 
withdrawal syndrome. Ethanol causes uncoupling 
between the B receptor proteins and their second 
messengers, which prevents the receptor down- 
regulation that typically occurs during sympathetic 
states. Increased adrenergic activity during withdrawal 
results in hyperstimulation of these receptors.°° This 
mechanism may explain the effects of atenolol in 
management of the withdrawal syndrome. Excess 
dopaminergic states are associated with psychosis, 
hallucinosis, cravings, and the mechanisms of reward 
and reinforcement.’ However, the roles of serotonin 
and dopamine in ethanol intoxication and withdrawal 
are not clearly defined.*° 

Adenosine is also associated with physical dependence 
and tolerance.’ While not a neurotransmitter itself, it 
modulates the effects of neurotransmitters. Acute ethanol 
ingestion inhibits intracellular transport of adenosine, 
leading to increased stimulation of extracellular 
membrane adenosine Oo receptors. This stimulation of 
the Oy receptors causes increased G protein—mediated 
adenylcyclase activity and increased intracellular 
adenosine 3’,5’-cyclic phosphate (cyclic AMP). Chronic 
ethanol intake eventually causes an adaptive decrease in 
cyclic AMP production. Adapted cells require ethanol to 
maintain adequate cAMP production. The adenosine 
nucleoside transporter also loses its sensitivity to ethanol 
inhibition with chronic ethanol use. Protein kinase A 
activity, which requires cyclic AMP, is responsible for the 
decreased adenosine nucleoside transporter uptake. The 
decrease in available cyclic AMP associated with chronic 
ethanol ingestion eventually results in increased 
adenosine transporter activity. These membrane changes 
reflect “tolerance” at the cellular level.*° 


WITHDRAWAL SYNDROMES 

Into the 1950s, the cause of the clinical syndrome that we 
now refer to as “withdrawal” was hotly debated. It was 
unclear whether the syndrome was due to cessation of 
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drinking, a direct toxic effect of ethanol, or nutritional 
deficiencies. Isbell and others settled the debate in 
1953.67 In their study, ethanol was given daily to 10 
healthy, former opiate addicts in controlled conditions 
that provided adequate diets and vitamins but prevented 
the introduction of other agents. Upon cessation of 
drinking, four subjects who drank for up to 34 days all 
developed tremor, perspiration, gastrointestinal distress, 
and anorexia lasting | to 3 days. Three of these four 
drank for no more than 16 days, reflecting the little time 
needed to develop physical dependence. The six subjects 
who drank between 48 and 87 days developed vomiting, 
diarrhea, insomnia, hyperreflexia, and fever in addition 
to the above symptoms. Five also had hallucinations, two 
had seizures, and three developed delirium tremens.’ 
Ethanol withdrawal developed even if the study 
participants did not become intoxicated as long as the 
amount of ethanol ingested remained large over time.” 

Symptoms of ethanol withdrawal range from mild 
anxiety and tremors to seizures, delirium tremens (D's), 
and death. Symptoms start 6 to 8 hours after a significant 
drop in ethanol level. Sympathetic symptoms include 
tremors, tachycardia, hypertension, irritability, and/or 
hyperreflexia. Neuropsychiatric symptoms include anxiety, 
agitation, hyperalertness, easy startling, insomnia, craving 
for rest, self-preoccupation, inattention, and mild 
disorientation to time with no gross confusion.?°°” The 
absence of significant disorientation, confusion, and 
autonomic instability differentiates minor withdrawal 
from the more serious DTs. Tremors may be minimally 
noticeable (shaky inside) but worsen with activity or 
agitation and can become so coarse that the patient 
many not be able to talk, walk, or eat.°° Symptoms often 
peak and begin to resolve within 24 hours but can last 
days to more than a week. Without treatment, the 
hyperalertness, shakiness, and insomnia can last as long 
as 10 to 14 days.” A mild symptom complex occurs in 
70% to 80%, while 15% to 20% become moderately ill if 
treatment is not provided.” 

Hallucinations can occur in up to 25% of patients. 
Three quarters begin within 48 hours, but they may not 
occur until 6 to 8 days after the cessation of drinking.*” 
Pure visual hallucinations are five times more frequent 
than auditory.” They may also rarely be tactile or 
olfactory. Other disorders of perception such as illusions 
are transient and rarely last longer than 3 days.°° 

An unusual manifestation of ethanol withdrawal is 
“acute auditory hallucinosis,” which occurred in 2% of 
patients in one series.°? The patients did not have 
significant autonomic hyperactivity. The auditory 
hallucinations affected only chronic alcoholics, were 
usually threatening in nature, and lasted a few days to 
2 weeks. Patients were oriented and appropriate during 
the hallucinatory events. Upon recovery, patients 
realized that the voices were imaginary but could vividly 
recall the events.°° 

Alcoholic withdrawal seizures, or “rum fits,” are gener- 
alized and tonic-clonic. Unlike idiopathic seizures, this is 
an adult-onset disease, with 94% beginning after the age 
of 30 years.’ Electroencephalograms (EEGs) of patients 
with ethanol withdrawal seizures demonstrate diffuse 
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slowing that normalizes after the seizures have ceased. 
This is different from idiopathic seizure in patients 
whose baseline EEGs are abnormal.?”®? The frequency of 
withdrawal seizures in patients with concomitant 
idiopathic epilepsy is increased relative to those without 
epilepsy.” Three to 12 percent of untreated withdrawal 
patients have seizures, with 50% occurring 13 to 24 hours 
after cessation of drinking and 90% within 48 hours.°%°9 
Seizures occurring within 12 hours of the cessation of 
drinking often have other contributing factors including 
prior ethanol tapering or head trauma.*” Fifty-four 
percent of patients with alcohol withdrawal seizures have 
more than one seizure, all occurring within a few hours 
of each other.*”” One third of patients who have seizures 
eventually develop DTs if not treated,*”” while one third 
of those who have D's will have had a seizure during the 
current withdrawal.” Seizures are unusual after the 
onset of DTs. Patients who have both withdrawal seizures 
and D's typically have the seizures first. Delirium 
tremens begins during the postictal period in 25%, and 
most episodes begin within 3 days of the seizure.” 

While ethanol withdrawal can cause seizures, it is 
proposed that ethanol itself causes seizures. One 
retrospective series of 308 inner-city patients with new- 
onset seizures found that only 30% of the alcoholic 
patients had reduced or stopped their drinking during 
the 2 weeks prior to their seizures.’! It has been noted” 
that even patients in the older, classic series’®®? had 
seizures outside the typical time frames or while still 
ingesting ethanol. It has been suggested that seizures in 
the setting of ethanol use should simply be referred to as 
“ethanol-related seizures.””! 

Delirium tremens is an infrequent but potentially fatal 
syndrome. It can occur in individuals who have drunk 
steadily for as few as 48 days®’ and develops in 
approximately 5% of patients with untreated ethanol 
withdrawal.*°.? It typically begins 3 to 5 days after ethanol 
intake has decreased but can start within 24 hours or as 
late as 14 days.” Delirium tremens is marked by severe 
autonomic hyperactivity (hypertension, tachycardia, 
fever, tremors, diaphoresis, dilated pupils) and significant 
disorientation. Patients may demonstrate brief moments 
of insight and reality if their attention can be obtained. 
While 83% recover within 3 days, 10% can have relapses, 
with the entire process lasting up to a month.” Patients 
are typically amnestic for events during the delirium.*? 

Prior to the 1950s, the mortality associated with DTs 
was as high as 50% but averaged 20% to 25%.” A 1950s 
series had a 15% mortality.” Mortality today is often 
quoted to be 5% to 15% in treated patients." However, 
mortality has not been well studied since the 
benzodiazepines have become the mainstay of therapy. 
Mortality likely is relatively low in patients with DTs who 
have received adequate doses of benzodiazepines and 
appropriate nursing care. Death during DTs is usually 
related to patients’ underlying medical conditions 
including pancreatitis, subarachnoid hemorrhage, 
gastrointestinal hemorrhage, infection, dehydration, 
seizure disorders, severe electrolyte abnormalities, cardiac 
rhythm disturbances, and liver disease.” Hyperthermia 
or seizures in patients with DTs are particularly 


associated with a poor outcome. In one series, seizures 
occurred in 31% of those who died versus 13% of 
survivors. Even more significant was that 51% of those 
with temperatures greater than 104° F died, compared 
with 8% of survivors.” 


Management of Withdrawal Syndrome 

The treatment goals for individuals with the withdrawal 
syndrome are to prevent the progression of withdrawal 
to seizures or DTs, allay symptoms, treat underlying dis- 
orders, and prepare patients for long-term rehabilitation. 
Both pharmacologic and nonpharmacologic approaches 
have been used. Benzodiazepines are the mainstay of 
pharmacologic therapy. Nonpharmacologic approaches 
include reassurance, reality orientation, frequent 
monitoring of signs and symptoms, and general nursing 
care.”4 Nonpharmacologic therapy has been effective, 
but it has only been used on patients with mild with- 
drawal symptoms and without seizures or concomitant 
medical problems.+”° 

Patients in withdrawal should receive supplementary 
multivitamins, thiamine, glucose, and folate. Multi- 
vitamins are included because of malnutrition resulting 
from the “empty” ethanol calories. Thiamine is given by 
the oral, intramuscular, or intravenous routes. The safety 
of IV thiamine was demonstrated in a prospective series 
of 989 patients. Eleven had local irritation and only one 
developed mild generalized pruritis.” Dextrose is given 
because hypoglycemia is common owing to poor oral 
intake, glycogen depletion, and decreased carbohydrate 
production. Potassium, phosphate, and magnesium 
supplementation may also be beneficial, but there are no 
data to support this. 

Patients with severe symptoms, altered mental status, 
or significant comorbid conditions should be hospi- 
talized. Hayashida and others demonstrated that out- 
patient management was effective, safe, and less costly in 
a population with mild to moderate symptoms, no 
comorbid disease, and accessibility to daily follow-up.” 
Social issues including homelessness and social support 
must also be considered when making management 
decisions. 

Benzodiazepines (BDZs) are cross-tolerant with ethanol 
and are the drugs of choice because of their sedative, 
anxiolytic, and anticonvulsive properties.’* Their efficacy 
was established initially in two classic papers. Sereny and 
Kalant performed a five-armed, randomized, double- 
blind comparison of two doses of chlordiazepoxide, two 
doses of promazine, and placebo. Chlordiazepoxide 
improved study parameters more consistently than did 
promazine, and the latter was also associated with an 
increased progression to DTs.”? Kaim and others com- 
pared chlordiazepoxide, chlorpromazine, hydroxyzine, 
thiamine, and placebo for the treatment of withdrawal. 
Chlordiazepoxide was clearly the best at preventing 
progression of withdrawal.® BDZs should be started at 
the onset of withdrawal symptoms, regardless of the 
blood ethanol concentration. Problems associated with 
the use of BDZs include excessive sedation and minor 
cardiovascular and respiratory depression.*! However, 
their safety profile is excellent. 


No trials exist that compare oral to parenteral BDZs in 
patients with severe withdrawal, seizures, or DTs. 
However, most use intravenous BDZs because they can 
be better titrated to effect. Intramuscular administration 
of lorazepam is appropriate if intravenous access cannot 
initially be obtained. 

The optimal choice of BDZ for the treatment of 
withdrawal is debated, especially with regard to the 
desirability of drug characteristics such as half-life, lipid 
solubility, the mechanism of metabolism and the 
presence of active metabolites, and abuse potential. An 
extensive meta-analysis found all BDZs to be equally 
effective in reducing signs and symptoms of withdrawal.*! 
However, the longer acting agents, with their active 
metabolites, may be more effective at preventing seizures 
during a fixed-dose taper owing to smoother withdrawal 
with fewer rebound symptoms.**! The potential for abuse 
is another consideration in BDZ choice. Faster acting 
agents such as lorazepam, diazepam, and alprazolam 
have a higher abuse potential than agents with a slower 
onset of action such as oxazepam or chlordiazepoxide.** 
Oversedation is a concern, particularly with oral dosing. 
Agents with long half-lives or active metabolites may 
accumulate and cause extended periods of sedation.’**! 
Interestingly, while oversedation is a concern, this author 
could not find any cases that reflected this has ever had 
any clinical significance in the alcohol withdrawal 
setting. Indeed, as noted above, the long-acting agents 
likely provide a “smoother” withdrawal with fewer 
symptom flares. This concept was supported by a 
comparison of diazepam and lorazepam that found the 
latter agent to be associated with significantly more 
anxiety, depression, and poorer performance on cognitive 
testing.® Severe liver dysfunction slows the metabolism 
of BDZs eliminated by oxidation (diazepam, chlor- 
diazepoxide) more than those eliminated by glu- 
curonidation alone (lorazepam oxazepam).’>** It is 
possible that the metabolism of long-acting agents is 
decreased in the presence of cirrhosis, chronic active 
hepatitis, and old age, and half-lives are increased by 
concomitant administration of disulfiram, cimetidine, or 
ethanol.®*° Such patients may become oversedated, 
especially with oral regimens, if dosing is not adjusted 
appropriately.’®°°+°° The significance of lipophilicity is 
unclear. More lipophilic agents (midazolam > diazepam 
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> lorazepam) penetrate the CNS faster (of unclear clinical 
significance) but also undergo faster redistribution back 
out of the CNS (shortening the duration of a single 
injection).’® Chlordiazepoxide continues to be one of 
the most commonly used agents for a fixed-dose taper. It 
was the first to enter the market (1960); is inexpensive; 
has long-acting metabolites that accumulate with 
multiple doses, enabling a smooth taper; and has a 
relatively low abuse potential. Comparisons among BDZs 
are shown in Table 31-6. 

Few conclusions can be drawn from large reviews or 
meta-analyses. Three meta-analyses have reached similar 
conclusions: that BDZs are the agents of choice and the 
data are not clear as to the optimal BDZ.8!-8788 Bird and 
Makela conducted a literature review to determine 
whether lorazepam should be the agent of choice over 
the long-acting agents and concluded that no experi- 
mental evidence documented the clinical superiority of 
lorazepam.” 

Three treatment protocols with BDZs have been used. 
The most commonly used BDZ dosing method in the 
United States is a fixed-dose, 3- to 5-day taper of 
chlordiazepoxide.* A slower taper should be considered 
for the BDZs that only undergo glucuronidation— 
lorazepam and oxazepam.®*! Tapering should be done by 
decreasing the dose and not by increasing the interval 
between doses.*! 

Another approach is the “loading dose technique,” 
which takes advantage of the sustained action of the long- 
acting agents. A high dose of a long-acting agent is given 
every l to 2 hours until the withdrawal symptoms clear or 
sedation occurs.”?*! For example, diazepam 20 mg orally 
has been used for each dose. Patients averaged four doses 
over 12 hours and then received no further medications. 
The long half-lives of diazepam’s active metabolites 
facilitate this approach, since therapeutic levels persist 
beyond 72 hours.™® A pharmacokinetic study of the 
diazepam loading dose technique revealed that some 
patients did not reach maximum concentration until 90 
minutes, reflecting that the dosing intervals should be at 
least 90 minutes long.”* 

The third protocol is symptom-triggered therapy, in 
which patients receive medication only when symptoms 
exceed a threshold of severity, enabling individualized 
tapering regimens.® This approach uses an assessment 


Comparison of Benzodiazepines Used for the Treatment of Withdrawal 





CHARACTERISTIC CHLORDIAZEPOXIDE DIAZEPAM LORAZEPAM OXAZEPAM 

Routes IV, IM*, PO IV, IM*, PO IV, IM, PO PO 

Initial dosing regimen 15-50 mg tid/qid 5-20 mg tid/qid 1-2 mg bid/qid 15-30 mg tid/qid 

Liver metabolism Oxidation Oxidation Glucuronidation Glucuronidation 

Active metabolites Yes Yes No No 

Half-life (hr) (Long) (Long) (Intermediate) (Intermediate) 
Range: 6-30 Range: 20-70 Range: 5-25 Range: 5-20 
Average: 10 Average: 33 Average: 15 Average: 8 


IM, intramuscular; IV, intravenous; PO, oral; tab, tablet. 


*IM absorption is erratic, and thus this route of delivery should be avoided if possible. Inject in the deltoid muscle if administration must be IM. 
tChlordiazepoxide’s and diazepam’s active metabolites have half-lives from 25 to 100 hr. 
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scale to establish severity. The most extensively studied 
scales are the Clinical Institute Withdrawal Assessment- 
Alcohol (CIWA-A) and the revised, shortened version of 
the same. The scales are reliable, reproducible, and 
valid. High scores predict increased likelihood of seizures 
or delirium.**! Symptom-triggered therapy decreases the 
total dose of BDZ and the duration of treatment.°?*!*9 
Unfortunately, studies of symptom-triggered therapy 
have been only in patients with mild to moderate 
withdrawal.®!:8°.89.9 Concerns over the approach include 
inducing drug-seeking behavior, undertreating patients, 
and causing “kindling” sensitization because too little 
treatment has been given.”° 

For patients with severe withdrawal, very large doses of 
BDZs may be required. Reported doses include 2640 mg 
of diazepam over 48 hours*t and 3600 mg of lorazepam 
over 3 days.” A common mistake in the management of 
patients with severe withdrawal is to not be aggressive 
enough with the use of BDZs. Use of the “usual” doses 
may be very inadequate. 

Other sedative-hypnotic medications have been 
assessed. Barbiturates have been used extensively; 
however, there are few data to support them. They have 
a narrow safety margin, have abuse potential, and are 
very sedating. Barbital, a long-acting oral barbiturate, 
decreases symptoms comparably to BDZs.*! Phenobarbital 
is supported by various uncontrolled trials. It has less 
abuse potential than other barbiturates, can be admin- 
istered by multiple routes, and is inexpensive.” However, 
it has a greater risk of respiratory depression and a lower 
safety profile than BDZs.**! y-Hydroxybutyrate (GHB) 
compared favorably with diazepam in a prospective 
series of 60 patients with mild to moderate withdrawal.” 
Propofol is reported to decrease the symptoms of DTs in 
patients who were refractory to benzodiazepines.”** A 
problem with these and other sedatives is that they have 
not clearly been shown to decrease the progression of 
withdrawal. 

Anticonvulsant medications have long been used for 
ethanol withdrawal, with a main action of cross-tolerance 
with ethanol at the GABA, receptors.*”° Various open- 
label trials and anecdotal reports indicate that valproic 
acid is effective at reducing symptoms.” Gabapentin 
relieved withdrawal symptoms in a four-patient series.” 
Carbamazepine is the best studied of these agents. It is 
superior to placebo and at least equal to oxazepam, 
lorazepam, and barbital for the suppression of mild to 
moderate alcohol withdrawal. Compared with lorazepam, 
it is associated with fewer protracted symptoms, less 
relapse during a 3-month follow-up, and fewer adverse 
events such as dizziness or incoordination.?*!° Like the 
nonbenzodiazepine sedative-hypnotics, the anticonvulsant 
medications have not been shown to prevent the 
progression of withdrawal in humans. 

The neuroleptic phenothiazines and butyrophenones 
have no role in the management of withdrawal despite 
their ability to attenuate the signs and symptoms of with- 
drawal. They are less effective than BDZs in preventing 
delirium and have actually been associated with an in- 
crease in seizures compared with placebo.**! Neuroleptics 
can also modify the body’s ability to regulate hyper- 
thermia and can cause hypotension.*! 


The sympatholytic centrally acting Q agonists and 
B blockers are also used. Their primary benefit is 
attenuation of hyperadrenergic symptoms such as 
tremor, tachycardia, and hypertension while permitting 
normal cognitive function.®! 1010! They usually are used 
in conjunction with other agents. They have not been 
shown to prevent seizures or progression to DTs.°!10! 
In seriously ill patients, the reduction of sympathetic 
symptoms masks the progression of DTs and the 
worsening of associated medical problems.!°%'°! B 
Blockers may be contraindicated for medical reasons 
including hypoglycemia, cardiomyopathy, and chronic 
obstructive pulmonary disease.'”° 

Alcohol-related seizures should be treated with BDZs. 
Intravenous lorazepam significantly decreased the 
frequency of recurrent seizures in one prospective, 
randomized series of 229 patients who presented 
following an alcohol withdrawal seizure.'°* Phenytoin, 
valproic acid, carbamazepine, and primidone are not 
effective.'?' In addition, except for phenytoin, these 
agents also cannot be rapidly loaded. 
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Methanol, Ethylene Glycol, and Other Toxic 


DAG JACOBSEN, MD, PHD m KNUT ERIK HOVDA, MD, PHD 


At a Glance... 


Æ Methanol or methyl alcohol is converted to the toxic metabolite 
formic acid, which causes acidosis and inhibits cell cytocromes. 

Ææ Clinical manifestations vary and are usually delayed for 12 to 
24 hours: Visual disturbances, gastrointestinal symptoms, 
dyspnea, headache, and sometimes chest pain occur. In late 
stages, coma and respiratory arrest may be observed. 

m Diagnosis is based on clinical signs, acid-base status, 
measurement of serum formate and/or direct serum methanol 
analyses, or calculation of the anion and osmolal gaps. 

m Treatment consists of buffer, an antidote (either ethanol or 
fomepizole), folinic acid, and often hemodialysis. 

m One should always consider multiple victims, especially if the 
source is contaminated alcohol. 

m Permanent sequelae, such as impaired vision and brain damage, 
may develop if treatment is delayed. 


Methanol (HCOOH, methyl alcohol, wood spirits) is a 
clear, colorless liquid at room temperature. It is a widely 
used commercial, industrial, and marine solvent and 
paint remover, as well as a solvent in paints, varnishes, 
shellacs, and photocopying fluid. It may be used as an 
antifreeze fluid and is commonly used in windshield- 
washing fluids. In addition, it can be formulated as a 
solid canned fuel (4%), along with ethanol and soap, or 
as a liquid fuel for heating small engines used in various 
hobbies. In the United Kingdom, methanol is adul- 
terated with a purple dye to distinguish it from ethanol. 
However, its high industrial production and its use in 
laboratories, schools, and industrial processes account 
for the fact that large volumes may be obtained and 
contribute to epidemic outbreaks of methanol poisoning. 

Methanol is also used as an adulterant to make ethyl 
alcohol unfit to drink when the latter is used for cleaning 
purposes. Because methanol can be purchased tax free 
and is considerably less expensive than normal alcoholic 
beverages, it is not surprising that chronic alcoholics may 
consume such compounds.’ Methanol outbreaks are 
therefore most common in countries with high taxes on 
alcohol.? Methanol has no therapeutic properties and is 
considered to be only a toxicant. 


TOXICOLOGY AND PHARMACOLOGY 


The lethal dose of methanol is variably given as 30 to 
240 mL, with 1 g/kg (1.2 mL/kg) as the best estimate.’ 


However, with aggressive treatment, survival may be 
achieved despite much higher intake. Because toxicity in 
methanol poisoning depends on the degree of metabolic 
acidosis, there is really no lethal or toxic concentration 
of methanol if its metabolism to formic acid is blocked. 
The minimum dose that can cause permanent visual 
defects is unknown, but most probably ingestion of more 
than 30 mL (adults) is necessary. 

The main route of toxicity is ingestion, but toxicity 
may also occur after inhalation or skin absorption.*° 
Methanol is readily absorbed from the gastrointestinal 
(GI) tract after ingestion and reaches peak blood levels 
in 30 to 90 minutes. It is widely distributed in body 
tissues, with a volume of distribution of 0.6 to 0.7 L/kg.®” 
A small amount of methanol is found in the expired 
breath of normal persons, presumably due to endoge- 
nous metabolic production. The kidneys and lungs in 
untreated patients excrete less than 5% to 10% of un- 
changed methanol. The majority of methanol, therefore, 
is metabolized in the liver, by alcohol dehydrogenase to 
formaldehyde. Thereafter, formaldehyde is converted by 
the enzyme aldehyde dehydrogenase to formic acid, 
which is primarily responsible for the toxicity in methanol 
poisoning (Fig. 32A-1). This toxicity results from a 
combination of metabolic acidosis (H* production) and 
an intrinsic toxicity of the anion formate.’ The 
metabolism and hence elimination of formate depends 
on the folate pool in the liver. Primates have a small 
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FIGURE 32A-1 The metabolic pathways of methanol, ethylene 
glycol, and ethanol. 
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folate reserve and are the only species that accumulate 
formate and thus suffer from methanol toxicity.?!? Other 
animals only develop acidosis and methanol toxicity if 
they are made folate deficient.'! In our latest study,'* the 
renal elimination of formate was unexpectedly high in 
nonacidotic patients. Based on experimental studies 
demonstrating that this renal elimination depends on 
pH, we have postulated that increasing acidosis may, by 
this mechanism, also contribute to the ensuing metabolic 
acidosis. Thus, metabolic acidosis may itself be a trigger 
for increasing accumulation of formate. If correct, this 
adds further importance to the correction of metabolic 
acidosis in these patients. 

The elimination of methanol is usually of zero order 
because of saturation of alcohol dehydrogenase. Data on 
this elimination are limited, but elimination rates of 
2.7 mmol/L/hr (8.5 mg/dL/hr)!° and 6.3 mmol/L/hr 
(20 mg/dL/hr)'* have been reported. If ethanol metab- 
olism is inhibited by antidote (ethanol or fomepizole) 
administration, methanol elimination is of first order 
with a half-life of 22 to 87 hours.!* For unknown reasons, 
this half-life seems to increase with increasing serum 
methanol concentrations.'*4 

In the early stage of methanol poisoning, the toxic 
effects are due to the increasing metabolic acidosis 
caused by the production of formic acid. At this stage, 
there is a good correlation between the degree of 
metabolic acidosis reflected by the base deficit or the 
increase in anion gap, and the formate concentration. 
In late stages, as formate accumulates, the toxicity is 
mainly caused by acidosis and the histotoxic effects of 
formate, which inhibits mitochondrial respiration.’© The 
resulting lactate production increases acidosis and thereby 
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toxicity of formate, as more formate is protonated and 
thereby able to penetrate the blood-brain barrier.'' Thus, 
a vicious hypoxic circle is initiated.!” In this late stage, the 
metabolic acidosis reflected by the increased anion gap 
usually is a combined formate and lactate acidosis.'® 

Why the eye is the primary target organ for methanol’s 
toxic effects is unknown.'*”° In the late stages, specific 
lesions of the basal ganglia may develop.’*! It is not 
known why this structure is particularly vulnerable in late 
stages of methanol toxicity. Although the mechanism of 
these lesions is not known, it is reasonable to believe that 
the histotoxic effect of formate in late stages, causing a so- 
called hypoxic circle, is a contributing factor (Fig. 32A-2). 

Formate inhibits the enzyme cytochrome oxidase in 
the mitochondrial electron transport chain by binding to 
the ferric iron in the heme moiety of that enzyme. This 
inhibition occurs in the 5- to 30-millimolar range,’° which 
correlates with formate concentrations found in 
symptomatic patients!”!® and other primates.?®>? This 
inhibition of mitochondrial energy metabolism increases 
the production of reactive oxidative molecules and thus 
the likelihood of oxidative injury.** Formate also causes 
depletion of glutathione, which is the major endogenous 
molecule protecting against oxidative stress in the 
retina.*? Because the retina is exposed to several sources 
of oxidative stress by virtue of its high intrinsic metabolic 
rate and its exposure to ambient radiation, retinal 
glutathione concentrations are relatively high compared 
with other organs.*° Glutathione synthesis depends on 
mitochondrial respiration.?’ Experimental studies indicate 
that cones may be more sensitive than rods to long-term 
damage from methanol poisoning, possibly because of 
their greater number of mitochondria.” 


FIGURE 32A-2 Circulus hypoxicus; 
a proposed description of the toxic 
effects of methanol in humans. 
(Modified from Jacobsen D, 
McMartin KE: Methanol and ethylene 
glycol poisonings. Mechanism of 
toxicity, clinical course, diagnosis and 
treatment. Med Toxicol 1986;1[5]: 
309-334.) 
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CLINICAL MANIFESTATIONS OF 
METHANOL INTOXICATION 


Symptoms of methanol poisoning may be delayed for 12 
to 24 hours, or even longer if ethanol is also ingested 
before, concomitantly, or just after methanol con- 
sumption. This characteristic latent period is thought to 
result from the slow metabolism of methanol to the 
principal toxic product, formic acid. In contrast to 
ethanol (or ethylene glycol), methanol does not cause 
significant central nervous system (CNS) depression and 
ethanol-like inebriation. Early clinical features are 
nausea, vomiting, and abdominal pain, but these are also 
seen in later stages.“ A few cases may also present as 
acute abdomen, probably because of pancreatitis.”** 

Clinical features of systemic toxicity are usually 
anorexia, headache, nausea, accompanied or followed 
by increasing hyperventilation as metabolic acidosis 
progresses.” The first complaint may often be shortness 
of breath because of hyperventilation. Some patients 
may also have chest pain and may therefore be admitted 
acutely with the diagnosis of acute myocardial infarction. 
Visual symptoms (of all kinds, such as blind spots, blurred 
vision, or “snow fields”) may appear first, or with the 
symptoms above. Usually ocular symptoms precede objec- 
tive signs, such as dilated pupils that are partially reactive 
or nonreactive to light and fundoscopy showing optic 
disc hyperemia with blurring of the margins 
(pseudopapillitis) .” 

If treatment is not initiated at this early stage of 
poisoning, the patient may develop coma and respiratory 
and circulatory failure. Respiratory arrest is a dramatic 
complication associated with a mortality rate of 75%.*® 
The toxic effect on the basal ganglia may not be evident 
in the acute stage because it is concealed by pronounced 
CNS depression. Survivors may later manifest a 
parkinsonian-like syndrome.’*?! 


DIAGNOSIS 


In the absence of an exposure history, methanol 
poisoning is difficult to diagnose, especially if ethanol 
is co-ingested and the latency period is prolonged. 
Therefore, methanol poisoning should be considered in 
every patient presenting with a metabolic acidosis of 
unknown origin.!® Methanol is usually determined by gas 
chromatography or radioimmunoassay techniques. 
Formate analyses are usually not available in the clinical 
setting, but a recent simple enzymatic method has 
proven to be both sensitive and specific and may 
therefore replace the need for more complicated gas 
chromatography.” Laboratory evaluation of suspected 
methanol poisoning should always include arterial blood 
gas analysis in addition to standard blood samples. If 
ethylene glycol poisoning is considered a differential 
diagnosis, urinalysis including microscopy should be 
performed in search of crystalluria (see Chapter 32B). 
The presence of crystals may suggest ethylene glycol, 
although their absence has no diagnostic value. 

The standard physical examination should focus on 
vital signs (especially respiratory rate). Visual acuity and 





fundoscopy examinations should be performed. The 
objective signs of ocular toxicity of methanol include 
dilated pupils, which are partially reactive or nonreactive 
to light, and optic disc hyperemia with blurring of the 
disc margins (pseudopapillitis). The blurring of the disc 
margin may look like papillary edema, but there is no 
diopter difference between the fundus and the disc. 
Several days after the acute stage, this hyperemia turns 
into pallor, which is usually associated with blindness. A 
computed tomography scan or magnetic resonance scan 
of the brain may show necrosis of the putamenal areas, a 
finding seen late in the course of methanol poisoning.?*! 

If the patient presents with a metabolic acidosis of 
unknown origin, especially if diabetic ketoacidosis and 
renal failure are ruled out, the anion and osmolal gaps 
should be calculated as a clue to the diagnosis. The 
accumulation of formate causes a metabolic acidosis with 
an increased anion gap.! The “normal” range for the 
anion gap ([Na* + K*] - [Cl + HCO,]) in unselected 
acutely hospitalized patients is 12 + 8 mmol/L (mean + 
2 SD; reference range is then 4 to 20 mmol/L).*! In 
concentrations associated with toxicity, methanol also 
increases the serum osmolality, as do other alcohols. ‘This 
effect can be demonstrated by calculating the difference 
between the measured osmolality (Om) and the 
calculated osmolality (O,): 


Osmolal gap (OG) = O,- On 
The calculated osmolality is determined as follows: 


1.86 x Na + glucose + urea 
0.93 


where all concentrations are in mmol/L. To convert 
from SI units, divide glucose (mg/dL) by 18 and urea 
(BUN in mg/dL) by 2.8. Correct for co-ingested ethanol 
(mg/dL /4.6). 

The reference range for the osmolal gap in unse- 
lected acutely admitted patients is 5 + 14 mOsm/kg HO 
(mean + 2 SD).°' An osmolal gap above 19 (5 + 2 SD) 
therefore indicates exogenous osmoles of some kind. 
Although the value of the osmolal gap has been 
questioned in recent years,” as demonstrated by us in a 
recent epidemic, a decision level or cutoff value for the 
osmolal gap of 25 mOsm/kg HO works very well."® 
Osmometry must be performed by the freezing point 
depression technique and not by the vapor pressure 
technique, because the latter does not detect the 
increased osmolality caused by volatile alcohols. The 
osmolal contribution from methanol and other alcohols 
is shown in Table 32A-1. 

The relationships between the osmolal gap and 
methanol and between the anion gap and formate are 
presented in Figures 32A-3 and 32A-4. Note the good 
correlation for the patients studied. In the two patients 
with the highest anion gap (see Fig. 32A-4), there was a 
significant accumulation of lactate. ‘Therefore, the increase 
of the anion gaps is slightly higher than the respective 
serum formate levels. 

It must be noted that the magnitude of the increase in 
the osmolal and anion gap in methanol poisoning varies 
with time since ingestion, as illustrated in Figure 32A-5. 
In early stages, or if ethanol is co-ingested, only the osmolal 
gap is elevated, because the metabolism of methanol to 
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Molecular Mass of Alcohols and Their 
Contribution to the Osmolal Gap 





OSMOLAL 
MOLECULAR CONTRIBUTION 
WEIGHT (mOsm/kg H,0) ANION GAP 
ALCOHOL (DALTONS) per 100 mg/dL (*) ELEVATED 
Dietylene 106 9 (+) 
glycol 
Ethanol 46 22 — 
Ethylene 62 16 + 
glycol 
Isopropyl 60 17 — 
alcohol 
Isobutyl 74 14 — 
alcohol 
Methanol 32 34 + 
Propylene 76 13 -— 
glycol 


*A methanol concentration of 32 mmol/L (100 mg/dL) increases the 
osmolal gap by 32/0.93 = 34 mOsm/kg H,O. Divide by 0.93 because 
serum consists of 93% water. 
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FIGURE 32A-3 S-methanol versus osmolal gap in 28 methanol- 
poisoned patients. Equation of correlation: y = 1.03x + 12.71, R? = 
0.94. (From Hovda KE, Hunderi OH, Rudberg N, et al: Anion and 
osmolal gaps in the diagnosis of methanol poisoning: clinical study 
in 28 patients. Intensive Care Med 2004;30[9]:1842-1846.) 


formate has not yet begun. In late stages of methanol 
poisoning, most of the methanol is metabolized to 
formate. At this stage the anion gap is elevated but the 
osmolal gap may be normal; formate detection may then 
be the only way to confirm the diagnosis.°” 

If the diagnosis is based on the osmolal and anion 
gaps, it must be noted that elevated gaps also occur in 
ethylene glycol intoxication. Differentiating the two may 
be difficult, but the treatment is essentially the same. 
Hypocalcemia, seizures, and urine oxalate crystals indicate 
ethylene glycol poisoning; visual symptoms and/or optic 
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FIGURE 32A-4 S-formate versus anion gap in eight methanol 
poisoned patients. Equation of correlation: y = 1.12x + 13.82, R? = 
0.86. (From Hovda KE, Hunderi OH, Rudberg N, et al: Anion and 
osmolal gaps in the diagnosis of methanol poisoning: clinical study 
in 28 patients. Intensive Care Med 2004;30[9]:1842-1846.) 
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FIGURE 32A-5 Changes in osmolal and anion gaps with time in 
methanol poisoning. (From Hovda KE, Hunderi OH, Rudberg N, 
et al: Anion and osmolal gaps in the diagnosis of methanol 
poisoning: clinical study in 28 patients. Intensive Care Med 
2004;30[9]:1842-1846.) 


disc hyperemia indicate methanol poisoning.” Differ- 
ential diagnoses when both the gaps are elevated are 
few (Table 32A-2). A proposed algorithm for diagnosis 
and triage in suspected methanol poisoning is given in 
Figure 32A-6. 
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TREATMENT OF METHANOL 
INTOXICATION 


General treatment measures include intensive supportive 
care and gastric decontamination. If the patient is seen 
soon (within | hour) after ingestion, which is rarely the 
case, gastric aspiration is recommended. Activated 
charcoal is probably of limited value because of limited 
binding. 

Specific treatment of methanol poisoning includes 
intravenous (IV) sodium bicarbonate to combat the 
metabolic acidosis, antidotal therapy with ethanol or 
fomepizole to inhibit methanol metabolism to formate, 
and hemodialysis to remove methanol and formate and 
correct the metabolic acidosis. Folinic acid, 1 mg/kg IV 
up to 50 mg every 4 hours, may be of value in increasing 
the metabolism of formate.*? If folinic acid is unavailable, 
folic acid, in the same dose, can be used. 

Metabolic acidosis should be immediately and 
aggressively treated by infusing sodium bicarbonate, 


Differential Diagnoses with Elevated 


Osmolal (>25) and/or Anion Gap (>20) 





INCREASED INCREASED 
DIAGNOSIS OSMOLAL GAP ANION GAP 
Methanol Yes Yes 
Ethylene glycol Yes Yes 
lsopropanol Yes No 
Ethanol Yes No 
Other alcohols Yes Rarely 
Lactic acids No Yes 
Ketoacidosis Minimally Yes 
Acidosis in alcoholics Minimally Yes 
Renal failure No Yes 
Shock following trauma Minimally Yes 
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aiming for a full correction of acidosis. As much as 400 
to 600 mEq may be required during the first few hours. 
It is important to realize that bicarbonate treatment also 
decreases the amount of undissociated formic acid, 
resulting in less access of formate to the CNS, and 
thereby less toxicity.'!'*?° Hence, metabolic acidosis 
resulting from methanol poisoning, in contrast to most 
other causes of metabolic acidosis, should always be 
treated with bicarbonate. 

Alkali treatment must be accompanied by adminis- 
tration of fomepizole or ethanol; otherwise, the acidosis 
becomes so-called bicarbonate resistant, because more 
formic acid will be produced from the metabolism of 
methanol. Ifa methanol level cannot readily be obtained 
and anion and osmolal gaps are difficult to interpret, 
ethanol or fomepizole therapy should be started in any 
patient with acidosis, symptoms, or a history of a poten- 
tially toxic alcohol ingestion. Antidotal treatment can be 
discontinued when the methanol level drops below 
about 6 mmol/L (20 mg/dL), provided that the acid- 
base status is normal and there are no complications. 

The recommended therapeutic blood ethanol level is 
about 22 mmol/L (100 mg/dL). However, the amount 
of ethanol necessary to block methanol metabolism 
depends on the concomitant methanol level, because 
there is a dynamic competition for the enzyme alcohol 
dehydrogenase in the liver. If the blood methanol level is 
known, the molar ethanol concentrations should be at 
least one fourth of the molar methanol concentration.’ 

A blood ethanol level of 100 mg/dL may be achieved 
by giving a bolus dose of 600 mg/kg, followed by 66 to 
154 mg/kg/hr IV or orally, with the higher maintenance 
dose for heavy drinkers. Mixing 50 mL of absolute ethanol 
with 450 mL isotonic glucose yields a 10% solution if a 
10% ethanol solution for IV use is unavailable. With this 
solution, a bolus of 8 mL/kg (over 0.5 hour), followed 
by 1.5 mL/kg/hr, will produce the desired ethanol 


FIGURE 32A-6 “Hovdalgorithm” for 
diagnosis and triage in suspected 
methanol poisoning. (From Hovda KE, 
Hunderi OH, Rudberg N, et al: Anion 
and osmolal gaps in the diagnosis of 
methanol poisoning: clinical study in 
28 patients. Intensive Care Med 
2004;30[9]:1842-1846.) 
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concentration. The maintenance infusion should be 
increased or decreased according to frequently measured 
ethanol levels. 

Monitoring the blood ethanol level is important, 
especially during hemodialysis, because this procedure 
also removes ethanol. As a rule of thumb, the mainte- 
nance dose of ethanol should be doubled during hemo- 
dialysis. If not, methanol metabolism can resume when 
the ethanol level drops, resulting in worsening toxicity 
despite hemodialysis. 

Fomepizole (4-methylpyrazole; Antizol [Jazz Pharma- 
ceuticals, Palo Alto, CA]) is commercially available 
from manufacturers in the United States and in Europe 
and has been approved for the treatment of methanol 
poisoning.™!434 While various dosing regimens have 
been proposed, we recommend a loading dose 
of fomepizole of 15 mg/kg IV, followed by doses of 
10 mg/kg IV every 12 hours four times, thereafter 
15 mg/kg every 12 hours. If hemodialysis is begun, 
fomepizole dosing frequency should be increased to 
every 4 hours. We generally recommend fomepizole over 
ethanol, like others.’ However, if diagnosis is uncertain 
(no serum methanol level available) and the osmolal gap 
is only a little elevated (less than 30 to 40 mOsm/kg 
HO), then ethanol may be preferable if no visual 
disturbances are present, because it is inexpensive. 

Hemodialysis effectively removes methanol and formate 
and also counteracts metabolic acidosis.°*° The only 
absolute indication for hemodialysis is visual impairment 
of any degree in a patient with metabolic acidosis or a 
detectable methanol level. Other indications usually 
mentioned are severe metabolic acidosis (particularly if 
unresponsive to bicarbonate and ethanol therapy), a 
blood methanol level above 15.6 mmol/L (50 mg/dL) 
(because of the very slow elimination of methanol 
during antidotal therapy), and ingestion of more than 
1 g/kg of methanol. Following the approval of fomepi- 
zole for methanol poisoning, the situation has somewhat 
evolved. In most patients (i.e., those with no visual 
disturbances), dialysis is now only indicated to shorten 
the length of time on fomepizole treatment, since the 
methanol half-life is then 22 to 87 hours. In severe 
poisoning, however, with pronounced metabolic acidosis 
(base deficit greater than 20 mmol/L) and visual 
disturbances, in our opinion hemodialysis should be 
performed to remove formate and methanol.” The 
role of dialysis in removing formate has been doubted,*” 
but others have questioned the value of these data.*® 

If hemodialysis is unavailable, the patient who needs 
it, or will probably need it, should be transferred to a 
facility with this capability. Alkali administration aimed at 
full correction of metabolic acidosis and antidotal 
therapy (preferably fomepizole, if available) should be 
given prior to transport. 

There is no clear cutoff level for hemodialysis in 
methanol poisoning, because the presence of acidosis 
also must be considered. Hemodialysis is usually 
continued until the blood methanol level is below 
6.3 mmol/L (20 mg/dL) and the acidosis is corrected. If 
methanol analyses are unavailable, hemodialysis should 
be continued for at least 8 hours or until the osmolal gap 
is normal in two samples | hour apart (possible osmolal 


contribution from ethanol must be subtracted). This 
latter approach has been proven to save dialysis time and 
may be especially valuable in large outbreaks or in other 
circumstanced where dialysis facilities are limited.’ 
Serum formate concentration may also be used as a 
guide to hemodialysis.*? Continuous venovenous 
hemodialysis and peritoneal dialysis may also remove 
methanol but not as effectively as hemodialysis.” 
Hemoperfusion is ineffective. 


ADDENDUM 


It should be emphasized that diagnosing and treatment 
of methanol poisoning is difficult. Because treatment is 
so effective but often is initiated too late, “time is vision” 
in this medical emergency. Consultation with a poison 
center or toxicologist is therefore strongly recom- 
mended if the physician is unfamiliar with the manage- 
ment of methanol poisoning. In addition, information 
on where to obtain methanol or formate levels may be 
provided. 

The possibility of multiple victims should be con- 
sidered when the source of methanol is unknown or is 
known to be contaminated ethanol. It should also be 
remembered that even if some patients are treated at a 
very late stage and brain circulation has stopped, the 
damage caused to the rest of the vital organs is often 
reversible upon standard supportive care. Organ 
donation has therefore often been performed in such 
patients.*8* 
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Ethylene Glycol 


BRUNO MEGARBANE, MD, PHD m STEPHEN W. BORRON, MD, MS m FREDERIC J. BAUD, MD 


At a Glance... 


Ethylene glycol is a readily available and extremely toxic substance by ingestion. 

The hallmarks of intoxication are an increased osmolal gap early in the intoxication that steadily declines and an increased anion gap that 
increases as ethylene glycol is metabolized. 

When present, an increased osmolal gap should raise suspicion of ethylene glycol poisoning, but a normal osmolal gap does not rule out 
intoxication. Likewise, a normal anion gap early in the course of the poisoning does not rule out intoxication, as time is required for the 
formation of toxic acid metabolites. 

Ethylene glycol poisoning should be suspected in any case of altered mental status where the anion gap is increased. Laboratory 
interference may result in increased glycolic acid being reported as increased lactic acid, thus caution in interpretation is warranted. 
Fomepizole (4-methylpyrazole) is the antidote of choice for ethylene glycol poisoning. It should be administered without waiting for 
confirmation of poisoning. 

Ethanol can be administered orally or intravenously (IV) if fomepizole is not available, but blood concentrations must be carefully 
monitored, along with blood glucose and level of consciousness. 

Hemodialysis is often required, particularly in the case of significant acidosis and very high blood concentrations of ethylene glycol, and 
in the presence of renal insufficiency. Hemodialysis removes not only the toxic metabolites of ethylene glycol, but ethylene glycol itself, 
as well as the antidotes fomepizole and ethanol. Adjustments in antidotal dosing are required during dialysis. 

Consultation with a medical toxicologist is advised for defining ideal management. 
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Ethylene glycol poisoning is relatively uncommon, but still 
represents a significant threat in suicide or accidental 
poisonings, resulting in numerous deaths and serious 
sequelae. The American Association of Poison Control 
Center’s Toxic Exposure Surveillance System reported 
5081 exposures to ethylene glycol, with 16 deaths and 
468 moderate and major outcomes in 2003.! Among 
these exposures, 71% occurred in adults older than 
20 years, 16% in individuals 6 to 19 years, and 12% in 
children younger than 6 years. That 85% of exposures 
were unintentional (and presumably smaller) may 
explain the relatively low overall mortality. About 3% 
experienced life-threatening or significant symptoms or 
signs resulting in residual disability. 

Ethylene glycol poisoning represents the most 
common poisoning among the toxic alcohols. Ethylene 
glycol (molecular weight 62.07 Daltons) is an odorless, 
colorless, volatile, slightly viscous, and sweet-tasting 
liquid, used in many chemical manufacturing processes 
(painting, plastics, safety explosives, synthetic fibers) 
(Table 32B-1). It is present in solvents and added to 
cosmetics and antifreeze solutions. Examples of uses 
include automobile antifreeze, hydraulic brake fluid 
(although diethylene and triethylene glycols are more 
commonly employed for this use), foam stabilizer, window 
cleaners, leather dyes, metal cleaners, degreasing agents, 
cellophane softening agent, printers’ inks, stamp pad 
and ballpoint pen inks, synthetic waxes, and so on. 
Colorants, often fluorescent, are frequently added to 
automotive antifreeze products. Ethylene glycol is also 
used to de-ice airport runways and aircraft. Its evapo- 
ration rate is low (2.6 times smaller than ethanol), its 
boiling point is 197°C, and its pH is neutral. It is not 
miscible in hydrocarbons, but is easily miscible in water 
and low-molecular-weight aliphatic alcohols. 


TOXICOKINETICS AND TOXICOLOGY 


Ethylene glycol itself is nontoxic. Gastrointestinal 
absorption is rapid, with peak blood levels occurring 





Ethylene Glycol Physical Properties 


Chemical formula 
Molecular weight 
Volumetric mass 
Density 

Vapor pressure 


C,H,O> 

62.07 g/mol 

1 ppm = 2.54 mg/m? 
1:113 at 25°C 

0.06 mmHg at 20°C 


Log octanol/water partition -1.36 
coefficient (low Kow) 

Boiling point 197.5°C 

Melting point —13°C 

Flash point 232-5 

Properties Colorless, sweet-tasting, 

hygroscopic liquid 

Solubility Miscible with water and 


alcohol 
Slightly soluble in ether 
Insoluble in benzene and its 
homologs, chlorinated 
hydrocarbons, and 
petroleum ethers 





between | and 4 hours after ingestion. Percutaneous and 
pulmonary absorption is limited. No evidence of toxic 
accumulation was reported in volunteers, following 
inhalation exposures to concentrations up to 27 ppm 
for 4 weeks.* However, anecdotal skin irritation and 
iridocyclitis have been reported after accidental eye 
contact and cases of chronic poisoning with nystagmus 
and recurrent attacks of unconsciousness were described 
after exposure of factory workers to ethylene glycol 
vapors in 1950.° 

The accepted lethal dose of ethylene glycol ingestion 
is 100 mL in a 70-kg adult, although methods used to 
determine it do not meet the usual scientific criteria. 
Moreover, death has been reported after ingestion of as 
little as 30 mL, while recovery with adequate medical 
intervention has occurred after ingestion of as much as 
3000 mL.* There are interspecies differences regarding 
preferential ethylene glycol metabolism to oxalate and 
relative susceptibility to poisonings. Humans, like monkeys, 
cats, and dogs, are highly susceptible, while rats, mice, 
guinea pigs, and rabbits are rather resistant.” 

Following absorption, ethylene glycol is rapidly dis- 
tributed throughout the body tissues, with a distribution 
volume of 0.5 to 0.8 L/ kg.® Ethylene glycol is successively 
oxidized by liver alcohol dehydrogenase (ADH) to gly- 
coaldehyde and then by aldehyde dehydrogenase 
(AldDH) to glycolate (rapid step) and to glyoxylate (rate- 
limiting step) (Fig. 32B-1).’ Only a small part of 
glyoxylate is transformed into oxalate, which precipitates 
as calcium oxalate crystals in tissues and urine. Possible 
production of multiple other acids from glyoxalic acid 
have been described, including oxalomalic acid, y-hydroxy- 
O-ketoglutaric acid, formic acid, glycine, benzoic acid, 
hypuric acid, and o-hydroxy-B-ketoadipic acid; their 
respective roles in toxicity are controversial. Pyridoxine 
and thiamine are two cofactors in the metabolic path- 
ways involving glyoxylate. However, they play only a small 
role in ethylene glycol detoxification. Liver metabolism 
is responsible for 80% of the absorbed dose of ethylene 
glycol. The remaining 20% undergoes glomerular 
filtration, passive tubular reabsorption, and urinary 
elimination. Ethylene glycol’s renal clearance is about 
27 mL/min, depending on renal function.’ There is 
limited elimination from the lungs due to ethylene 
glycol’s high water solubility and low vapor pressure. The 
elimination half-life of ethylene glycol is about 3 hours, 
but markedly prolonged in the presence of an alcohol 
dehydrogenase competitor: 17 to 18 hours in the case of 
ethanol’ and 20 hours in the presence of fomepizole.'? 
Only 1% of the ingested dose appears as oxalic acid in 
urine. Ethylene glycol toxicokinetic parameters are given 
in the Table 32B-2.811-13 

Toxicity is related to the production of toxic metabo- 
lites. Accumulation in the blood of glycolate results in an 
anion gap metabolic acidosis. Glycolate accumulation 
correlates well with the anion gap and the decrease 
in serum bicarbonate concentration.!* On the other 
hand, glyoxalate and oxalate’s contributions to the 
anion gap are limited.’°!® Two other factors, including 
lactate production and bicarbonate consumption, may 
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CHOH — CHOH FIGURE 32B-1 Pathogenesis of 
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NAD baitie main symptoms related to the toxic 
idasi metabolites resulting from oxidation 
ADH eee by alcohol dehydrogenase (ADH) and 
aldehyde dehydrogenase (AIDH). 
NADH 
Glycoaldehyde CH,OH—CHO 
AIDH 
Metabolic 
Glycolate CH,O0H—COO- acidosis 
Formate gamma-OH-ketoglutarate 
Glyoxalate CHO—COO- EVES Given 
Thiamine Alpha-OH-beta-ketoadipate 
Coma + seizures 
Oxalate COO-—COO- Renal failure 
+ Ca% Myocarditis 


Hypocalcemia 


Ethylene Glycol Toxicokinetic Parameters 


and Their Modifications in Relation to Hemodialysis or 
Antidotal Treatment 





Lethal dose 1.4-1.6 mL/kg 
Distribution volume 0.5-0.8 L/kg 
Elimination 0 or ist order (?) 
Total body clearance 70 mL/min 
Renal clearance* 17-39 mL/min 
Half-life 

+ Ethanol 11-18 hr 

+ 4-MP 20 hr 
Dialysis half-life 2.5-3.5 hr 
Dialyser clearance" 156-210 mL/min 
Main metabolite (glycolate) clearance 254 mL/min 


*Dependent on renal function 
tDependent on blood flow during hemodialysis. 





account for worsening acidosis. Lactic acid is produced 
in response to nicotinamide-adenine dinucleotide 
(NAD) trapping that occurs during the breakdown of 
ethylene glycol and the by-products of glyoxalate 
metabolism, which inhibit the citric acid cycle and result 
in the conversion of pyruvate to lactate (see Fig. 32B-1). 
In addition, acidosis may be worsened by bicarbonate 
consumption due to glycine production, resulting from 


glycolate (and to a lesser extent glyoxalate) recon- 
densing under the activity of pyridoxal phosphate and 
glyoxalate transaminase enzymes. 

Deposition of birefringent calcium oxalate crystals 
(see Fig. 32B-2) induces tissue destruction. Reversible 
oliguric or anuric acute renal failure is the primary 
injury due to oxalate crystal deposition in the proximal 
renal tubules,!” with evidence of interstitial nephritis, 
cortical focal hemorrhagic necrosis, and acute tubular 
necrosis.!8 Damage is predominant in the proximal 
tubules, compared with distal ones, while glomeruli and 
basement membrane remain intact. A direct cytotoxic 
action of metabolites has also been proposed as a 
complementary mechanism of toxicity.'? This hypothesis 
is reinforced by the absence of correlation in pathologic 
findings between the extent of renal damage and the 
number of deposited crystals.” Although renal failure is 
usually reversible, persistent renal insufficiency has been 
reported. Initial central nervous system (CNS) 
depression is believed to be related to the glycol itself or 
the production of glycoaldehyde, whereas later in the 
course, persistent stupor or coma is probably the 
consequence of brain edema, hemorrhage, or metabolic 
encephalopathy.?! Hypocalcemia, for which the 
hypothesized mechanism is calcium chelation by oxalate, 
may contribute to the development of seizures, 
dysrhythmias, and negative inotropic effects. In ful- 
minant forms, patients experience coma with seizure 
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activity, respiratory failure, cardiovascular collapse, 
pulmonary edema, and adult respiratory distress 
syndrome. Death may follow multiorgan failure. In these 
cases, autopsy reveals diffuse hemorrhage, inflammatory 
infiltration, and edema, in addition to the deposition of 
calcium oxalate crystals in kidneys, brain, pleura, lungs, 
pericardium, heart, pancreas, and spleen.** 


CLINICAL PRESENTATION 


Presentation of ethylene glycol—poisoned patients is 
polymorphous, depending on the delay since ingestion, 
the ingested dose, the co-ingestion of ethanol, and the 
timing of medical intervention (Table 32B-3).*° Early 
after ingestion, patients are usually asymptomatic or 
present only with hyperventilation due to metabolic 
acidosis (Kussmaul’s respiration). In these patients, 
underestimation of poisoning severity may occur. In 
stark contrast, late presentation is responsible for life- 
threatening signs and symptoms, including coma, 
seizures, respiratory distress, and renal failure.*4 Ethylene 
glycol toxicity occurs in three classical theoretical stages, 
although the onset and progression of this condition are 
not always straightforward or predictable.??° 

The first phase (called neurologic) occurs within 30 
minutes to 12 hours after ingestion. Patients appear 
inebriated and euphoric, but without the characteristic 
alcohol smell. Nausea, vomiting, and hematemesis are 
possible, reflecting ethylene glycol gastrointestinal direct 
irritation. It is not uncommon, however, to observe an 


Ethylene Glycol Poisoning 


MAJOR SYMPTOMS AND SIGNS LABORATORY FINDINGS 


Early 


Inebriation, drowsiness 
Coma, ataxia, CNS depression 


Elevated osmolal gap 

Detectable ethylene 
glycol 

Vomiting, nausea 


Delayed 


Acidosis with elevated 
anion gap 

Detectable ethylene 
glycol and metabolites 

Elevation of serum 


Dyspnea, hyperventilation, 
tachypnea 
Kussmaul's respiration 


Coma, seizure, cerebral edema 


creatinine 
Tetany, muscle paralysis, Elevation of blood urea 
myoclonus nitrogen 


Tachycardia, hypertension, 
dysrhythmias, myocarditis 
Acute renal failure 


Hypocalcemia 


Elevation of creatine 
phosphokinase 

Hematuria, proteinuria, 
leukocyturia 

Calcium oxalate crystals 
in urine 


Respiratory distress, noncardio- 
genic pulmonary edema 
Multiorgan failure 


Very Delayed (rare) 


Persistent renal insufficiency 
Cranial nerves deficiencies (including bilateral facial paralysis 
and ophthalmoplegia) 





initial latent period, reflecting the time required for the 
toxic metabolites to accumulate. Rapidly, the most severely 
intoxicated patients may develop coma, myoclonic 
seizures, nystagmus, ataxia, ocular external muscle 
paralysis, CNS depression, and meningismus. Loss of 
light reflexes and papilledema have been reported but 
are more frequent in relation to methanol poisoning. 
Sustained hypocalcemia is responsible for muscle spasms 
and hyperreflexia. Cranial computed tomography scans 
are usually normal, despite the neurologic symptoms. 
However, various radiologic abnormalities have been 
reported, including diffuse cerebral edema, intra- 
parenchymal hemorrhage or petechiae, and reversible 
hypodense areas localized in various brain, brainstem, 
and cerebellum territories. 

The second phase (called cardiopulmonary) starts 
between 12 and 24 hours after the ingestion. Patients 
present with tachycardia, mild hypertension, pulmonary 
edema, adult respiratory distress syndrome, and congestive 
heart failure. These presentations are believed to be due 
to calcium oxalate crystal deposition within the vascular 
tree, the myocardium, and the lung parenchyma. 
Hypoxia may be related to aspiration pneumonia or CNS 
depression. Dysrhythmias with QTc interval prolongation 
may be the consequence of profound hypocalcemia. 

The third phase (called renal) begins between 24 and 
72 hours after the ingestion. Patients present with flank 
pain and tenderness, oliguria, and acute renal failure. 
Bone marrow suppression has been reported, but hepatic 
damage is usually minimal. Calcium oxalate or hippurate 
crystals are present in the urine. 

Delayed symptoms are possible in the most severe 
cases: persistent renal insufficiency requiring prolonged 
hemodialysis, as well as delayed cranial nerve deficits (5 
to 20 days after ingestion)?”*5 involving cranial nerves 
II, V, VU, VIII, IX, X, and XII that are related to calcium 
oxalate crystal deposition—associated local infiltration, 
which may be observed on magnetic resonance imaging. 
All these injuries slowly resolve, but last as long as several 
months, particularly after severe encephalopathy or 
profound acidemia with reported arterial pH as low as 
6.46.30 Ultimately, recovery of renal function is usually 
complete. However, exceptional cases requiring chronic 
hemodialysis or renal transplantation have been 
reported. 


LABORATORY DIAGNOSIS OF ETHYLENE 
GLYCOL POISONING 


Ethylene glycol poisoning should be strongly suspected 
in patients exposed to presumed ethylene glycol- 
containing products, patients inebriated without the 
smell of alcohol, patients presenting with metabolic 
acidosis and elevated anion gap unexplained by an 
increased plasma lactate concentration, and finally, 
patients presenting with acute renal failure or 
multiorgan failure of unexplained origin.”! Caution is 
advised in interpreting plasma lactate values, as glycolate 
has been shown to cause interference in laboratory 
analysis of lactate.**°? The evolving laboratory profile 
reflects ethylene glycol metabolism, organic acid 
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accumulation, and medical intervention timing. The 
combination of an osmolal gap and an anion gap is 
strongly suggestive of ethylene glycol poisoning, but is 
not specific.’ At a given time after ingestion, the 
concentrations of remaining ethylene glycol and the 
accumulated acid metabolites affect the magnitude of 
the osmolal and anion gap, respectively. 

Osmolal gap is the difference between the measured 
osmolality (by the freezing point depression method) 
and the calculated one, based on sodium, blood urea 
nitrogen (BUN), and glucose concentrations: (1.86 
[Na*] + [BUN] + [glucose]) / 0.93, in SI units. If values 
are reported in mg/dL, the BUN should be divided by 
2.8 and the blood glucose by 18. Note that vapor 
pressure methods may underestimate the contribution 
of volatile alcohols like ethylene glycol. An elevated 
osmolal gap (normal values 10 to 15 mOsm/kg H,0) 
corresponds to the presence of ethylene glycol in blood, 
with an increase of 2 mOsm/kg H,0 for every 0.1 g/L 
(1.6 mmol/L) of ethylene glycol. Other alcohols and 
ketones may of course contribute to the osmolal gap 
(Table 32B-4). Normal osmolal gap may be encountered 
very early (before significant absorption) or very late in 
the course of poisoning, when ethylene glycol is 
completely metabolized.** Contribution of metabolites 
to the osmolal gap is reduced, explaining its transient 
elevation due to ethylene glycol’s short half-life. 
However, persistent high osmolal gap with low ethylene 
glycol level has been reported and attributed to plasma 
glycolate.” A normal osmolol gap does not rule out 
poisoning. 

Anion gap (normal values 12 to 16 mmol/L) is the 
difference between measured cations and anions in 
plasma and is calculated as follows: ([Na*] + [K*]) - 
([HCO; 7] + [Cl-]). Significant acidosis is produced with 
the production of ethylene glycol metabolites. Glycolic 
acid, which accounts for approximately 96% of the anion 
gap, significantly correlates with the decline in serum 
bicarbonate concentration and the elevation in anion 
gap.” Other toxicants, including methanol-derived 
formate, may be responsible for increased anion gap. 
Differential diagnoses exist, with endogenous organic 
acid accounting for the anion gap: diabetic, alcoholic, or 
starvation-related ketoacidosis (with accumulation of 
acetone, acetoacetate, and B-hydroxybutyrate), circulatory 
hepatic failure (with elevation of lactate), renal failure 
(with accumulation of phosphates, sulfates, and nitrogen 
acid compounds), and critical illness.** Thus, specificity 


Molecular Weight and Contribution of 


Various Alcohols and Ketones to the Osmolal Gap 





MOLECULAR OSMOLAL GAP 
NAME OF THE WEIGHT (mOsm/kg H,0) 
COMPOUND (DALTONS) AT 1 g/L CONCENTRATION 
Propylene glycol 90 is 
Ethylene glycol 62 16 
lsopropanol 60 17 
Acetone 64 18 
Ethanol 46 22 
Methanol 32 34 





of the diagnosis value of anion gap is increased in the 
absence of hypotension, diabetes, seizures, and alcoholism. 
Consistently, ethanol co-ingestion delays the appearance 
of anion gap, also reducing the symptoms of intoxi- 
cation. Simultaneous ingestion of bromide (not distin- 
guished from chloride on electrolyte analysis) may also 
mask the anion gap.°*° 

Other laboratory features of ethylene glycol poisoning 
include elevation of serum creatinine and BUN concen- 
trations, rhabdomyolysis (elevation of serum creatine 
phosphokinase concentration), hypocalcemia, hyper- 
kalemia (in the case of acute renal failure), and 
nonspecific leukocytosis (see Table 32B-3). If lumbar tap 
is performed, high cerebrospinal fluid protein, neutrophils 
or monocytes, red blood cells, or xanthochromia may 
be observed. The presence of either monohydrate 
(whewellite) or dihydrate (weddellite) calcium oxalate 
crystals in the urine is characteristic of ethylene glycol 
renal injury (Fig. 32B-2). These crystals appear 4 to 
8 hours after ingestion and may persist for up to 10 days 
in the presence of renal failure. Identification of the 
nature of these crystals requires polarized light 
microscopy and repeated urinalysis. Crystals are 
birefringent, variegated and pleomorphic, octahedral, or 
tent shaped for dihydrate forms, and they are prism or 
needle shaped for monohydrate forms. Other forms of 
calcium oxalate include dumbbell, ovoid, and elliptical 
crystals. Other clinical settings may include calcium 
oxalate crystals, like primary hyperoxaluria, or oxalate- 
rich dietary excess foods. However, detection of calcium 
oxalate crystalluria, particularly the monohydrate forms, 
supports the diagnosis of ethylene glycol poisoning.*! In 
addition to crystals, microscopic hematuria, proteinuria, 
leukocyturia, and urine with low specific gravity may be 
observed. The absence of crystals does not exclude the 
diagnosis of ethylene glycol exposure. 

Definitive diagnosis is assessed by the measurement of 
plasma ethylene glycol concentration. Early after ingestion, 
the plasma ethylene glycol concentration is elevated in 
relation to the ingested amount. On the other hand, late 
in the course, low plasma ethylene glycol concentrations 
are observed, contrasting with the severity of the clinical 
presentation. In fact, severity of poisoning better 
correlates with reduced bicarbonate level, elevated anion 
gap, and elevated glycolic acid than with serum ethylene 
glycol concentration. The method of choice for measuring 
ethylene glycol concentration is gas chromatography 
with flame ionization detection.*' Commonly, ethylene 
glycol is analyzed as the boronic ester derivative by using 
packed or capillary columns. Underivatized ethylene 
glycol is difficult to analyze due to the poor detection 
limit of flame ionization detectors. However, direct 
injection of ethylene glycol on a wide-bore capillary 
column has been described, with the advantage of 
eliminating the derivatization step and extending the 
analytical life of the column. Thus, in practice, separate 
dedicated columns are preferred, rendering this 
technique reserved for specialized laboratories of 
toxicology. Propanediol and butanediol are used as 
appropriate internal standards. Consequently, some IV 
medication solvents containing propylene glycol 
(diazepam, phenytoin) may produce false-positive 
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FIGURE 32B-2 Calcium oxlatae crystalluria in the urine of an ethylene glycol-poisoned patient. A, Calcium oxalate dihydrate. (Courtesy 
of Dr. G.E. Schreiner). B, Calcium oxalate monohydrate crystals. (Courtesy of Dr. A. Terlinsky.) 


results. Confirmation by mass spectrometry is thus 
required, especially in ketotic patients.” Enzymatic 
screening assays based on ethylene glycol oxidation 
using Enterobacter aerogenes glycerol dehydrogenase have 
been described.** The produced NADH is measured by 
spectrophotometer. Cross-reactions are possible with 
glycerol and glycoaldehyde, the short half-lives of which 
make them unlikely to interfere with the assay. However, 
their use in critically ill patients may be limited due to 
several glycerol-containing IV medications. Consistently 
reliable screening tests can eliminate ethylene glycol as a 
cause of increased anion gap metabolic acidosis in a 
comatose patient, preventing the patient from receiving 
invasive and inappropriate treatments. 


POISONING MANAGEMENT 


Recommended management of ethylene glycol poisonings 
includes (1) supportive care; (2) infusion of sodium 
bicarbonate to correct metabolic acidosis, to increase 
renal elimination of glycolate, and to inhibit precipitation 
of calcium oxalate crystals; (3) antidotes, such as a 
competitive ADH substrate (ethanol) or inhibitor 
(fomepizole) to block ADH metabolism of the toxic 
alcohol; and (4) intermittent dialysis to remove the toxic 
alcohol and its toxic metabolites.’*° 

Usual supportive treatments include correction of life- 
threatening signs, dehydration, acid-base, and fluid 
imbalances. Particular attention should be directed to 
adapt fluid load to diuresis in the case of acute renal 
failure. ‘Treatment of seizures is standard: benzodiazepines 
(diazepam or lorazepam), phenobarbital, and (perhaps) 
phenytoin. Gastric lavage is useful only within the first 
hour after ingestion because of the very rapid 


gastrointestinal absorption of ethylene glycol. Activated 
charcoal is not useful because ethylene glycol is not 
adsorbed. Hemoperfusion is not recommended because 
of column saturation and the absence of correction of 
acid-base disturbances. Hypocalcemia should be corrected 
with IV calcium only in case of symptoms related to low 
levels of calcium (tetany, muscle paralysis, or seizures). 
Two cofactors of ethylene glycol metabolism may be 
administered: pyridoxine (500 mg IV every 6 hours over 
2 days) to stimulate glyoxalate to glycine metabolism and 
thiamine (100 mg IV every 6 hours over 2 days) to enhance 
transformation of glyoxalate to o-OH-$-ketoadipate. 


ANTIDOTES 


Fomepizole 


Fomepizole (4-methylpyrazole, 4MP) [Antizol, Orphan 
Medical, Minnetonka, MN, in the United States, and 
Fomepizole, Opi & Isotec, France, in Europe) is a potent 
inhibitor of ADH, with limited toxicity in animals and 
humans, that prevents the metabolism of ethylene glycol 
or methanol into their toxic metabolites. Fomepizole was 
approved by the U.S. Food and Drug Administration in 
1997 for the treatment of ethylene glycol poisoning. It 
has been successfully used in France since 1981 in several 
cases of ethylene glycol poisoning.” No lethality or 
significant morbidity occurred if patients were treated 
before significant toxic metabolism of ethylene glycol 
had occurred, and all such patients recovered from their 
poisoning. A recent multicenter prospective clinical 
trial performed in the United States confirmed the 
efficacy of fomepizole in the treatment of ethylene 
glycol intoxication.'? There was clinical improvement 
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with rapid resolution of acidosis and an absence of any 
new symptoms of poisoning after the initiation of 
therapy. Renal injury was prevented if fomepizole was 
administered early in the course of ethylene glycol 
intoxication. Treatment with fomepizole resulted in 
alteration of the toxicokinetics of ethylene glycol, with a 
prolongation of its first-order elimination (to 19.7 + 1.3 
hours) and a reduction in glycolate formation.'° 

Fomepizole pharmacokinetics have been largely 
studied. Although mostly used by the IV route, fomepi- 
zole is rapidly and almost completely absorbed orally. In 
fact, the three initial cases of ethylene glycol poisoning 
were treated with fomepizole by the oral route.*° 
Thereafter, 4 of 11 cases of ethylene poisonings in the 
series reported by Borron and colleagues received this 
antidote orally.*4 When intravenously administered, 
fomepizole is typically infused in 100 mL of 0.9% sodium 
chloride or 5% dextrose over 30 minutes. Fomepizole’s 
volume of distribution has been reported to be in the 
range of 0.6 to 1.0 L/kg. Its plasma protein binding is 
low. Fomepizole has three metabolites: 4-hydroxy- 
methylpyrazole, the only active metabolite with approxi- 
mately one third of the potency of the parent compound, 
4-carboxypyrazole, and a glucuronide metabolite.” 
Fomepizole is virtually entirely eliminated by saturable 
hepatic metabolism, with a Michaelis constant (Km) of 
6 pmol/L, a concentration always markedly exceeded 
during therapeutic use. Fomepizole is a competitive 
inhibitor of ADH with an in vitro inhibitory constant for 
human ADH of 0.2 pmol/L.” Its affinity for ADH is 500- 
to 8000-fold greater than that of ethanol. A plasma 
concentration of 10 Umol/L was shown in experimental 
studies to be sufficient to inhibit formate accumulation 
in the methanol-poisoned monkey.” Thus, this plasma 
concentration of fomepizole was considered to be 
sufficient in prospective human trials of this antidote. In 
the Methylpyrazole for Toxic Alcohols (META) studies 
in the United States, complete inhibition was reached in 
each reported case.'? Plasma fomepizole concentrations 
using the prescribed dosing regimen exceeded the target 
concentration of 10 pmol/L. At therapeutic concen- 
trations, elimination is characterized by dose-dependent, 
nonlinear, zero-order kinetics, with a rate of 4 to 
15 mmol/L/hr. 84 

While fomepizole blocks ADH activity, repeated doses 
induce cytochrome P-450, and particularly cytochrome 
P-450 2E1, resulting in an increase in its own elimination 
rate. Initial studies with human volunteers demonstrated 
that fomepizole has the ability to induce its own 
metabolism after 48 hours of treatment. Thus, an 
increase of up to 15 mg/kg in patients treated over 
48 hours is currently recommended by North American 
authors and was incorporated into practice guidelines 
developed by the American Academy of Clinical 
Toxicology to account for its enhanced metabolism.*° 
This dosing protocol has been validated in the USS. 
META study.'® However, it is noteworthy that fomepizole 
is expensive and a dosage regimen using the minimal 
effective cumulative dose remains to be determined. The 
French dosing regimen consists of a loading dose of 
15 mg/k followed by 10 mg/kg every 12 hours until the 





alcohol concentration is <0.2 g/L (3.2 mmol/L) or 
becomes undetectable. Borron and colleagues reported 
a series of ethylene glycol poisonings treated with 
tapering doses of fomepizole.*' In the French 
experience, no failure was noted in any patient who was 
treated without a dose increase, except in one case. In 
this severely poisoned patient (initial ethylene glycol 
concentration 4.2 g/L [67.6 mmol/L], peaking at 
6.4 g/L [101.9 mmol/L] 4 hours later), anion gap 
decreased following the administration of a 6.4 mg/kg 
loading dose of fomepizole.*° However, the beneficial 
effect was reported to be transient and dose dependent, 
requiring further maintenance doses of 11.3, 4.8, and 
2.4 mg/kg, and the patient ultimately recovered without 
sequelae. This early treatment failure was likely due to an 
inadequate initial dose rather than failure to up-regulate 
the dose for induced fomepizole metabolism. Based on 
this clinical experience, a different dosage regimen is 
recommended in Europe (Table 32B-5). 

During concomitant hemodialysis, fomepizole is 
extracted with a mean extraction coefficient of 49.6 + 
42.5%, a mean hemodialysis clearance of 99 + 
33 mL/min, and a mean hourly extracorporeal extrac- 
tion of 83 + 31%.*7*8 Although not systematically vali- 
dated, two different schemes were proposed to com- 
pensate for fomepizole loss in the dialysate. The U.S. 
manufacturer recommends a reduction in the dosing 
interval from 12 to 4 hours, while European researchers 
have proposed a continuous IV infusion of 1 to 
1.5 mg/kg/hr for the entire duration of the hemodialysis 
session following the initial loading dose.*”8 Since the 
duration of hemodialysis depends on the initial plasma 
ethylene glycol concentration to be lowered below the 
toxic range, the continuous infusion protocol appears 
better adapted, rather than a shortening of the dosing 
interval. Moreover, this regimen appears simpler and 
sufficient to maintain fomepizole at or above the minimally 
effective concentrations (greater than 10 pmol/L). 
However, the dosage of fomepizole during continuous 
venovenous hemodiafiltration or continuous arteri- 
ovenous hemodialysis and the pharmacokinetics in 
patients with liver disease or liver failure are not known. 

In patients with normal renal function throughout the 
course of the poisoning, the renal clearance of ethylene 
glycol is consistently reported to be about 20 mL/min 
(see Table 32B-2).*° In relation to ADH blockade, 
fomepizole administration results in first-order elimi- 
nation of ethylene glycol with a prolonged half-life to 
20 hours.!°*9 Thus, the antidotal regimen (dose and 
duration) blocks the metabolism of the toxic alcohol, 
resulting in its retention in the body for a longer time. 

The usual contraindications of fomepizole adminis- 
tration are previously known allergy to pyrazole derivatives 
(such as phenylbutazone) and pregnancy, due to the lack 
of data on safety in these cases. The randomized, 
placebo-controlled, double-blinded studies in human 
volunteers*® as well as the various clinical trials in 
poisoned patients'!? indicated that fomepizole is well 
tolerated at doses used therapeutically, although 
headaches (12%), nausea (11%), dizziness (7%), and 
irritation at the injection site were reported. Other 
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Dosage Regimen of Fomepizole and Ethylene Glycol Poisoning 


ETHYLENE GLYCOL PLASMA CONCENTRATION FOMEPIZOLE (mg/kg) 


2ND DOSE 3RD DOSE 4TH DOSE 5TH DOSE 6TH DOSE 

g/L mmol/L LOADING DOSE 1+ 12hr T + 24 hr T + 36 hr T + 48 hr T + 60 hr 
European Dosing Regimen* 
6 96 15 10 10 10 7.5 5 
3 48 15 10 10 10 7.5 
15 24 15 10 10 7.5 
0.75 12 15 10 7.5 
0.35 5.6 15 7.5 
0.1-0.3 1.6-5.5 15 
American Dosing Regimen* 

Not specified 15 10 10 10 10 15! 


*Fomepizole is administered each 12 hours, by oral or intravenous route, in relation to plasma ethylene glycol concentration. 
TAI] subsequent doses are administered as 15 mg/kg until plasma ethylene glycol level is 0.2 g/L (20 mg/dL) and the patient is asymptomatic 


with normal pH. 


*Data from Brent J, McMartin K, Phillips S, et al: Fomepizole for the treatment of ethylene glycol poisoning. Methylpyrazole for Toxic Alcohols Study 


Group. N Engl J Med 1999;340:832-838. 





adverse reactions included rash, lymphangitis, vomiting, 
diarrhea, abdominal pain, tachycardia, hypotension, 
vertigo, slurred speech, inebriation, fever, mild transient 
eosinophilia, and slight increases in hepatic transami- 
nases. None required the discontinuation of therapy. 
Drug interactions are possible with the ones modifying 
cytochrome P-450 activity, such as phenytoin, carba- 
mazepine, cimetidine, or ketoconazole. Reciprocal 
metabolic interaction also exists between ethanol and 
fomepizole. In rats, the concurrent administration of 
ethanol with a 1 mmol/kg dose of fomepizole markedly 
increased the duration of fomepizole elimination.®! The 
concomitant acute administration of ethanol decreased 
by about 50% the concentration of 4-hydroxymethylpyra- 
zole. Similarly, in rats chronically fed diets containing 
fomepizole and/or ethanol, plasma fomepizole levels 
were higher with concomitant ethanol administration, 
suggesting that ethanol delays fomepizole metabolism. 
In human volunteers, using double-blind crossover 
designs, therapeutic doses of fomepizole (10 to 20 
mg/kg) caused a 40% reduction in the rate of elimi- 
nation of ethanol (0.5 to 0.7 g/kg). Ethanol was demon- 
strated to inhibit fomepizole metabolism, consequently 
increasing its blood concentrations.** Thus, the previous 
intake or administration of ethanol before fomepizole 
therapy does not decrease the efficiency of the antidotal 
therapy. However, the clinical relevance of the effect of 
fomepizole on ethanol elimination remains to be 
determined. Although not formally studied in children, 
there have been several pediatric cases reported where 
the drug appears to be efficacious and without severe 
side effects,°*°* other than nystagmus.” 

However, unlike ethanol, therapeutic concentrations 
are reliably achieved with the proposed dosing regimens, 
and no severe central nervous system or significant liver 
toxicity or hypoglycemia occurred in fomepizole-treated 
patients. To reduce ethanol therapy side effects, 
appropriate monitoring and IV glucose intake in a 
controlled environment such as an intensive care unit 
(ICU) are necessary. Monitoring of therapeutic conc- 


entrations of fomepizole does not appear to be necessary 
in patients with normal hepatic function. Therefore, 
considering its demonstrated clinical efficacy and safety, 
fomepizole should be recommended as a first-line 
antidotal treatment in poisoned patients. In the case of 
exposure to a toxic alcohol or diagnosis of a metabolic 
acidosis with elevated anion gap unexplained by a 
concomitant increase in serum lactate concentration, a 
loading dose of fomepizole should be administered 
while awaiting measurement of the toxic alcohol 
concentrations, which will permit a definitive diagnosis. 
Indications to begin empiric treatment for ethylene 
glycol poisoning are summarized in Box 32B-1. 


Ethanol 


Ethyl alcohol is an ADH competitive substrate blocking 
ethylene glycol liver metabolism when plasma ethanol 


BOX 32B-1 








History of ethylene glycol ingestion (accidental, suicidal, criminal or 
as alcohol substitute) 

Intoxication associating decreased level of consciousness, ataxia, 
slurred speech, and/or focal neurologic examination in an 
inebriated patient without the odor of ethanol or with the 
absence of ethanol in blood 

Unexplained metabolic acidosis, with anion gap (> 16mmol/L) 
and/or osmolar gap (> 15mOsmol/kg) 

Calcium oxalate crystals in urine or urine that fluoresces under the 
Wood's lamp 

Ethylene glycol concentration > 0.2 g/L 


From Barceloux DG, Krenzelok EO, Olson K, Watson W: American Academy of 
Clinical Toxicology practice guidelines on the treatment of ethylene glycol 
poisoning. J Toxicol Clin Toxicol 1999;37:537-560. 
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levels of 1 to 1.5 g/L are maintained. ADH is 50% 
inhibited for an ethanol concentration of 0.02 g/L and 
more than 90% for 0.5 g/L. However, ethylene glycol 
concentrations of greater than or equal to 3.26 g/L 
(5.26 mmol/L) are required to saturate the enzyme by 
50%.°° Ethanol may be administered orally or given as an 
IV infusion of 10% ethanol diluted in 5% dextrose. The 
IV route is possible in comatose patients and does not 
induce gastrointestinal upset. The oral route has the 
advantage of being simple and rapid, with various forms 
and concentrations readily available. However, first-pass 
liver metabolism reduces ethanol bioavailability. Thus, in 
chronic alcoholics or in case of hepatic enzyme 
induction, higher doses of ethanol may be required than 
in abstinent patients. 

During ethanol administration, ethylene glycol’s 
elimination half-life is prolonged to 17 hours but is 
only 2.5 hours in association with hemodialysis. The 
recommended ethanol regimen in ethylene glycol poi- 
soning management is a loading dose of 0.6 to 0.7 g/kg 
of 50% ethanol, followed by a maintenance dose of 
110 mg/kg/hr of 20% ethanol, or greater, if large 
amounts of ethylene glycol were ingested. The ethanol 
should be diluted to 10% if given IV (Table 32B-6). This 
median dose may vary between 66 mg/kg/hr (for 
nondrinkers) to 154 mg/kg/hr (for alcoholics). Ethanol 
therapy should be continued until plasma ethylene 
glycol concentration is less than 0.2 g/L or undetect- 
able.*? Plasma ethanol concentrations should be closely 
monitored, every 1 to 2 hours. During hemodialysis, 
ethanol should be administered at a rate of 230 
mg/kg/hr to maintain blood ethanol levels between 1.0 
and 1.5 g/L. Ninety-five percent ethanol can be added to 
the dialysate bath to reach concentrations of 1.0 g/L, 
allowing easier ethanol blood level stabilization.” 
Adverse effects are numerous, limiting indications of 
ethanol to centers where fomepizole is unavailable: 
inebriation, obtundation, CNS depression (with the risk 
of need for intubation), pancreatitis, hypoglycemia in 


Therapeutic Doses of Ethanol in Ethylene 
Glycol Poisoning, According to the Patient Status and 


Equivalence Between the Different Ethanol 
Presentations 





VOLUME VOLUME 
ABSOLUTE (43% ORAL (10% IV 
ETHANOL SOLUTION) SOLUTION) 
Loading dose 600 mg/kg 1.8 mL/kg 7.6 mL/kg 
Standard 
maintenance 
dose 
Nondrinker 66 mg/kg/hr 0.2 mL/kg/hr 0.83 mL/kg/hr 
Chronic 
alcoholic 154 mg/kg/hr 0.46 mL/kg/hr 1.96 mL/kg/hr 
Standard 
maintenance 
dose during 
hemodialysis 
Nondrinker 169 mg/kg/hr 0.5 mL/kg/hr 2.13 mL/kg/hr 
Chronic 
alcoholic 257 mg/kg/hr 0.77 mL/kg/hr 3.26 mL/kg/hr 








children, and local phlebitis requiring infusions by 
central venous access. That said, a recent study 
demonstrated a low rate of clinically important adverse 
effects related to ethanol used as an antidote to treat 
methanol poisoning in children.*® Despite wide variation 
in ethanol levels, but with appropriate monitoring and 
IV glucose intake in a controlled environment such as a 
pediatric intensive care unit, ethanol therapy does not 
carry as many risks as generally believed. 


HEMODIALYSIS 


Hemodialysis is considered to be an integral part of the 
treatment of patients receiving ethanol or fomepizole 
therapy to expedite removal of the alcohol and thus 
reduce the duration of antidote treatment. Hemodialysis 
clearance of toxicant depends on molecular size, charge, 
distribution, and protein- or lipid-binding status. Ethylene 
glycol is efficiently cleared by dialysis (see Table 32B-2). 
The traditional end-point of dialysis is a plasma con- 
centration of less than 0.2 g/L or undetectable, with dis- 
appearance of acid-base imbalance and correction of the 
anion and osmolar gap.” More recently, a simple method 
to estimate the required dialysis time was validated in 13 
ethylene glycol- and 5 methanol-poisoned patients.°? 
The required dialysis time (RDT) to reach a 5 mmol/L 
toxin concentration target was obtained by the following 
formula: RDT (h) = [-V- Ln (5/A)] / 0.06k, where V (L) 
is Watson’s estimate of total body water, A is the initial 
toxin concentration in mmol/L, and k (mL/min) is 80% 
of the manufacturer-specified dialyzer urea clearance. 
In these studies, there was no difference between the 
predicted hemodialysis duration and that actually 
carried out based on hourly concentration sampling. 
Hemodialysis has usually been recommended in cases 
of confirmed ethylene glycol poisoning, severe or refrac- 
tory metabolic acidosis, and deteriorating vital signs, and 
in the onset of acute renal failure (Box 32B-2). A serum 
ethylene glycol concentration above 50 mg/dL was a 
well-recognized indication, even though not all inves- 
tigators agree.®' In the U.S. META study, 17 of 19 
ethylene glycol—poisoned patients treated with fomepi- 
zole were hemodialyzed.'° Among them, 18 survived, 
whereas only | died secondary to a myocardial infarction. 
All the patients in whom renal injury developed (9 of 


BOX 32B-2 f 


Arterial pH < 7.10 

Drop in arterial pH > 0.05 resulting in a pH outside the normal 
range despite bicarbonate infusion 

Inability to maintain arterial pH > 7.3 despite bicarbonate therapy 

Decrease in bicarbonate concentration > 5 mmol/L despite 
bicarbonate therapy 

Rise in serum creatinine by > 90 mmol/L 

Recently released: Initial plasma ethylene glycol concentration 
> 50 mg/dL 


Data from references 23 and 61. 
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19, 46%), had a plasma glycolate concentration on 
admission of greater than 98 mg/dL. Renal elimination 
and hemodialysis are the only significant routes of 
ethylene glycol elimination, as long as fomepizole 
concentrations are maintained well above 10 umol/L.® 
Hemodialysis effectively clears glycolate, with an 
elimination rate of 170 + 23 mmol/L/min and a half- 
time of 155 + 474 minutes, compared with the 
spontaneous elimination rate of 1.8 + 0.67 mL/L/min 
and half-time of 625 + 474 min.'® 

In a retrospective study, Borron and colleagues 
demonstrated the lack of requirement of systematic 
dialysis in the management of ethylene glycol poisoning 
treated with fomepizole.*! Among 38 patients treated for 
suspicion of ethylene glycol exposure, 11 patients had 
ethylene glycol concentrations of greater than 0.2 g/L. 
Among these, 21% presented in coma, 34% in metabolic 
acidosis, and 11% with an initial plasma creatinine of 
greater than 110 pmol/L (1.2 mg/dL). Hemodialysis was 
performed in only 3 of these 11 patients, 2 with renal 
insufficiency and acidosis and 1 with a very high ethylene 
glycol concentration (134 mmol/L, or 837.5 mg/dL), 
but with normal renal function. Among the 7 patients 
with normal renal function treated with fomepizole, no 
subsequent deterioration was noted. Among all the 38 
patients, only 1 died within a few hours after his 
admission, with severe multiorgan failure, whose onset 
started before fomepizole administration. Patients who 
were dialyzed were significantly more acidotic (arterial 
pH 7.11 vs. 7.31) than those who were not. Patients 
treated with fomepizole prior to the onset of significant 
acidosis did not require hemodialysis. Since this study, 
new insights have been developed with regard to 
hemodialysis criteria. An absolute concentration above 
0.5 g/dL is no longer considered to be an independent 
criterion for hemodialysis in patients treated with 
fomepizole.*® The use of hemodialysis should be based on 
the presence of renal insufficiency or severe metabolic 
acidosis rather than unsupported criteria of serum 
concentrations greater than 0.5 g/L alone.®* The recom- 
mended criteria are now the existence of a significant 
metabolic acidosis (pH < 7.25), renal failure, or electrolyte 
imbalances unresponsive to conventional therapy and 
deteriorating vital signs despite intensive supportive 
care.” Before fomepizole availability, repeated hemodial- 
ysis had been recommended in case of redistribution of 
ethylene glycol within 12 hours after its cessation.” 
Initial serum glycolic acid concentration appears to be a 
good indicator for hemodialysis. However, it is not 
readily available in the majority of hospitals. An initial 
glycolic acid level higher than 10 mmol/L predicts acute 
renal failure, with a sensitivity of 100%, a specificity of 
94%, and an efficiency of 98%.™ In a retrospective study 
including 41 ethylene glycol-poisoned patients, these 
researchers demonstrated that a glycolic acid concen- 
tration higher than 8 mmol/L is a criterion for the 
initiation of hemodialysis. On the contrary, ethylene 
glycol concentration was not predictive of acute renal 
failure or central nervous system toxicity, while an anion 
gap of greater than 20 mmol/L or pH of less than 7.30 
predicts acute renal failure. There was no need to 
dialyze, regardless of ethylene glycol level, if the glycolic 


acid level was less than or equal to 8 mmol/L in patients 
receiving antidotal treatment.” 


CRITICAL ANALYSIS OF ETHYLENE 
GLYCOL TREATMENT 


Although ethanol and hemodialysis constituted the 
recommended therapy for many years, it is unlikely that 
applying principles of evidence-based medicine would 
justify such recommendations now, given the significant 
experience with fomepizole and dialysis.°* While it would 
have been desirable in the U.S. prospective trial!’ to have 
a comparison group with the standard of practice 
(ethanol plus hemodialysis), this was not done for a variety 
of reasons. Nonetheless, until demonstration that 
ethanol therapy results in equivalent efficacy and out- 
comes, it is difficult not to recommend fomepizole. To 
date, there has been no randomized comparative study 
regarding efficacy and cost effectiveness among 
hemodialysis + ethanol versus hemodialysis + fomepizole 
or fomepizole alone. There are frequent references to 
the minimal cost of parenteral ethanol in comparison 
with the relatively high cost of fomepizole. Such com- 
parisons generally ignore the critical issue of laboratory 
costs for monitoring serum ethanol and blood glucose, 
the increased nursing care required for patients main- 
tained in a state of ethanol intoxication, and the require- 
ment for intensive care (which may not be necessary in 
patients receiving fomepizole in the absence of extant 
toxicity). Considering the high cost of fomepizole (about 
$1000 per gram), smaller hospital centers that only occa- 
sionally see ethylene glycol poisoning might prefer to 
continue to stock inexpensive and readily available 
parenteral ethanol rather than fomepizole.® However, it 
should be kept in mind that the suggested shelf life of 
fomepizole is 3 years and that, in some cases, the manu- 
facturer will replace it at no charge after this period, 
rendering it economical even for smaller emergency 
departments to have this antidote in their armamentarium. 

Why is it worthwhile to confirm that fomepizole may 
obviate hemodialysis under certain conditions? First, 
there is a significant downside to the use of hemodialysis: 
it is not universally available, rendering it difficult to 
obtain in case of epidemic poisonings. It represents an 
invasive technique with risks of adverse effects, such as 
hemorrhage, catheter infections, and metabolic dis- 
orders (hypophosphatemia). Moreover, hemodialysis of 
poisoned patients often requires hospitalization in an 
ICU. If significant toxicity and hemodialysis can be 
avoided by the early administration of fomepizole, ICU 
admissions may be limited to a relatively brief (24-hour) 
period of observation (Fig. 32B-3). There are also 
advantages to the use of fomepizole in comparison with 
ethanol: fomepizole is a more potent ADH inhibitor 
(and not a substrate), with a wider therapeutic index, a 
longer duration of action, easier dosing, and more 
predictable kinetics. There is no need for blood 
fomepizole concentration monitoring, treatments are 
well tolerated, and there are no similar data to prove 
ethanol efficacy. Use of ethanol, in our estimation, 
should now be limited to settings where fomepizole is 
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Loading dose of fomepizole 
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Evidence of toxic metabolism: 
metabolic acidosis, blurred vision (methanol), 
renal insufficiency or oxalate crystalluria 
(ethylene glycol) 





Indications for dialysis? 
(See indications in Box 32B-2) 


Dialyze 


Increase dosage of 
fomepizole during dialysis 


Monitor renal function, acid/base 


balance, and serum EG and 
methanol concentrations 


Presence of EG or methanol 





Stop 
fomepizole 


Continue fomepizole until serum EG 


or methanol concentrations become negligible 
+ Consider transfer to general medical ward 





FIGURE 32B-3 Proposed algorithm for treatment of ethylene glycol- and methanol-poisoned patients. This algorithm is based on series 
and case reports and has not been validated prospectively. (Adapted from Megarbane B, Borron SW, Baud FJ: Current recommendations 
for treatment of severe toxic alcohol poisonings. Intensive Care Med 2005;31:189-195.) 


unavailable or in patients for whom fomepizole is 
contraindicated. Given its safety, especially in patients 
who may subsequently be found not to be poisoned with 
toxic alcohols, fomepizole is of value in emergency 
medicine because it permits a margin of diagnostic error. 
In selected exposed patients, fomepizole may obviate the 
need for hemodialysis. However, the risks and benefits of 
fomepizole must be weighed against those of hemodial- 
ysis. Accelerated blood clearance by an adequate single 
hemodialysis session provides for a shorter hospital stay 
and fewer required doses of ADH inhibitors.” 
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Other Toxic Alcohols 


MARCO L. SIVILOTTI, MD, MSc 


At a Glance... 


m These alcohols range considerably in their degree of toxicity. 

m Multiple routes of exposure are possible, which in turn affect 
the degree of toxicity. 

m Poisoning with certain alcohols may produce early central 
nervous system depression and elevation of serum osmolality 
followed by a delayed-onset metabolic acidosis and renal 
failure. 

m Fomepizole or ethanol are potential antidotes in selected cases. 

m Isopropanol poisoning results in ketosis (acetonemia and 
acetonuria) without significant metabolic acidosis, and can 
almost always be managed supportively in a manner analogous 
to ethanol intoxication. 


Although ethanol, methanol, and ethylene glycol 
account for the vast majority of toxicity from alcohols 
encountered in clinical practice, other members of this 
chemical class can also be harmful to human health. An 
alcohol is any compound with a hydroxyl (-OH) group 
attached to a carbon chain. The chemical structures 
of commonly encountered alcohols are shown in Table 
32C-1. Since their toxicities vary considerably, they will 
be discussed individually. 


ISOPROPANOL 


Isopropanol (2-propanol, isopropyl alcohol) is widely 
used as a solvent, rubefacient, and sterilizing agent and 
is found in many skin lotions, mouthwashes, rubbing 
alcohols, and cleaning fluids. Being readily available and 
less expensive than ethanol, it is often abused as an 
ethanol substitute. The IDLH (immediate danger to life 
and health) workplace standard according to the 


National Institute of Occupational Safety and Health is 
2000 ppm. 

Isopropanol is rapidly absorbed after oral ingestion 
into a volume of distribution of 0.7 L/kg. Peak serum 
concentrations occur from 30 to 120 minutes after 
ingestion, whereas peak concentrations of its metabolite, 
acetone, do not occur until 4 hours after ingestion.! 
Inhalation and dermal application can also result in 
substantial absorption and subsequent toxicity.*° 
Isopropanol is metabolized primarily by alcohol dehy- 
drogenase (ADH) in the liver (80%). A smaller fraction 
is eliminated unchanged by the kidneys. The serum 
elimination half-life is 2.5 to 16.2 hours, and increases 
substantially when ethanol or fomepizole are also 
present.°!? Because isopropanol is a secondary alcohol 
(the hydroxyl group is attached to a carbon atom 
bonded to two other carbon atoms), oxidation yields a 
ketone (acetone), which cannot be further oxidized to 
an organic acid.’ Acetone is slowly eliminated by the 
lungs and kidneys with a half-life ranging from 7.6 to 
26 hours.”!*!5 As a result, the biochemical hallmark of 
isopropanol metabolism is the presence of a substantial 
ketonemia and ketonuria without acidemia. 

Clinically, isopropanol ingestion resembles acute 
ethanol poisoning. Central nervous system (CNS) 
depression develops rapidly, and has generally reached 
its nadir within a few hours of the ingestion. Animal data 
suggest that the CNS depressant effects of isopropanol 
are two to three times more potent than ethanol, 
whereas its metabolite, acetone, has CNS depressant 
effects equivalent to ethanol.!® CNS depression can 
range from mild lethargy with slurred speech and ataxia 
to deep coma with areflexia. The fruity breath odor of 
ketones may be appreciated on physical examination. 
Other clinical findings include hemorrhagic gastritis, 
vomiting, abdominal pain, hemorrhagic tracheobron- 


Chemical Structure and Molecular Weight of Selected Alcohols 





CHEMICAL STRUCTURE 


Methanol CHOH 
Ethanol CH;-CH OH 
lsopropanol CH,-CHOH-CH3 


Benzyl alcohol 
Ethylene glycol 
Propylene glycol 
Polyethylene glycols 


(C,H;)-CH,OH 


CH,OH-CH,OH 
CH,OH-CHOH-CH; 76 
CH,OH-CH,-O-(CH,-CH,-O),H 


MOLECULAR WEIGHT (DALTONS) 


Diethylene glycol n=1 106 
Triethylene glycol Ma2 150 
PEG-400 n = 8-9 ~400 
PEG-3350 n = 68-84 ~3350 
Ethylene glycol ethers (cellosolves) CH3—(CH,),-O-—CH,—CH,OH, n = 0 

Ethylene glycol monomethyl ether n=0 76 
Ethylene glycol monoethyl ether a) = 90 
Ethylene glycol monobutyl ether n=3 118 
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chitis, tachycardia, muscle weakness, and pulmonary 
aspiration. Rarely, massive ingestion results in hypo- 
tension from vasodilatation and negative cardiac 
inotropic effects, and respiratory arrest. The duration of 
CNS depression may be prolonged due to the added 
CNS depressant effects and slower rate of elimination of 
the acetone metabolite. 

Serum isopropanol concentrations can be measured 
by gas chromatography, and may be reported on an 
“alcohol screen” in addition to methanol and ethanol 
(but not necessarily ethylene glycol). Serum concentra- 
tions ofat least 50 to 100 mg/dL (8 to 17 mmol/L) result 
in intoxication, and of at least 150 mg/dL (25 mmol/L) 
result in coma, although tolerance can diminish these 
effects. Cardiovascular depression is generally seen at 
concentrations above 450 mg/dL (75 mmol/L). Because 
treatment is largely supportive and determined by 
clinical findings, serum isopropanol concentrations 
usually add little information beyond identifying and 
quantifying the exposure. Small concentrations of 
isopropanol may be detectable in the serum of patients 
with alcoholic, starvation, and diabetic ketoacidosis due 
to acetone reduction back to isopropanol.!”'8 In one 
study, 15% of patients with diabetic ketoacidosis had 
detectable serum concentrations of isopropanol, ranging 
as high as 30 mg/dL.!” Breath analysis for ethanol by 
infrared absorption may detect isopropanol as an 
interferent.'? Some enzymatic assays may misrepresent 
isopropanol as ethanol. 

In general, the presence or absence of an osmol gap 
is neither sensitive nor specific and cannot be used to 
rule in or out a toxic alcohol ingestion (see Chapter 3). 
Both isopropanol and acetone will increase serum 
osmolality. For each 1 mg/dL of either isopropanol 
(molecular weight 60 daltons) or acetone (58 daltons) in 
the serum, the serum osmolality will increase by about 
0.17 mOsm/kg. Therefore, either isopropanol or 
acetone contribute approximately 10 mOsm/kg at a 
combined concentration of 60 mg/dL (10 mmol/L), 
and the osmolal gap multiplied by 6 approximates the 
summed serum concentrations of isopropanol and 
acetone in mg/dL. Thus, when history, physical exami- 
nation, and initial laboratory data suggest poisoning with 
isopropanol and conclusive measurement of this alcohol 
is not immediately available, the osmolal gap can be used 
to quantify and follow the exposure with good sensitivity, 
since the metabolite, acetone, is both osmotically active 
and uncharged. 

Acetone is detectable in the serum within 30 minutes, 
and in the urine within 3 hours after isopropyl alcohol 
ingestion.! Conversely, the absence of serum acetone 
effectively rules out isopropanol ingestion, unless 
ethanol is also present. Acetone can interfere with serum 
creatinine assays,*’** and persists after isopropanol 
is undetectable. Other laboratory findings associated 
with isopropanol poisoning include rhabdomyolysis, 
hemolytic anemia, and renal tubular acidosis. 

Patient management closely parallels acute ethanol 
ingestion. Gastrointestinal decontamination is rarely 
indicated due to the delay that usually occurs between 
ingestion and hospital presentation. Large doses of 


activated charcoal have been shown to adsorb both 
isopropanol and acetone in vitro. Administration of 
such large doses of activated charcoal, however, is 
impractical in the care of poisoned patients. Thus, in 
circumstances where a patient can be treated imme- 
diately after a massive ingestion, small nasogastric tube 
aspiration is the only decontamination necessary. 
Supportive care must emphasize airway protection and 
ensure adequate tissue oxygenation. Careful monitoring 
and frequent reassessment are essential. As with ethanol, 
the pharmacokinetics are such that peak CNS effects 
typically occur by the time of hospital presentation. If 
symptoms have not developed within 2 hours after 
reported ingestion, they will not develop, and patients 
can be cleared for discharge.** Unlike ethanol, however, 
the duration of CNS depression may be prolonged. 
Regardless, serial observation should demonstrate an 
improving level of consciousness with time. Indeed, a 
deterioration should lead the clinician to investigate 
alternate causes of the depressed level of consciousness. 
Similarly, the presence of a metabolic acidosis demands 
a careful evaluation of alternate diagnoses, including 
alcoholic ketoacidosis (see Chapter 6) and inadequate 
tissue perfusion following massive ingestion. 

Inhibition of ADH using either fomepizole or ethanol 
is not indicated and would only serve to prolong toxic 
effects.'*!° Hemodialysis, while effective at removing 
both isopropanol and acetone, is not necessary for the 
vast majority of patients. Hemodialysis should be 
reserved for the rare patient with severe hemodynamic 
compromise despite fluid resuscitation.?,° 


THE HIGHER ALCOHOLS 


The higher saturated aliphatic alcohols may also have 
some toxicity. The higher liquid alcohols are butyl, amyl, 
ethyl, hexyl, and so on, and the solid fatty alcohols 
include lauryl, myristyl, cetyl, and stearyl. The liquid 
alcohols are used as solvents, and the solid fatty alcohols 
are used in cosmetics. The term fusel alcohol is used to 
describe the higher-order alcohols produced by natural 
fermentation, and are present in beer and other 
alcoholic beverages at concentrations as high as 2200 
ppm.?’ In general, the CNS potency of an alcohol 
increases with increasing carbon chain length.'® The 
order of increasing toxicity by single oral doses is as 
follows: ethanol, isopropanol, n-propanol, sec-butyl, n- 
butyl, tert-butyl, isobutyl, and amyl alcohol. nButyl 
alcohol vapors have produced conjunctivitis and 
keratitis. Although skin irritation is common with the 
liquid alcohols, percutaneous absorption does not seem 
to occur. Vapor inhalation may produce pulmonary 
injury. The amyl alcohols are more potent, and ingestion 
or rectal instillation of about 30 mL has proved lethal in 
human adults. Glycosuria and methemoglobinemia may 
result from ingestion of isoamyl alcohol. 

The primary alcohols, such as ethanol, n-propanol, n- 
butyl, and isobutyl alcohol, are oxidized to aldehydes 
and carboxylic acids. Therefore, significant metabolic 
acidosis may result from their ingestion. The secondary 
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alcohols, such as isopropanol and sec-butyl alcohol, are 
converted to ketones, which may also cause CNS 
depression. The tertiary alcohols such as tert-butyl 
alcohol are metabolized slowly and incompletely, and 
excreted in the urine as glucuronides. 

Very few cases of human toxicity have been described. 
In general, the major clinical effects are in the CNS, 
particularly with vaporizing compounds, and include 
headache, muscle weakness, giddiness, ataxia, confusion, 
delirium, and coma. If these agents are ingested, GI 
effects predominate and consist of vomiting and 
diarrhea. The odor of the alcohol may be noted. Fusel 
alcohols may contribute to both the flavor and side 
effects (“hangover”) of certain alcoholic beverages. 
Death from higher alcohols is mainly due to respiratory 
failure but may also result from cardiac arrhythmias. 


BENZYL ALCOHOL 


Benzyl alcohol (o-hydroxytoluene) is an aromatic alcohol 
used as an antimicrobial preservative at concentrations 
ranging from 0.9% to 2.0% in many multidose 
medication vials and parenteral solutions. It is readily 
oxidized in vivo to benzoic acid, and conjugated with 
glycine to form hippuric acid. Neonates have reduced 
capacity to metabolize benzoic acid, and toxicity may 
result from bioaccumulation of benzyl alcohol and 
benzoic acid with repetitive dosing. Neonates inadver- 
tently given 100 to 240 mg/kg/day of benzyl alcohol 
(mostly in bacteriostatic catheter flush solutions) devel- 
oped a syndrome of CNS depression, severe metabolic 
acidosis, gasping respiration, thrombocytopenia, hepa- 
torenal failure, seizures, intracranial hemorrhage, 
bradycardia, skin breakdown, cardiovascular collapse, 
and death, termed the “gasping baby syndrome.”** The 
evidence for causation rests on the original case-control 
description, elevated concentrations of serum and urine 
metabolites, and the disappearance of the syndrome with 
the removal of bacteriostatic solutions from the 
nursery.*°*? A reduction in kernicterus, intracranial 
hemorrhage, neurologic deficit, and perhaps mortality 
has also been associated with elimination of benzyl alcohol 
solutions in neonates.*”** The daily dose of benzyl alcohol 
should not exceed 5 mg/kg body weight.” Some 
common parenteral medications formulated with benzyl 
alcohol include amiodarone, atracurium, atropine 
sulfate, bacteriostatic water and saline for injection, 
bumetanide, chlordiazepoxide, diazepam, furosemide, 
glycopyrrolate, heparin, hydroxyzine, metoclopramide, 
midazolam, lorazepam, pancuronium, physostigmine, 
procainamide, prochlorperazine, succinylcholine, and 
trimethoprim-sulfamethoxazole. 


PROPYLENE GLYCOL 


Propylene glycol (1,2-propanediol; PG) is a clear, 
colorless, odorless, sweet-tasting liquid that is widely 
used as a solvent and antimicrobial preservative. PG is 
considerably less toxic than ethylene glycol,** and thus 
commonly used as the main ingredient in many “ethylene 





glycol-free” antifreeze, de-icing and heat-exchanger 
solutions. Being generally recognized as safe by the U.S. 
Food and Drug Administration, it is routinely used as a 
solvent in pharmaceutical preparations, and as a 
humectant and preservative in food products. Deaths are 
rare following exposure to PG. Nevertheless, the relatively 
high concentration of PG in intravenous formulations of 
phenytoin (40%), diazepam (40%), chlordiazepoxide 
(20%), etomidate (35%), phenobarbital (70%), pento- 
barbital (40%), and lorazepam (80%) can result in 
toxicity during rapid or prolonged infusion of high doses 
of these medications. PG is also present in parenteral 
preparations of esmolol, digoxin, multivitamins, nitro- 
glycerin, and trimethoprim-sulfamethoxazole. Toxicity 
following dermal exposure is possible, particularly in 
infants and burn patients.°°°° The use of silver 
sulfadiazine cream has produced serum hyperosmolality, 
hypoglycemia, seizures, and CNS depression from 
transdermal absorption of PG.°°** The oral median 
lethal dose (LD50) is 20 g/kg or greater in rodents.” 
The daily dose should not exceed 25 mg/kg.*9 

Similar to other alcohols and glycols, PG is rapidly 
absorbed from the gastrointestinal tract with peak serum 
levels after 1 to 2 hours, and distributes into a volume of 
0.6 L/kg. The terminal hydoxyl group of PG is readily 
oxidized via ADH to form lactic acid (2-hydrox- 
ypropanoic acid), which subsequently can be converted 
to pyruvate and enter the Kreb’s cycle. Up to half of the 
parent glycol is excreted unchanged in the kidneys. The 
serum elimination half-life in adults is 2.3 + 0.7 hours, 
but becomes saturated above 50 mg/dL, and can be up 
to 17 hours (or zero-order 13.5 mg/dL/hr) in 
neonates.°*°*9*! With chronic dosing of racemic PG, D- 
lactate accumulates in cats.** The significance of chirality 
is not known in human exposures. In an adult patient 
treated with continuous ethanol infusion and ethanol: 
PG serum concentrations of 1:2 mol/mol, zero-order 
elimination of 13 mg/dL/hr was observed across PG 
concentrations ranging from 300 to 500 mg/dL.* PG 
concentrations greater than 17.7 mg/dL are required 
to increase the lactate concentration and increase the 
anion gap." PG concentrations of 76 mg/dL will increase 
the serum osmolality by about 10 mOsm/kg.* PG can be 
detected by gas chromatography. PG is a potential 
interferent when testing for ethylene glycol, so mass 
spectrometry should be used to confirm glycol identity.*°* 

High doses result in abrupt cardiovascular depression, 
cardiac conduction abnormalities including QRS widening 
and bradyasystole, lactic acidosis, hyperosmolality, CNS 
depression and seizures, hypoglycemia, deafness, and 
thrombophlebitis, as described in various case reports.** 
53 Bradycardia is vagally mediated, as evidenced by 
pretreatment with atropine or vagotomy in animals.” 
Most toxic effects from PG are attributed to the parent 
glycol rather than its metabolites, suggesting that ADH 
inhibitor therapy is of limited benefit.°? Hemodialysis 
has been used in critically ill patients.°°°’ The role of 
fomepizole is unknown.” Continuous venovenous 
hemofiltration with dialysis removes PG more slowly, and 
one patient receiving up to 9 g PG hourly developed 
toxicity despite simultaneous venovenous hemofiltration. 
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DIETHYLENE GLYCOL 


Diethylene glycol (2,2’-dihydroxydiethyl ether, ethylene 
diglycol, 2,2’-oxydiethanol, 3-oxapentane-1,5-diol) is a 
viscous, sweet-tasting hydroscopic liquid. It is used as a 
plasticizer, antifreeze, lubricant, and liquid fuel (e.g., 
Sterno Wick Chafing Fuel, Des Plaines, IL). Its solubility 
in both organic and aqueous solutions has resulted in its 
occasional incorporation into pharmaceutical elixirs, 
with tragic results. The use of diethylene glycol to 
dissolve the early sulfa drug sulfanilamide by the 
Messengill company in 1937 resulted in 105 deaths, and 
triggered a national outcry.°? This tragedy led to the 
federal Food, Drug and Cosmetic Act in 1938, which 
initiated the close regulation of the safety of medicinals 
by the Food and Drug Administration. Unfortunately, 
outbreaks continue to occur in developing countries 
following the inadvertent substitution of diethylene 
glycol for PG or glycerin in elixirs usually intended for 
children, with mortality rates of 40% to 100%.°* (Table 
32C-2) The oral LD50 ranges from 4.9 g/kg (rabbits) to 
28.2 g/kg (mice), but is only 1.1 to 2.2 g/kg in mice 
when given intravenously. A human infant fatality has 
been reported following ingestion of 3.6 g. 

After ingestion, diethylene glycol is rapidly absorbed, 
and 40% to 70% is excreted unchanged in the urine. 
The remainder is oxidized to 2-hydroxyethoxy acetic 
acid by ADH and aldehyde dehydrogenase, which may 
esterify under physiologic conditions to the cyclic 
lactone pdioxanone, a nonacid.®®6¢ The parent ether 
link is stable in vivo, accounting for the absence of 
ethylene glycol, glycolate, and glyoxalate in animal toxicity 
studies, and the inconsistent observation of oxalate in 
human cases.°® Lactic acid accounts for a substantial 
portion of the metabolic acidosis. Pyrazole and ethanol 
both reduce but do not eliminate the toxicity in animal 
models,” suggesting that the parent compound is also 
toxic. 

Nephrotoxicity (tubular necrosis) is the prominent 
feature in animal poisoning studies. Other findings 
include CNS depression and hemorrhage, metabolic 
acidosis, and fatty liver. In poisoned humans, charac- 
teristic findings include delayed-onset renal failure with 


vacuolar nephropathy and acute tubular necrosis, and 
centrilobular hepatic necrosis following single or 
subacute ingestion of about 1 g/kg. In the Haiti 
outbreak, the maximum possible median toxic dose was 
1.5 g/kg (95% confidence interval 0.25 to 4.9 g/kg).°* In 
serious poisonings, headache, dizziness, CNS depression, 
anorexia, nausea, vomiting, diarrhea, and abdominal 
pain are commonly seen within 24 hours after ingestion. 
Unlike poisoning with ethylene glycol, the metabolic 
acidosis is not as prominent until renal toxicity is 
advanced. Laboratory findings include elevated serum 
osmolality, hypoglycemia, elevated blood urea nitrogen 
and creatinine, anion gap metabolic acidosis, elevated 
liver function test results, and an abnormal urinalysis 
result with cells and casts. In addition to hepatorenal 
failure, other late findings include cerebral and pul- 
monary edema, encephalopathy progressing to coma, 
facial nerve paralysis, demyelinating neuropathy, 
seizures, hypertension, adrenal cortical hemorrhage, 
and pancreatitis. 

Although there is little reported experience in 
humans, both early dialysis and the inhibition of ADH 
is recommended for all symptomatic diethylene glycol 
exposures, especially patients with acidemia or renal 
insufficiency.” Using fomepizole to inhibit ADH is 
rational,’! and has been used empirically in human 
cases.°”? The toxicity of the parent compound suggests 
that fomepizole without hemodialysis is unwise. In 
addition to dialysis and ADH inhibition, the need for 
intensive care to multiple patients with multiorgan 
failure may overwhelm a health care system in the 
context of an outbreak.®?"4 


POLYETHYLENE GLYCOLS 


Triethylene glycol is the next higher molecular weight 
polymer after diethylene glycol in the series of 
polyethylene glycols. This series consists of subunits of 
ethylene glycol joined by an ether link. As the number 
of subunits increases, the polyethylene glycols are 
typically a mixture of varying chain lengths and are 
described by a number (e.g., PEG-3350). This number 
denotes the average molecular weight of the mixture. 





Diethylene Glycol (DEG) Poisoning Outbreaks 


YEAR COUNTRY SOURCE (% DEG) 

1937 USA Sulfonilamide (72%) 

1969 South Africa Sedatives 

1985 Spain Topical silver 
Sulfadiazine 

1985 Netherlands Wine 

1986 India Glycerin (18.5%) 

1990 Nigeria Acetaminophen 

1990-1992 Bangladesh Acetaminophen 

1992 Argentina Propolis 

1995/1996 Haiti Acetaminophen (14%) 

1998 India Cough syrup (17.5%) 


AGES FATALITIES IDENTIFIED REFERENCES 
30% children 105 of 353 59 
Children 7 103 

5 104 
Adults 105 
Adults 14 106 
Children 47 63 
Children 236 60 

7 68 
Children 101 of 109 61, 62 
Children 33 of 36 64 
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These compounds are liquids at room temperatures 
until the molecular weight exceeds 1000 daltons, after 
which they become solids and are termed carbowaxes. 
The toxicity also decreases substantially with increasing 
molecular weight. The higher polyethylene glycols are 
commonly used as excipients in medications and 
ointments. Intravenous lorazepam contains nearly 20% 
PEG-400, and burn ointments may contain over 99% 
PEG-300. PEG-3350 combined with an electrolyte 
solution (PEG-ELS) is used as a bowel evacuant for whole 
bowel irrigation (e.g., Go-Lytely [Braintree Laboratories, 
Braintree, MA] and CoLyte [Schwarz Pharma, 
Milwaukee, WI]). 

Only lower-molecular-weight polyethylene glycols are 
absorbed in significant quantities after ingestion. These 
compounds can be metabolized via ADH to mono- and 
diacid metabolites,’? but the majority is excreted 
unchanged in the urine. The ether link appears to be 
stable in vivo (see earlier section on Diethylene Glycol), 
and toxic amounts of ethylene glycol are not generated. 
In animals, 10 g/kg of polyethylene glycols over a wide 
range of molecular weights are well tolerated after single 
intravenous administration. 

Although uncommon, toxicity associated with 
polyethylene glycols includes CNS depression, serum 
hyperosmolality, anion gap metabolic acidosis, and renal 
failure. Triethylene glycol has been reported to cause 
acute toxicity after ingestion in humans.” In this case 
report, intentional ingestion of nearly pure triethylene 
glycol resulted in coma and profound anion gap 
metabolic acidosis (initial arterial pH 7.03, anion gap 
30 mmol/L, lactate 2 mmol/L, osmol gap 7) within 90 
minutes of ingestion. In another case report, an 
intentional ingestion of brake fluid containing both 
diethylene glycol (10%) and triethylene glycol (55% 
vol/vol) resulted in coma, clonus, and anion gap acidosis 
(pH 7.34, anion gap 28 mmol/L, lactate 12 mmol/L, 
osmol gap 31) at least 2 hours after ingestion.” The third 
report of toxicity following intentional ingestion 
involved the liquid contents of a lava light (18% PEG- 
200) by a 65-year-old man who presented with confusion, 
nystagmus, renal failure, and acidosis (anion gap 15, 
creatinine 5.7 ug/dL). Burn patients absorb PEG-300 
from creams applied topically and eliminate acid 
metabolites in urine,” perhaps resulting in toxicity.”4 For 
instance, serum hyperosmolality, anion gap metabolic 
acidosis, and acute tubular necrosis have been described 
in this patient population and may be attributed to PEG 
percutaneous absorption.’ One case of hyperosmolar 
metabolic acidosis in a patient administered 1.7 g 
lorazepam intravenously (18% PEG-400, 80% PG) was 
attributed to the 150 mL of polyethylene glycol 
excipient,’ but the coadministered 704 g of PG are a 
more plausible explanation.” The relative safety of PEG- 
3350 is illustrated by a case report of a 2-year-old child 
treated with 3 L/kg of whole bowel irrigation over 5 days 
without adverse effects.” 

Treatment with ADH blockade using either fomepizole 
or ethanol appears to be appropriate for symptomatic 
ingestions of low-molecular-weight polyethylene glycols.°” 
The role of hemodialysis is not defined, but should be 





instituted for persistent metabolic acidosis or renal 
insufficiency. The acute oral toxicity of the higher- 
molecular-weight polyethylene glycols is minimal. 


GLYCOL ETHERS 


The glycol ethers, or cellosolves, are a family of organic 
compounds in which at least one alkyl hydrocarbon is 
joined by an ether link to a diol such as ethylene glycol. 
Thus, the basic structure is Rl-O-(CH,)x-O-R2. The most 
common glycol ether, accounting for about half of the 
annual production in North America, is ethylene glycol 
n-butyl ether (EGBE), in which R1 = CH;(CHo)s- (Le., 
n-butyl), x = 2 (ethylene glycol), and R2 = H. Replacing 
RI with methyl results in ethylene glycol methyl ether 
(EGME). Other commonly encountered glycol ethers 
are listed in Table 32C-3. 

Since the glycol ethers combine the solubility 
properties of both alcohols and ethers, they are miscible 
in a wide range of aqueous and organic solutions, and 
have numerous household and industrial applications. 
The first reports of human toxicity appeared in the 1930s 
following the introduction of EGME into the manu- 
facture of stiffened shirt collars. Workers producing 
“fused collar” shirts developed toxic encephalopathy and 
bone marrow toxicity following chronic pulmonary and 
dermal exposure.” Today, various glycol ethers are 
found as the primary component of automotive brake 
fluids, as well as in fuel injector and carburetor cleaners, 
degreasing agents, stain removers, carpet and fabric 
cleaners, inks and ink removers, leather dyes, shoe 
polish, leather conditioners, and many window and 
surface cleaning products. Their coating properties lead 
to their use in lacquers, paints, varnishes, and surface 
preparation agents. They are used extensively in the 
semiconductor industry, as well as the plastics, rubber, 
photography, and printing industries. 

Although the first human fatality attributed to 
intentional ingestion of a glycol ether was reported over 
50 years ago,” there are very few published case reports 
of toxicity following acute use. This is in contrast with 
their prevalence in the household environment. For the 
years of 1998 to 2000, the American Association of 
Poison Control Centers Toxic Exposure Surveillance 
System shows over 26,000 human exposures (54% age 
younger than 6 years) to products containing any glycol 
other than ethylene glycol, out of a total of 6.6 million 
cases reported to U.S. poison control centers. Of these, 
64 (0.2%) resulted in major toxicity, and 2 deaths are 
listed, both in adults, presumably following intentional 
ingestion with suicidal intent. Indeed, toxicity was not 
observed in a retrospective poison control center study 
of 24 young children following accidental ingestion of a 
mouthful of products containing less than 10% glycol 
ethers.”® 

Following oral ingestion, absorption of low-molecular- 
weight glycol ethers such as EGME and EGBE is rapid, 
and comparable with ethanol.” Pulmonary absorption is 
also possible, particularly of the more volatile agents. 
Thus, methyl derivatives such as EGME (vapor pressure 


628 CENTRAL NERVOUS SYSTEM 





Glycol Ethers 


NAME ABBREVIATION CAS NO. 
Ethylene glycol methyl ether EGME 109-86-4 
Ethylene glycol ethyl ether EGEE 110-80-5 
Ethylene glycol n-butyl ether EGBE 111-76-2 
Diethylene glycol methyl ether DEGME 111-77-3 
Diethylene glycol n-butyl ether DEGBE 112-34-5 
2-Propylene glycol-1-methyl ether &-PGME 107-98-2 
1-Propylene glycol-2-methyl ether ßB-PGME 1589-47-5 
Dipropylene glycol methyl ether DPGME 34590-94-8 
Ethylene glycol dimethyl ether EGDME 110-71-4 


SYNONYMS STRUCTURE 


2-methoxyethanol, Methyl 
Cellosolve, methyl oxitol 
2-ethoxyethanol, 
Cellosolve, Oxitol 
2-butoxyethanol, Butyl 
Cellosolve, 3-oxa-1-heptanol 
2-(2-methoxy-ethoxy)ethanol, 
methoxydiglycol, methyl 
dioxitol, 3,6-dioxa- 
1-heptanol 
2-(2-butoxyethoxy)ethanol, 
butoxydiglycol, butyl 
dioxitol, Dowanol DB 
1-methoxy-2-propanol 
2-methoxy-1-propanol 
(4 isomers) 
1,2-dimethoxyethane, 
Glyme, Dimethyl 
Cellosolve 
2,5-dioxahexane 


CH,0-CH,CH,OH 
C,H;O-CH,CH,OH 
C,H,O-CH,CH,OH 


CH,0-CH,CH,O-CH,CH,OH 
C,HyO-CH,CH,O-CH,CH,OH 
CH,0-CH,CH(CH;)OH 
CH,0-CH(CH;)CH,OH 


CH,0-C;H,O-C;H,OH 


CH,O-CH,CH,O-CH; 





9.7 mm Hg at 25° C) are more hazardous than EGBE 
(vapor pressure 0.9 mm Hg). The diethylene and 
dipropylene glycol ethers have vapor pressures ranging 
from about 0.4 to 0.004 mm Hg under ambient con- 
ditions, reducing the risk for exposure, and triethylene 
glycol ethers or higher are essentially nontoxic via the 
pulmonary route.®? The glycol ethers readily diffuse 
across intact skin in inverse proportion to molecular 
weight. EGME diffuses across human skin more quickly 
than ethanol, then in decreasing order propylene glycol 
methyl ether (PGME), ethylene glycol ethyl ether 
(EGEE), dimethylene glycol methyl ether (DEGME), 
diethylene glycol ethyl ether, and EGBE.*! Both the 
pulmonary and dermal routes of exposure can lead to 
toxicity in the occupational setting.** Once absorbed, the 
volume of distribution for EGBE has been estimated at 
0.7 Ljke” 

The monoalkyl ethers are predominantly metabolized 
to alkoxyacetic acid by hepatic ADH and aldehyde 
dehydrogenase.*” For example, EGME is oxidized to 
methoxyacetic acid and EGBE to butoxyacetic acid (BAA). 
This metabolism is inhibited in animals by pyrazole (a 
fomepizole analog) or relatively low concentrations of 
ethanol. O-dealkylation to ethylene glycol and a mono- 
alcohol plays a minor role in mammals. The alkoxyacetic 
acid and its glycine conjugate are the major urinary 
metabolites recovered. Only trivial amounts of the 
parent compound are eliminated in feces or breath. 
Despite reports of moderate increases in oxaluria in two 
case reports,**® the absence of detectable ethylene 
glycol, methanol, and tissue calcium oxalate crystals in 
most other published reports demonstrates that the 
toxicity of EGME and EGBE is not due to the release of 
ethylene glycol.’””°58° Two other case reports may 
represent ethylene glycol ingestions.*”** In contrast to all 


the ethylene glycol monoalkyl ethers and B-PGME, ADH 
oxidizes secondary alcohols such as &-PGME more slowly, 
and O-dealkylation presumably via CYP450 can produce 
substantial quantities of PG.°° 

Because of the paucity of published reports of acute 
toxicity following oral ingestion, careful scrutiny of these 
case reports is justified, as summarized in Table 32C-4. 
Analogous to most other toxic alcohols, the acid 
metabolites appear to be more potent toxins than the 
parent glycol ether. Rapid onset coma may occur within 
l] hour of ingestion,” but an anion gap metabolic 
acidosis follows several hours later if ADH metabolism is 
not inhibited.”?*+*° Mild to moderate hemolysis has been 
observed in humans following large ingestions of 
EGBE,’? 54°99 but not after inhalational exposure or 
with other glycol ethers. Animal models demonstrate 
that BAA is the proximate hemolytic agent.” Human 
erythrocytes appear to be resistant to hemolysis in vitro.”* 
Other reported toxic effects following glycol ether 
ingestion are hypotension requiring pressors, mild renal 
dysfunction with proteinuria, lactic acidosis, and less 
commonly disseminated intravascular coagulopathy, 
acute lung injury, hepatic dysfunction, and 
hypochloremic metabolic acidosis. 

Chronic exposure can result in bone marrow sup- 
pression, encephalopathy, developmental toxicity, and 
subfertility. The neurologic effects range from personality 
changes to amnesia, headache, and lethargy, with 
tremor, clonus, ataxia, and dysarthria. Both erythroid 
and myeloid hypoplasia have been described on the 
bone marrow aspirates of workers exposed to higher 
concentrations of EGME, but not following low level 
exposures to EGBE.?”4 Several epidemiologic studies 
have reported an association between decreased fertility 
in female workers and exposure to EGME, EGBE (and 
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Human Case Reports of Symptomatic Glycol Ether Ingestion 





REFERENCE 


77 


85 


85 


84 


79 


86 


89 


AGE 
(yr) 


46 


41 


23 


50 


23 


1.3 


19 


SEX 


M 


INTENTIONAL 


Yes 


Yes 


Yes 


Yes 


Yes 


No 


Yes 


INGESTION 


250 mL pure 
EGME + some 
ethanol 


100 mL pure 
EGME 8hr 
PTA 


100 mL pure 
EGME 20 hr 
PTA 


250+ mL 12% 
EGBE 12 hr 
PTA 


250 mL 12.7% 
EGBE + 3.2% 
ethanol 1 hr 
PTA 


10%-30% 
EGBE 2hr 
PTA 


600 + mL 
25%-35% 
EGBE + 15%- 


25% propylene 


glycol 20 min 
PTA 


TIME POST 


ARRIVAL 


5hr 


12 hr 


5 days 


-2 hr 


1 day 


5-9 days 


3-6 days 
5 days 


2 hr 


22 hr 


2 hr 


4hr 
26 hr 


1 hr 


FEATURES 


Comatose, RR 
28/min 

Dead; no 
methanol/some 
ethanol in urine 

Agitated, 
confused, restless, 
increased RR 

Restless, AG 24, 
creat 2.0 mg/dL, 
pH 7.18, Ca 
oxalate 
crystalluria 

Creat N; no 
methanol or 
EGME in urine 

Motor weakness 

Confused, 
increased RR, 
AG 30, creat 
1.5 mg/dL, 
pH 7.22; 
no methanol, 
EGME, or Ca 
oxalate in urine 

Creat N 

27-54 mg/day 

oxaluria (N) 

Coma inc creat, 

pH 7.23, oxalate 

crystaluria 

Hemolysis 

Extubated; BAA 
up to 40 g/g creat, 
EGBE 2 g/g creat, 
and oxalate 
200 mg/g creat 
(peaks day 1 and 
7) in urine 

Coma, AG N, creat 
N; EGBE 432 mg/L, 
ethanol 35.6 mg/L 
in serum 

EGBE 304 mg/L, 
ethanol 1 mg/L in 
serum 

Awake 

RR 28/min, AG 28, 
creat N, lactate 
7.1mM, pH 7.08, 
OG N 

Creat N, urine 
oxalate N, mild 
hemolysis 

GCS 7, AG 19, 
lactate 1.0 mM 

AG 20, no 
ethylene glycol 
in serum 

AG N 

Awake 


3 days 


3 days 


Lethargic, RR 
24/min 


TREATMENT 


Ethanol x 


Ethanol x 


HDx6hr 


Fomepizole 
x 1 dose 


COMMENTS 


Acute hemorrhagic 
gastritis, toxic changes 
renal tubules and 
pancreas 


Proteinuria x 7 day, 
alopecia, dermatitis 


Proteinuria x 7 day 


Rapid onset coma, 
dopamine for 
hypotension, coingested 
ethanol appears to have 
delayed onset of acidosis 
and serum elimination of 
EGBE 


Early hypoglycemia, late 
pancreatitis (mild) 
Hypotension on 3 
pressors; DIC; propylene 
glycol coingestion; peak 
BAA 170 mg/dL, no 
increased elimination 
during hemodialysis; 
lactate also cleared slowly 
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Human Case Reports of Symptomatic Glycol Ether Ingestion—Cont’d 


AGE TIME POST 
REFERENCE (yr) SEX INTENTIONAL INGESTION ARRIVAL 
3 hr 
29 hr 
2 days 
107 59 F Yes 20%-30% 0 
DPGME 
24 hr 
101 51 F Yes 240 mL 10%- 0 
30% EGBE + 
10%-40% 
isopropanol 
1.5 hr PTA 
4hr 
3 days 
90 18 M Yes 360 +mL 22% 0 
EGBE 3 hr PTA 
10 hr 
16 hr 
21 hr 
30 hr 
60 hr 
90 18 M Yes 480 mL 22% 0 


EGBE 6hr PTA 


8 hr 


The table summarizes published reports of serious glycol ether ingestion 


FEATURES TREATMENT COMMENTS 


Coma, AG 10, 
lactate 5.0 mM, 
DH 7.36; 
propylene glycol 

43 mg/dL 

HD x 4hr 

Hemolysis 

Coma, AG 
increased, OG 12; 
no methanol or 
ethylene glycol 
in serum 

AGN 

Vomited, RR 24/ 
min, AG 15, creat 
0.8 mg/dL, pH 7.31; 
isopropanol 
3 mg/dL, acetone 
3 mg/dL 

Obtunded 


Ethanol Hypotensive eventually 
needing CPR; skin burns 


attributed to urine leak 


Deteriorated shortly after 
ethanol begun; 
hyperchloremic metabolic 
acidosis resolved when 
ethanol discontinued; 
EGBE and BAA levels 
much lower than 
expected 


Ethanol x 
3 days 

AG 11-15, 
creat N, no 
oxaluria, no 
hemolysis 

Awake, AG N, 
creat 1.2 mg/dL, 
pH 7.34, OG N 

Lethargic, inc RR 

Creat 1.5 mg/dL, 
lactate 5.9 mM, 
DH 7.46; no 
ethylene glycol, 
peak BAA 4.9 mM, 
peak EGBE 
0.001 mM in 
serum 

Creat 1.1 mg/dL, 
no ethylene glycol 
in serum 

Awake, mild 
hemolysis 

AG N, creat N 


HD x 4.5 hr; 
ethanol x 
30 hr 


Mild epigastric 
discomfort; ketonuria, 
hematuria, proteinuria 
Ethanol x 
28 hr 


Alert, creat 
1.3 mg/dL, pH 
7.40, no ethylene 
glycol in serum 
OG 8, peak BAA HD 
2 mM, EGBE 
0.1 mM 


Time of peak BAA 
relative to HD not clear 


AG, anion gap (mM); CPR, external chest compressions; creat, serum creatinine; DIC, disseminated intravascular coagulation; HD, hemodialysis; 


N, normal; OG, osmolal gap; PTA, prior to hospital arrival; RR, respiratory rate. 





their acetate derivatives which are deesterified in vivo to 
the parent glycol ether), and other ethylene and PG 
ethers used in photolithography during semiconductor 
fabrication.*°°? EGME, EGEE, and perhaps higher glycol 
ethers are teratogenic.?°!0 

The diagnosis of acute exposure to glycol ether 
depends on a reliable history, since laboratory testing for 
the parent glycol ether or its acid metabolite is generally 


not possible within a clinically relevant turnaround time. 
CNS depression should be present on physical exam- 
ination following significant poisoning. The presence 
of an anion gap metabolic acidosis, with or without a 
concurrent lactic acidosis, is an indirect marker of 
exposure and metabolism, but is not specific. The osmol 
gap is usually normal despite severe symptoms. /%90:101,102 
In fact, in one patient with rapid onset coma, the serum 
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concentration of EGBE was 3 mmol/L, and would 
therefore not be expected to increase the osmol gap 
appreciably. 

Treatment must therefore be predicated upon clinical 
effects such as mental status, acid-base status, and other 
readily apparent end-organ effects. Many of the patients 
in case reports were treated with ADH blockade or 
delayed hemodialysis, or both. Fomepizole was used in 
one instance. There are insufficient data on which to 
base a firm recommendation at this time. The use of an 
ADH inhibitor is based on the premise that the acid 
metabolite is the more toxic species, and is justified only 
if substantial amounts of the parent glycol ether remain 
at the time of initiation of therapy. It is difficult to 
interpret the human toxicokinetics of the parent glycol 
ether, because the reported methodologies for 
quantifying EGBE appear to yield inconsistent results. 
From these imprecise published estimates, it would 
appear that the glycol ether is absorbed and cleared 
rapidly from the serum. The available data also suggest 
that full-dose ethanol therapy can result in hemody- 
namic compromise and a hyperchloremic metabolic 
acidosis.'°! The use of hemodialysis is recommended to 
correct refractory metabolic acidosis and to remove the 
glycol ether metabolites. Here again, the literature is 
unsatisfactory. The only report of serial serum BAA levels 
suggests that hemodialysis does not increase BAA 
elimination substantively.’ This observation is at odds 
with the low molecular weight and volume of dis- 
tribution of BAA, and should be confirmed prior to 
reconsidering the role of hemodialysis. 

Pending better information, it seems prudent to 
recommend fomepizole or low-dose ethanol for symp- 
tomatic patients who present shortly after an intentional 
ingestion of a product known to contain nontrivial 
concentrations of glycol ethers. Hemodialysis should be 
offered to patients with a metabolic acidosis not 
responsive to fluids and sodium bicarbonate. Accidental 
sips of solutions with less than 10% glycol ether can be 
managed with home observation if the patient remains 
asymptomatic. ’® 
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At a Glance... 


© Opioids elicit the same overall physiologic effects as morphine 
but may demonstrate conspicuous differences following an 
overdose. 

m The classic “opioid toxidrome” (mental status depression, 
respiratory depression, miosis, and decreased bowel motility) 
may not be apparent following a mixed overdose. 

m Purity and adulterants play a considerable role in the outcome 
and complications of heroin use. 

m = Inhalation of heated heroin vapors may result in a progressive 
spongiform leukoencephalopathy. 

m Acute lung injury may occur following opioid overdose or 
naloxone therapy. 

m Higher doses of naloxone may be required to antagonize the 
effects of high-potency opioids (e.g., fentanyl and its analogs, 
methadone, pentazocine, propoxyphene, and diphenoxylate). 

m Naloxone has a short half-life, and the effects of most opioids 
will significantly outlast several doses of naloxone. 

m Judicious use of naloxone infusion may obviate the need for 
endotracheal intubation. 


HISTORY AND INTRODUCTION 


Opium, one of the oldest known pharmacologic agents, 
is derived from the poppy Papaver somniferum. The 
Sumerians first reported the psychotherapeutic benefits 
of juice from immature poppy heads about 4000 Bc. 
Opium solutions contained morphine, codeine, and 
numerous other related alkaloids. In 1806, morphine 
was isolated from opium by Serturner. Other alkaloids 
were later isolated, including codeine in 1832 by 
Robiquet and papaverine in 1848 by Merck. Morphine 
was soon recognized to be as addictive as opium. 
Attempts were made to increase morphine’s antinoci- 
ceptive and antidiarrheal properties while decreasing 
tolerance and dependence. The result was Dreser’s 
synthesis of diacetylmorphine (heroin) in 1898. 

The existence of specific opioid receptors was 
definitively established in 1973 by Snyder and colleagues 
in the United States and Terenius and colleagues in 
Sweden. In 1975, Kosterlitz and Hughes identified two 
endogenous pentapeptides with morphine-like activity— 
the leu-enkephalin and the met-enkephalin—opening 
the door to the characterization of additional endoge- 
nous ligands. Work continues on opioid receptors 
with the aim of improving our understanding of their 
biopharmacology and manipulating the beneficial 
effects of opioids, while reducing their undesirable 
consequences. 

The term opiate specifically refers to all naturally 
occurring alkaloids derived from opium, including 


morphine, 6-mono-acetyl-morphine, codeine, codethyline, 
and pholcodine. In contrast, the term opioid refers to all 
drugs, natural or synthetic, with morphine-like actions or 
actions mediated through binding to opioid receptors. 
This chapter focuses on the clinical issues concerning 
the acute and chronic toxicology of opioids and 
appropriate treatment relevant to current clinical 
practice. 


EPIDEMIOLOGY 


The dangers of opioid overdose have been recognized 
for as long as the use of opium itself. Overdose from 
illicit opioid use has increased in many countries over 
the past decade,' as has the illicit production, trans- 
portation, and consumption of opioids, especially 
heroin. Higher production, increasing purity, and lower 
prices have considerably contributed to the worldwide 
expansion of opioid use. Higher heroin purity enables 
users to smoke or snort rather than inject it, contributing 
to widespread popularity, illustrated by a recently 
reported epidemic of heroin use.* Changes in the route 
of opioid administration over time may occur in relation 
to opioid tolerance or drug purity increase. Heroin vapor 
inhalation produced by heating heroin on aluminum foil 
is increasingly common. The majority of drug users 
currently entering treatment programs are noninjectors. 
There is a trend toward multidrug use, with attendant 
drug-drug interactions and the risk of polyintoxication. 

In 2004, the Substance Abuse and Mental Health 
Services Administration (SAMHSA) and the Drug Abuse 
Warning Network (DAWN) estimated that 19.1 million 
Americans ages 12 or older (about 7.9% of the popu- 
lation) were current illicit drug users.’ However, the 
prevalence of heroin use remains low in the general 
population when compared with alcohol, tobacco, or 
cannabis. Typically, less than 2% of the adult population 
has ever used heroin, and less than 1% is dependent on 
heroin. An estimated 300,000 persons in the United 
States suffer from heroin dependence or abuse (Fig. 
33-1), and 118,000 persons have used heroin for the first 
time within the past 12 months with an average age of 
initiation at 24 years. The number of injectors has been 
estimated to be about 5.3 million worldwide, which 
appears to be constant. For 2003, the American Associ- 
ation of Poison Control Centers (AAPCC) reported 
22,600 opioid overdoses among the 270,000 exposures to 
analgesics (around 8%), which resulted in 213 of 656 
deaths (around 35%) attributed to this pharmacological 
class.* 

The SAMHSA reported 709,000 hospital facility visits 
in 2004 related to illicit drug use, versus 638,484 in 2001 
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FIGURE 33-1 Comparative incidence of dependence or abuse of 
specific substances among past users of substances in the United 
States in 2004. (Courtesy of the Substance Abuse and Mental 
Health Services Administration, http:/Awww.icpsr.umich.edu/SAMHDA.) 


and 323,100 in 1978.° This increase does not necessarily 
reflect an elevation in the number of heroin users, but 
rather a greater number of individuals seeking help. 
Emergency department admissions for opioid overdose 
were estimated in the United States at 93,000 per year in 
2002 versus 72,000 in 1995. In contrast, heroin use is 
decreasing in western Europe, with a rise in the mean 
age, presumably in relation to the widespread intro- 
duction of opioid maintenance treatment programs and 
to the development of dependence on other illicit drugs 
(cannabis, cocaine, and amphetamines). In France, for 
example, traditional opiate use has decreased since 1996, 
when both prescribed and diverted buprenorphine 
appeared on the scene. In other countries, various 
locally produced opioids are used, including “home- 
back” in Australia and New Zealand, prepared with 
codeine and other opiates; “kompot” in Poland, made 
from poppy straw; and “black water opium” in Vietnam. 

Opioids represent the most lethal illicit drug, with 
most of the fatalities occurring in young males, resulting 
in 33,662 potential years of life lost and 42 years of life 
lost per death.® A dependent heroin injector has a 20 to 
30 times greater estimated risk for premature death than 
a similar-aged non—drug-using person. In 1995, opioid 
overdose deaths accounted for 76% of all deaths due to 
illicit drug use and 9% of deaths among young adults 
15 to 44 years of age in Australia.* In Glasgow, nearly a 
third of all deaths among young adults 15 to 35 years of 
age were related to opioids.’ However, after a rise in the 
second half of the 1980s, the number of overdose deaths 
has generally stabilized or declined in the majority of 
Western countries.’ Nearly two thirds of all long-term 
heroin users have self-overdosed on heroin at least once.’ 

Mortality for opioid users in maintenance treatment is 
reduced (about four times), in comparison to opioid 
users involved in opioid-related emergencies.’ Substi- 


tution therapy with methadone, levomethadyl acetate, 
or buprenorphine may result in a substantial reduction 
in consumption of illicit opiate and psychoactive 
substances.!°!* However, deaths have been attributed to 
maintenance treatment as well, in relation to their 
overdose or misuse. Deaths have been reported in relation 
to buprenorphine “overdose.”!*'® Forensic studies 
concluded that these deaths were due to asphyxia, with 
the underlying cause attributed to misuse and/or 
coadministration of psychotropic substances. Buprenor- 
phine is injected by some users, despite the labeling for 
sublingual use.!”!° However, despite an estimated 90,000 
patients treated with high-dose buprenorphine (8 to 
16 mg/day) in France since 1996, the number of 
significant reported side effects has been limited.°”° 
Interestingly, it appears that a strict limitation on the 
number of patients per prescribing physician for 
buprenorphine substitution programs has been asso- 
ciated with very limited abuse of the product since its 
launch in the United States in 2002.7! Similarly, most 
lethal methadone intoxications are due to diverted or 
illegal methadone, in association with medications or 
other illicit drugs.***? Recent increases in methadone 
prescription under strict medical control have not 
increased the number of lethal methadone intoxications 
but may have contributed to a large decrease in overall 
drug intoxication deaths.** 


PHARMACOLOGY 


The Various Opioid Molecules 


Morphine is still obtained from opium or extracted from 
poppy straw. A number of natural alkaloids are derived 
from Papaver somniferum, including phenanthrenes 
(morphine, codeine, and thebaine) and benzylisoquino- 
lines (papaverine, noscapine). Codeine is methylmor- 
phine. Thebaine, the precursor of several compounds 
such as oxycodone and naloxone, differs from morphine 
in the methylation of its two hydroxyl groups and the 
presence of double bonds in the ring. Heroin is a 
diacetylmorphine, in the 3 and 6 positions. Hydromor- 
phone, oxymorphone, hydrocodone, and oxycodone are 
also made by modifying the morphine molecule. 
Synthetic opioids can be structurally divided into five 
classes: morphinans, phenylpiperidines, benzomorphans, 
methadones, and propionanilides. Levorphanol is the 
only commercially available opioid agonist from the 
morphinan series. The phenylpiperidine family includes 
meperidine, diphenoxylate, loperamide, fentanyl, 
sufentanil, alfentanil, and remifentanil. Methadone and 
propoxyphene are structurally related opioids. Some 
partial opioid antagonists are clinically used, including 
pentazocine (a benzomorphan derivative), nalbuphine 
(structurally related to naloxone and oxymorphone), 
buprenorphine (a semisynthetic opioid derived from 
thebaine), and meptazinol. Minor changes in the 
chemical structure may convert an agonist into an 
antagonist opioid, like nalorphine (derived from 
morphine) or naloxone and naltrexone (both derived 


from oxymorphone). These substitutions are critical in 
determining agonist or antagonist properties, as well as 
their interactions with the various opioid receptors. 

A simple classification scheme including all opioids, 
whether clinically used or not, distinguishes natural 
exogenous opioids, synthetic opioids, and endogenous 
opioids. 


THE EXOGENOUS NATURAL OPIOIDS 

This class includes opiates derived from Papaver 
somniferum, like morphine, as well as other animal- 
derived peptides, like deltorphines, extracted from 
the skin of South American frogs belonging to the 
Phyllomedusa genus and characterized by a high affinity to 
ò receptors. 


THE SYNTHETIC OPIOIDS 

This group may be subdivided into nonpeptide and 
peptide-like molecules. The first subgroup includes 
morphine derivatives, like heroin, buprenorphine, 
methadone, and etorphine (Fig. 33-2), as well as some 6 
selective agonists. 


THE ENDOGENOUS OPIOIDS 

Endogenous opioids are naturally occurring peptides 
with various types of opioid activity. They are produced 
after the cleavage of high-molecular-weight precursors. 
This group includes endorphins, enkephalins, and 
dynorphins or neoendorphins. They are found at various 
sites and in differing quantities throughout the central 
and peripheral nervous system. Complex interactions 
with multiple opioid receptors result in modulation 
of the response to painful stimuli. More recently, two 
tetrapeptides have been described and dubbed “endo- 
morphins” due to their high affinity to u opioid 
receptors, making them good candidates as endogenous 
ligands of these receptors.”° 
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FIGURE 33-2 Chemical structures of the main opiate/opioid 
molecules. 
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PHARMACODYNAMICS 


The clinically used opioids exert a common activity 
profile, mainly through u opioid receptors. The central 
analgesic action of opioids is the most important 
property used in therapeutics.*° These antinociceptive 
effects are mediated through spinal and supraspinal 
opioid receptors. Analgesia occurs without loss of 
consciousness. Given to patients in pain, opioids reduce 
the pain, while drowsiness commonly occurs and 
euphoria may be experienced. Given to normal pain- 
free subjects, opioids may induce nausea, vomiting, 
drowsiness, apathy, or lessened physical activity. 

Mood alterations including euphoria, tranquility, and 
rewarding properties may follow opioid administration. 
Their mechanism is still not clearly understood but seems 
mediated by dopaminergic pathways, independently 
from those involved in physical dependence and analgesia. 
Pinpoint miosis is a near pathognomonic consequence of 
opioids on the parasympathetic innervation of pupils. The 
cough reflex is depressed through a direct action on the 
cough center in the medulla. This antitussive action 
represents the target effect of some opioid agents. 
Nausea and vomiting are caused by direct stimulation of 
the chemoreceptor trigger zone for emesis in the area 
postrema of the medulla. 

Opioids may be responsible for respiratory depres- 
sion, mainly by a direct effect on the brainstem respiratory 
centers. Opioids may also depress the pontine and 
medullary centers involved in regulation of respiratory 
rhythmicity. With usual opioid doses, in the absence of 
underlying pulmonary or neurologic diseases, clinically 
significant respiratory depression is rare, unless other 
psychotropic or sedative medications are concomitantly 
used. Respiratory depression increases with the dose and 
is the incriminated mechanism of death following opioid 
overdose. All phases of respiration may be depressed, 
including respiratory rate and tidal and minute volumes. 
Following an intravenous (IV) injection of morphine, 
maximal respiratory depression is obtained within 5 to 
10 minutes. High doses of certain opioids (fentanyl, 
alfentanil, remifentanil, and sufentanil) may produce 
acute muscular rigidity, involving the trunk and the chest 
wall, sometimes compromising respiration. The mecha- 
nism for this is still debated and may involve basal 
ganglia dopamine receptor blockade, Q,.-adrenergic or 
6 opioid receptor stimulation. In patients undergoing 
anesthesia, muscle rigidity may necessitate the adminis- 
tration of neuromuscular blocking agents to facilitate 
mechanical ventilation. 

Endocrine effects have also been reported, including 
the inhibition of gonadotropin-releasing hormone and 
corticotropin-releasing factor production, inducing a 
diminution in concentrations of luteinizing hormone, 
follicle-stimulating hormone, adrenocorticotropic hor- 
mone, and f-endorphin circulating. Antidiuretic hormone 
release is also reduced. Opioids increase the muscular 
tonus of the gastrointestinal (GI) tract and diminish 
peristaltic contractions. They also diminish biliary, 
pancreatic, and intestinal secretions, but increase anal 
sphincter tone. Intestinal resting tone is increased and 
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spasms may result. All these effects induce desiccation 
of the feces, leading to constipation and the therapeutic 
use of some opioid compounds as antidiarrheic sub- 
stances. Opioids also increase bladder external sphincter 
tone, resulting in urinary retention, sometimes requiring 
bladder catheterization. 

Opioid-related cardiovascular side effects are well 
known: mild reduction in blood pressure, risk for 
orthostatic hypotension, or, uncommonly, bradycardia. 
Only propoxyphene is associated with significant cardio- 
vascular toxicity due to sodium channel blockade. 
Opioids also induce peripheral vasodilatation at thera- 
peutic doses. The skin of the face, neck, and upper thorax 
may flush due to histamine liberation. The immune 
system also may be considered a potential therapeutic 
target of opioids, including central immunomodulatory 
activity or direct effects on immune cells. This latter 
effect is related to an activation of 6 opioid receptors 
expressed on peripheral blood cells. Met-enkephalin and 
B-endorphin may stimulate the chemotactic properties 
of neutrophils, monocytes, or lymphocytes. In contrast, 
morphine reduces the activity of natural killer lympho- 
cytes and neutrophil activity. The latter immunosup- 
pressive effects appear to be mediated through wu 
receptors.?’ 

Prolonged treatment with opioids may induce a 
tolerance to their effect, characterized by the loss of their 
effectiveness and the necessity to increase doses to obtain 
the same effects. Dependence on opioids is responsible 
for the appearance of withdrawal when the opioid 
therapy is abruptly stopped. Addiction results from an 
altered behavior with the compulsive use of opioids and 
an overwhelming need for their procurement and use. 
The molecular mechanisms of dependence and tolerance 
appear very complex, involving opioid and N-methyl-D- 
aspartate receptors. These pathways are physiologic 
responses to opioid treatments and may be distinct from 
those involved in addiction. 

Morphine, tramadol, meperidine, fentanyl, and 
related opioids are used primarily for their analgesic 
properties. Codeine is used widely for its antitussive 
action. Given their dynamic and kinetic properties, 
methadone (with a long half-life) and buprenorphine 
(with partial u agonist activity) are used as maintenance 
therapies in heroin abusers. Naloxone, the therapeutic 
antagonist of reference, is used to reverse neurologic 
and respiratory depression induced by acute opioid 
poisoning. 


OPIOID RECEPTORS 


The International Union on Receptor Nomenclature 
has recently recommended a nomenclature change from 
the historical Greek alphabet to one similar to other 
neurotransmitter systems, the receptors 6, K, and u, 
becoming OP), OP», and OPs, respectively.*® 
1. The u opioid receptors (OP;). The u receptors were the 
first opioid binding sites described, in relation to 
morphine agonist activity and high affinity.* 
Morphine has a 50-times higher affinity for u 
receptors in comparison with other opioids. Fentanyl 


and other piperidyl agonists also have good affinity 
and selectivity for u receptors (Table 33-1). 
Naloxone is the only clinically used opioid 
receptor antagonist, with a higher affinity for the u 
than for the other receptors.*? Other antagonists 
also have good selectivity for u receptors (Fig. 33-3). 
u Receptors are further classified into u; and Us 
subclasses (Table 33-2). The u, receptors found in 
the periaqueductal gray matter, the nucleus raphe 
magnus, and the locus caeruleus are postulated to 
have supraspinal analgesic properties. The w 
receptors are responsible for almost all opioid 
analgesic properties, and to some extent, their side 
effects. The us receptors, characterized by a lower 
affinity for opioids than u, are responsible for the 
untoward side effects of opioids, including respi- 
ratory depression, delayed GI motility (nausea, 
vomiting, and constipation), urinary retention, brady- 
cardia, miosis, euphoria, and physical dependence. 

2. The K receptors (OP,) The K agonists produce 
analgesia that is unaffected by tolerance or 
antagonists to u receptors (see Table 33-2). The «x; 
receptors appear to be concentrated in the spinal 
cord, whereas Kọ and k3 receptors appear to pre- 
dominate in the supraspinal region. They may even 
outnumber u receptors in that region. Untoward 
effects of « stimulation include respiratory depres- 
sion (less than u), miosis, dysphoria, and psy- 
chotomimetic effects. 

3. The 6 receptors (OP,). The 6 receptors mediate 
spinal analgesia, specifically via thermal nociception. 
Both enkephalins and 6-dynorphin bind to this class. 
The 6 receptors also have a cortical distribution and 
may have a role interacting with centrally located u 
receptors. Untoward side effects include respiratory 
depression via decreased respiratory rate.*” 

All these opioid receptors have now been cloned and 
sequenced. They each consist of seven transmembrane 
segments (Fig. 33-4). The molecular conformations of 
the opioid receptors play an important role in their 
activity.°'** All the opioid receptors belong to the G- 
protein-binding superfamily, with significant sequence 
homology between their transmembrane regions. How- 
ever, important differences exist within their intra- 
cellular and extracellular segments, determining the 
differences in their binding properties (Table 33-3). 
Different mechanisms of cellular transduction are now 
described, depending not on the receptor type but on its 
localization. The G-protein structure contains three 
subunits (a, 6, y), from which the By subunit is liberated 
on the binding of the a subunit to guanosine 
triphosphate. The fy is then able to activate various 
effector systems, including phospholipase C, adenylate 
cyclase, other channels, or transport proteins (Fig. 33-5). 
The main postsynaptic signal trasduction mechanism is 
based on the inhibition of the adenylate cyclase, 
mediated by inhibitory G proteins (Gi), associated with 
u, K, and 6 opioid receptors.**** Opening of potassium 
channels may result from opioid receptor stimulation, 
yielding membrane hyperpolarization and neuronal 
excitability reduction.” On the presynaptic membrane, 
the opioid receptor activation is associated with a closure 
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Opioid Pharmacological Properties 


o RECEPTOR, 56 RECEPTOR, u RECEPTOR, 

[7] HU-69,593 [7H]NALTRINDOL [7H]DAMGO 
Nonselective Compounds 
Dynorphin A 0.5 >1000 32 
Leu-enkephalin >1000 4.0 3.4 
Met-enkephalin >1000 I7 0.65 
B-Endorphin 52 1.0 1.0 
Des-Tyr'-B-endorphin >1000 >1000 >1000 
(-)-Naloxone 2.3 17 0.93 
(+)-Naloxone >1000 >1000 >1000 
Levorphanol 6.5 5.0 0.086 
Dextrorphan >1000 >1000 >1000 
(+)-Bremazocine 0.089 2.3 0.75 
Ethylketocyclazocine 0.40 101 3.1 
Etorphine 0.13 1.4 0.23 
Pentazocine Vez 31 5.7 
Diprenorphine 0.017 0.23 0.072 
B-CNA 0.083 115 0.90 
B-FNA 2.8 48 0.33 
Naltrexone 3.9 149 1.0 
Nalbuphine 3.9 >1000 11 
Nalorphine 1.1 148 0.97 
u-Selective Compounds 
CTOP >1000 >1000 0.18 
Dermorphin >1000 >1000 0.33 
Methadone >1000 >1000 0.72 
DAMGO >1000 >1000 2.0 
PLO17 >1000 >1000 30 
Morphiceptin >1000 >1000 56 
Codeine >1000 >1000 79 
Fentanyl 255 >1000 0.39 
Sufentanil 75 50 0.15 
Lofentanil 59 55 0.68 
Naloxonazine 11 8.6 0.054 
Morphine 538 >1000 14 
K-Selective Compounds 
Norbinaltorphimine 0.027 65 2.2 
Spiradoline 0.036 >1000 21 
U-50,488 0.12 >1000 >1000 
U-69,593 0.59 >1000 >1000 
ICI 204,488 0.71 >1000 >1000 
ô-Selective Compounds 
DPDPE >1000 14 >1000 
p-Ala?-deltorphin II >1000 3.3 >1000 
DSLET >1000 4.8 39 
BW 3734 17 0.013 26 
DADL >1000 0.74 16 
SIOM >1000 17 33 
Naltrindole 66 0.02 64 
NTB 13 0.013 12 
BNTX 55 0.66 18 


Receptor affinity (K;) were obtained using competition with [?H]naltrindol (5), PH]U69,593 (x), and PH]DAMGO (u) in the presence of the indicated 


molecules. 


B-CNA, B-chlornaltrexamine; B-FNA, B-funaltrexamine; CTOP, p-Phe-Cys-Tyr-b-Trp-Orn-Thr-Pen-Thr-NH,; SIOM, 7-spiroindinooxymorphone. 
Data from Raynor K, Kong H, Chen Y, et al: Pharmacological characterization of the cloned kappa-, delta-, and mu-opioid receptors. Mol Pharmacol 


1994;45(2):330-334. 





of N-type calcium channels, resulting in a reduction of 
intracellular calcium concentration at the end of the 
synapse and leading to the blockage of presynaptic 
vesicle fusion with the terminal membrane and the 
reduction in neurotransmitter release.*” 


PHARMACOKINETICS 


Opioids are available in numerous formulations, allowing 
various routes of administration, including oral, par- 
enteral, transdermal (fentanyl), transmucosal (morphine 
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FIGURE 33-3 Selective u opioid receptor 
agonists and antagonists. 
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The Different Opioid Receptor Type and Subtypes 





SPECIFIC REPORTED EFFECTS OF EACH RECEPTOR 


RECEPTORS AGONISTS* ANTAGONISTS SUBTYPE 
u Morphine, methadone, DAMGO CTOP Sedation, euphoria 
Uy Meptazinol Naloxonazin Supraspinal analgesia, peripheral analgesia, 
euphoria, prolactin release 
Up Metkephamid Spinal analgesia, respiratory depression, 


physical dependence, gastrointestinal 
effects, bradycardia, puritis, dopamine, and 
growth hormone release 


ô DSLET Naltrindol, NTB, BNTX Modulation of u receptor function and 
dopaminergic neurons 

5, DPDPE Spinal and supraspinal analgesia 

ô- Deltorphin Supraspinal analgesia 

K Dynorphin A, ethylketocyclazocine Nor-binaltorphimin (nor-BNI) Sedation, gastrointestinal effects 

Ky U50,488H, spiradolin Spinal analgesia, diuresis, miosis 

K2 Bremazocin Psychotomimesis, dysphoria 

K3 Nalorphin Supraspinal analgesia 


*Leverphanol and etorphin are nonspecific agonists of the three opioid receptor types, whereas naloxone and naltrexone are nonselective antagonists 
of these three receptor types. 





and hydromorphone), epidural, intrathecal, intranasal, consequences and choosing the best methods of 
and even intrapulmonary (by smoking) administration. treatment. 
In opioid overdoses, dosage, duration, and route of Variable reduction in bioavailability results from first 


administration may influence symptoms and their pass metabolism when absorbed through the GI tract. 
duration. Thus, considering opioid pharmacokinetic Morphine bioavailability by the oral route is only 25%, in 
properties is useful in understanding their toxicologic contrast to codeine at 60%. Buprenorphine undergoes 
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FIGURE 33-4 A, Molecular representation of opioid receptors. All receptors exhibit seven transmembrane segments with differences 
determining specific binding properties. B, As an example, we represented the aromatic and polar residues of the ô receptors, which are 


specific for its binding sites. 


extensive first pass metabolism after oral administration, 
making the sublingual route mandatory for a bio- 
availability of 50%.°8 

Protein binding and any interaction that alters it 
also play a vital role in pharmacodynamics. The range 
of protein-bound opioid varies from a low of 7% for 


codeine to greater than 90% for methadone and 
buprenorphine. Depression in albumin and other serum 
proteins (a- or ß-globulin) resulting in decreased 
binding may produce higher levels of free opioid with 
possible opioid toxicity. Changes in serum pH may also 
alter protein binding of opiates. Transport system 


641 aha 


642 CENTRAL NERVOUS SYSTEM 





Selective Activity of the Main Opiate/Opioid on the Different Opioid Receptors 





MOLECULES ACTIVITY u RECEPTOR ô RECEPTOR x RECEPTOR 
Morphine Agonist +++ + 
Methadone Agonist +++ 

Etorphin Agonist +++ +++ +++ 
Fentanyl Agonist +++ 

Sufentanyl Agonist +++ + + 
Buprenorphine Agonist-antagonist P ? —- 
Nalorphin Agonist-antagonist --- + 
Pentazocin Agonist-antagonist P ++ 
Naloxone Antagonist --- = —- 
Naltrexone Antagonist --- = --- 
Endogenous Peptides* 

Met- et Leu-enkephalins Agonist ++ +++ 

6-endorphin Agonist ++ +++ 

Dynorphin A Agonist ++ +++ 
Dynorphin B Agonist + + +++ 
a-neoendorphin Agonist + + +++ 


*Enkephalins and endorphins are considered the endogenous ligands of u and 6 receptors; dynorphin A activity is related to x receptors. 


+, agonist; —, antagonist; P, partial agonist; ?, not determined. 





proteins, such as P-glycoproteins, may also influence 
tissue distribution. Crossing the blood-brain barrier is 
dependent on lipid solubility and polarity and influences 
clinical effects. Heroin (diacetylmorphine) enters the 
brain more readily than both of its metabolites, 6- 
monoacetylmorphine (6-MAM) and morphine, explaining 
its greater addictive potential. 

Opioids generally undergo hepatic metabolism with 
some form of conjugation, hydrolysis, oxidation, or 
dealkylation. Some of the resulting metabolites have 
been implicated in the activity or recognized toxic side 
effects of various opioids. Examples of this include the 
metabolism of codeine to morphine, morphine to the 
more active morphine-6-glucuronide, buprenorphine 
to norbuprenorphine, meperidine to the potentially 
neurotoxic normeperidine, and propoxyphene to the 
potentially cardiotoxic norpropoxyphene. Figure 33-6 
illustrates the metabolism of buprenorphine, which 
undergoes extensive cytochrome P-450 3A4-mediated 
N-dealkylation to norbuprenorphine and then glu- 
curonidation.*? Cytochrome genotype appears to be an 
important parameter in opioid efficacy or toxicity. Small 
doses of codeine, which is bioactivated into morphine by 
cytochrome P-450 2D6, may be responsible for life- 
threatening intoxication in patients with allele patterns 
inducing ultrarapid metabolism, in combination with 
inhibition of cytochrome P-450 3A4 activity and a 
transient reduction in renal function.” 

Excretion of opiates occurs primarily via the renal 
route, with about 90% of the opioid metabolites 
eventually being excreted in the urine, usually via 
glomerular filtration. A small amount may end up in the 
GI tract via enterohepatic circulation. The urinary 
detection of opioids or metabolites is a routinely used 
diagnostic test. The presence of 6-MAM in the urine is a 
reliable marker of recent heroin consumption, because 
humans cannot acetylate morphine but only deacetylate 
heroin. Renal failure leads to toxic effects via accu- 
mulated drug or active metabolites (morphine-6- 


glucuronide or normeperidine). Hepatic dysfunction 
results in delayed liver metabolism of certain opioids 
(meperidine, pentazocine, and propoxyphene), leading 
to accumulation and development of central nervous 
system (CNS) or respiratory depression. 

Drug interactions may occur at various sites affecting 
the absorption, metabolism (induction of hepatic 
enzymes), and elimination of opioids (competition for 
renal excretion) contributing to the potentiation or 
reduction of their effects. Acceleration of metabolism in 
the liver, which results from phenytoin induction, may 
result in diminished activity (methadone) or an increase 
in potentially toxic metabolites (normeperidine). The 
discontinuation of an interacting drug may play just as 
important a role as the addition of one in changing the 
bioavailability and activity of opioids. These interactions 
may lead to the onset of overdose or withdrawal symptoms. 
Interaction between buprenorphine and benzodiazepines, 
which is suspected to be one of the mechanisms of 
buprenorphine-related toxicity or fatality,’ has been 
attributed to a pharmacodynamic mechanism.” 


TOXICOLOGY 


In general, a drug classified as an opiate or opioid elicits 
the same overall physiologic effects as morphine, the 
prototype of this group. However, there are conspicuous 
differences among these agents, which will be specifically 
addressed. Varying degrees of the classic “opiate 
toxidrome” (i.e., mental status depression, respiratory 
depression, miosis, and decreased bowel motility) may 
manifest in patients administered opioids. 


Central Nervous System Effects 


A dose of 5 to 10 mg of morphine usually produces 
analgesia without altering mood or mental status in a 
patient. Sometimes dysphoria rather than euphoria may 
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FIGURE 33-5 Regulation of the 
different cellular effectors by the 
opioid receptors MAPK (mitogen- 
activated protein kinases), AC 
(adenylate cyclase), PLC (phos- 
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FIGURE 33-6 Liver metabolism of buprenorphine (Bup), as demonstrated in vitro, using liver microsomes. Various cytochromes P-450 
(CYP) are involved, resulting in the production of a predominant active metabolite, the norbuprenorphine (Norbup). Other metabolites 
(M1 to M5) are also produced, but their role and importance in vivo are unknown. (From Chang Y, Moody DE, McCance-Katz EF: Novel 
metabolites of buprenorphine detected in human liver microsomes and human urine. Drug Metab Dispos 2006;34(3):440-448. 
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manifest, resulting in mild anxiety or a fear reaction. 
Nausea is frequently reported, whereas vomiting is 
occasionally observed. The clinical effects of morphine 
are accentuated with increasing doses (e.g., analgesia is 
stronger, lethargy and drowsiness progress to sleepiness 
and coma). Slurred speech and significant motor 
incoordination are usually absent. 

Morphine and most of its congeners cause pupillary 
constriction. This effect is predominantly a central effect 
and is accentuated following an overdose. Not all 
patients taking opioids present with miosis. Patients 
taking meperidine or propoxyphene regularly maintain 
normal pupillary size, and patients taking pentazocine 
may not develop miosis.? Mydriasis may occur in severely 
poisoned patients secondary to hypoxic or anoxic 
brain injury. Combination drug use such as cocaine and 
heroin (“speedball”), scopolamine-adulterated heroin, 
and Lomotil (diphenoxylate hydrochloride and atropine 
sulfate; Pfizer, New York, NY) or the presence of 
adulterants may produce variable pupil size depending 
on the relative contribution by each agent. 

Cerebral circulation does not appear to be altered 
by therapeutic doses of morphine, unless respiratory 
depression and carbon dioxide retention result in 
cerebral vasodilation.** Seizures are rare adverse drug 
events associated with most therapeutic opioid dosing. 
In an acute opioid overdose, seizures are most likely to 
be caused by hypoxia. Morphine-induced seizures have 
only been reported in neonates, and seizures should be 
anticipated in patients with meperidine, propoxyphene, 
or tramadol toxicity. 


Respiratory Effects 


Respiratory failure is the most serious consequence from 
opioid overdose. Opioids reduce ventilation by diminishing 
the sensitivity of the medullary chemoreceptors in the 
respiratory centers to an increase in carbon dioxide 
tension (Pacos) and depress the ventilatory response to 
hypoxia. The combined diminution in hypercapnic 
and hypoxic drive leaves virtually no stimulus to breathe, 
and apnea ensues. Even small doses of morphine depress 
respiration by directly affecting the brainstem respiratory 
centers. Morphine-induced respiratory depression 
initially relates more closely to changes in tidal volume 
and a reduction of respiratory rate with escalating 
doses.°"** The peak respiratory depressant effect is 
usually noted within 7 minutes of IV morphine admin- 
istration, and may be delayed for up to 30 minutes if the 
drug is administered intramuscularly. Normal carbon 
dioxide sensitivity usually returns within 2 to 3 hours, 
while minute volume may remain below normal for up to 
5 hours following a therapeutic dose.*” 


Cardiovascular Effects 


Therapeutic opioid doses cause arteriolar and venous 
dilation and may result in a mild decrease in blood 
pressure.*® This change in blood pressure is clinically 
insignificant while the patient is supine, but significant 
orthostatic changes are common.” Hypotension appears to 
be mediated by histamine release”? and may be related to 
the nonspecific ability of certain opioids to activate mast cell 


G protein,°’ which induces degranulation of histamine- 
containing vesicles. The combination of H; and Ho 
antagonists appears to be effective in ameliorating the 
hemodynamic effects of opioids.°* Not all opioids are 
equivalent in their ability to release histamine. In one study, 
meperidine produced the most, and fentanyl the least, 
hypotension and elevation of plasma histamine levels.’ 

Bradycardia is unusual, but a reduction in heart rate is 
common as a result of the associated reduction in CNS 
stimulation. Myocardial damage (necrotizing anglitis) in 
opiate overdose associated with prolonged hypoxic coma 
may be mediated by cellular components released during 
rhabdomyolysis, direct toxic effects, or hypersensitivity to 
the opioids or adulterants.** 


Gastrointestinal Effects 


Therapeutic use of opioids, morphine in particular, 
produces significant nausea and vomiting.” It is mediated 
through agonism at dopamine-2 receptor subtypes 
within the chemoreceptor trigger zone of the medulla. 
Opioid-induced constipation is an adverse drug event of 
both the therapeutic and recreational use of opioids. It is 
mediated by uo receptors within the smooth muscle of 
the intestinal wall. Morphine and related drugs may 
cause a delay in the passage of gastric contents through 
the pylorus up to 12 hours and marked decrease in 
intestinal peristalsis. 


SPECIFIC OPIOIDS 


Heroin 


Heroin has two to five times the analgesic potency of 
morphine, with similar effects on the CNS.°° Virtually 
all street heroin in the United States is produced in 
clandestine laboratories and is adulterated prior to 
distribution. The purity of street heroin is between 5% 
and 90%, and is usually less than 50%.°’ Adulterants may 
include noscapine, caffeine, procaine, various sugars, 
phenobarbital, methaqualone, quinine, and acetamino- 
phen in combination with caffeine.°°°? Heroin is 
generally bought by the “bag” (25 mg) or quarter gram 
and may also be mixed with other drugs of abuse (e.g., 
“speed ball”). Purity and adulterants may play a 
considerable role in the outcome and complications of 
heroin use. Interindividual variation in sensitivity and 
tolerance makes correlation of serum heroin levels with 
clinical symptoms difficult. 

Heroin is available as either a hydrochloride salt or a 
base, with the base being the prevalent form in most 
regions of the world. The hydrochloride salt form is 
typically a white or beige powder and is highly water 
soluble, which allows simple IV administration. Heroin 
base is often brown or black in color, and “black tar 
heroin” is one designation referring to an impure form 
available in the United States. Heroin base is virtually 
insoluble in water, and requires heating until it liquefies 
prior to IV administration. This process involves heating 
the powder in a spoon or bottle cap until it is dissolved, 
passing the heroin through cotton or a cigarette filter 


into a syringe, and boiling the cotton or filters to extract 
additional drug. The filtered heroin and the extract are 
injected IV or subcutaneously (“skin popping”). Some 
drug users may become acutely ill with a benign febrile, 
leukocytic syndrome following an IV injection. This 
condition is known as “cotton fever,” and its etiology has 
been attributed to bacteremia following injection of 
Enterobacter agglomerans that has colonized in the cotton 
or cigarette filters.°° 

Heroin may also be taken intranasally (snorted) and 
by inhalation of heated vapors. Inhalation of heated 
vapors is known as “chasing the dragon,” “Chinesing,” or 
“Chinese blowing,” and involves placing heroin base on 
aluminum foil, heating it from below with a flame, and 
inhaling the thick white pyrolysate through a straw. The 
bioavailability of heroin administered by this route is 
comparable with that of heroin administered by other 
routes, and the clinical and toxicological effects are dose 
dependent.®! 

Physiologically, the effects of heroin are identical to 
those described for morphine.®* The plasma half-life of 
heroin is 5 to 15 minutes. Heroin is initially deacetylated 
in the liver and plasma and then is renally excreted 
as a conjugate, with small amounts of morphine, diacetyl- 
morphine, and 6-MAM.° The initial heroin rush is 
probably due to its high lipid solubility and rapid 
penetration into the CNS.°° The majority of its lasting 
effects are attributable to its metabolites 6-MAM and 
morphine.* Fatal overdoses with heroin have been 
reported with serum morphine concentrations of 0.1 to 
1.8 ug/mL.®® 

Acute lung injury (noncardiogenic pulmonary edema) 
as a complication of heroin overdose was first described 
by William Osler during an autopsy.” Its presentation 
and clinical course following nonfatal heroin overdoses 
were first described in 1953, and later in case series and 
reports. Patients with acute lung injury may present 
early on in their course; within 2 hours of parenteral 
heroin use and up to 4 hours following intranasal heroin 
use. °°: Typically, the patient awakens from an opioid 
coma, either spontaneously or following an opioid 
antagonist, and over the subsequent several minutes to 
hours develops hypoxemia and pulmonary rales. Classic 
frothy, pink sputum is occasionally observed in the 
patient’s airway. Acute lung injury was reported in 
48% of hospitalized heroin overdose patients’! and was 
noted in 50% to 90% of heroin overdose patients at 
postmortem examinations, many of whom died in a 
prehospital setting.”>” Postmortem studies of patients 
who succumbed to heroin-induced acute lung injury 
showed no gross cardiac pathology.’4 The mechanism for 
acute lung injury may be multifactorial and includes pro- 
found hypoxemia, hypersensitivity reactions, immune 
complex deposition in the alveolar capillary membrane, 
histamine-induced capillary leakage, neurogenic sympa- 
thetic discharge, and transient lymphatic pumping 
irregularities. ”®27%79 

A consequence of “chasing the dragon” is a pro- 
gressive spongiform leukoencephalopathy and was first 
reported from the Netherlands. The initial symptoms 
include pronounced motor restlessness (e.g., compulsion 
to move), apathy, bradyphrenia, soft (pseudobulbar) 
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speech, disturbed cerebellar speech, and ataxia. After 
2 to 4 weeks some patients developed rapid worsening 
of the cerebellar symptoms (e.g., gait disturbance). 
Hyperactive deep tendon reflexes and pathologic 
reflexes with hypertonic hemiplegia or tetraplegia 
developed. Some patients developed tremor of the head 
and shoulders, and others developed myoclonic jerks or 
choreoathetoid movements. In most cases palmomental, 
snout, and oculomandibular reflexes became evident. 
Patients who did not deteriorate remained stable with 
subsequent partial improvement. Within the next 2 to 
4 weeks some patients further progressed in their clinical 
course and developed stretching spasms, profuse 
perspiration, central pyrexia, and blindness. The spastic 
paresis became hypotonic and resulted in areflexia. 
Some patients developed akinetic mutism. All patients 
who had progress to this stage died, most because of res- 
piratory difficulties. The mortality rate was 25%. Survivors 
have stabilized with severe deficits or shown modest 
degrees of improvement.®!*? 

Heroin toxicity may be associated with cardiac 
conduction abnormalities and dysrhythmias,**®? which 
may be the result of metabolic derangements associated 
with hypoxia, a direct effect of heroin or its metabolites 
or of adulterants.°+*°*” Quinine-adulterated heroin has 
been associated with dysrhythmias,®*® amblyopia,” and 
thrombocytopenia.”! Patients exposed to heroin that has 
been adulterated with scopolamine may present in acute 
anticholinergic crisis.” Surreptitious addition of cocaine 
to heroin may cause significant myocardial ischemia 
or infarction.” Other reported adulterants include 
thallium,” lead,* amphetamines,” chloroquine,” and 
strychnine. ”’ 


Codeine 


Codeine (methylmorphine) is available as a sole ingre- 
dient and in combination with aspirin or acetamino- 
phen. Codeine is rapidly absorbed by the oral route, 
producing a peak plasma level within 1 hour of a 
therapeutic dose.” Ten percent of codeine is metabolized 
to morphine.'” Both codeine and morphine appear in 
the urine within 24 to 72 hours, with only morphine 
being detected in the urine at 96 hours.” The effect of 
codeine on the CNS is comparable but less pronounced 
than that of morphine. An IV codeine phosphate dose of 
750 to 900 mg produces symptoms similar to those seen 
with acute heroin overdose.!®! Fatal ingestions with 
codeine alone are rare. The estimated lethal dose in a 
nonabuser is 800 mg, with a serum codeine concen- 
tration of 0.14 to 4.8 mg/dL.1071 


Fentanyl 


Fentanyl is a synthetic opioid with rapid onset of action 
and short duration of action, and has a potency 100 
times that of morphine. It is highly lipid soluble and has 
a volume of distribution of 60 to 300 L.'%* Legitimate 
fentanyl use is limited to anesthesia and conscious 
sedation, and it has been abused mostly by medical and 
paramedical personnel because of limited access since it 
was first introduced. Numerous fentanyl analogs (e.g., a- 
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methylfentanyl [“China White”], 3-methylfentanyl, a- 
methyl-acetyl-fentanyl, o-methyl-fentanyl acrylate, and 
benzyl fentanyl) have been illicitly synthesized and 
distributed on the street as heroin substitutes.!°°!°9 They 
can be 200 to 6000 times more potent than morphine. 
Toxic effects may be experienced with very small 
amounts. Typically, the patients present comatose and 
apneic. In such cases, unsuspecting users administer their 
usual “dose” of heroin, which surreptitiously contains 
variable amounts of an illicit fentanyl analog. A number 
of “heroin-related” deaths have been attributed to these 
agents secondary to marked increased potency 
compared with heroin.!0°1% 

Rapid IV injection of certain high-potency opioids 
(e.g., fentanyl) may result in acute muscular rigidity 
primarily involving the trunk, and may impair chest wall 
movement and exacerbate hypoventilation. Similar 
effects contribute to lethality during epidemics of 
fentanyl-adulterated heroin.!°’ Although motor activity 
resembling seizures has been associated with fentanyl 
use,!!°'l2 simultaneous electroencephalogram recording 
during fentanyl induction of general anesthesia did not 
show epileptiform activity.''*!'® This suggests a myoclonic 
rather than epileptic nature of the observed muscle 
activity. 1!" 

Fentanyl is available as a patch; a transdermal delivery 
system establishes a depot of drug in the upper skin 
layers, where it is available for systemic absorption. After 
removal of the patch, drug absorption from the dermal 
reservoir continues and the effective fentanyl half-life is 
17 hours, versus 2 to 4 hours associated with the IV route 
(Duragesic [fentanyl], Janssen Pharmaceutica, Piscataway, 
NJ). The availability of a transdermal fentanyl delivery 
system provides a widening pool of individuals with 
access. Prescribed transdermal fentanyl patches can be 
sold or stolen. Disabling myoclonus has been reported 
after several days of fentanyl therapy by the transdermal 
delivery system.!!” Misuse and abuse of the fentanyl 
patch has been reported in the form of simultaneous 
application of multiple patches, ingestion, inhalation, 
and IV injection of the transdermal fentanyl patch 
contents, which has resulted in respiratory arrest and 
death.118-124 


Meperidine 


Meperidine is a synthetic opioid and is chemically 
different from the traditional opiates. Although 
considered to possess strong analgesic properties when 
given by the parenteral route, it is less than half as 
effective if given by the oral route.!* It appears to be a 
common drug of abuse among medical personnel, with 
few reports of meperidine poisoning or fatalities. 1®®128 
Meperidine is metabolized in the liver primarily by N- 
demethylation to normeperidine, an active metabolite 
with half the analgesic and euphoric potency of 
meperidine, and twice the neurotoxic properties. 19-130 
Excretion is primarily through the kidneys as conjugated 
metabolites.!*! Meperidine and normeperidine may be 
detected in either urine or serum.!*! Meperidine toxicity 


has been attributed to the accumulation of normeperi- 
dine in patients with renal impairment, which has an 
elimination half-life of 14 to 24 hours.!%*!°4 However, 
when meperidine is used in large doses and at frequent 
dosing intervals, seizures may occur in patients with 
normal renal function.'°*!°* 

Meperidine also interacts with serotonin receptors by 
blocking presynaptic reuptake of serotonin. A potentially 
fatal form of serotonin syndrome may occur in patients 
on monoamine oxidase inhibitors (MAOIs) and is 
treated with meperidine.!*9 

Meperidine is the prototype for a series of homologs 
that are used as heroin substitutes. In a process to 
synthesize a meperidine analog, 1l-methyl-4-phenyl- 
propionoxypiperidine (MPPP), as a heroin substitute, a 
clandestine drug laboratory inadvertently introduced 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) by 
incorrect heating of the synthetic mixture. When 
MPTP is introduced into the body, monoamine oxidase- 
B in glial cells metabolizes MPTP to MPP*, which 
selectively destroys dopamine-containing cells in the 
substantia nigra by inhibiting mitochondrial oxidative 
phosphorylation.!4®141 MPTP contaminant led to an 
epidemic of severe parkinsonism among IV drug abusers 
(“frozen addicts”) within days of repeated injections.'47"* 


Diphenoxylate and Loperamide 


Diphenoxylate is structurally similar to meperidine, with 
limited absorption from the GI tract that contributes to 
its strong local constipating effects, and is used in the 
management of diarrhea. Diphenoxylate (2.5 mg) is 
formulated with 0.025 mg of atropine sulfate (Lomotil). 
In therapeutic doses, the drug has no significant CNS 
effects. However, the standard adult formulation may 
result in significant systemic absorption and toxicity in 
children. One half tablet of Lomotil has been reported 
to cause serious toxicity in children.!*!” Signs and 
symptoms arising from a toxic ingestion may be delayed, 
prolonged, or recurrent.'*” This is related to the delayed 
gastric emptying effects inherent to both opioids and 
anticholinergics, and more important, the accumulation 
of the hepatic metabolite difenoxin, which is a signifi- 
cantly more potent opioid than diphenoxylate and 
possesses a longer serum half-life. 148149 

Loperamide, an over-the-counter antidiarrheal agent, 
is another meperidine analog with limited absorption 
from the GI tract, and appears to have a high safety 
profile?” 


Methadone 


Methadone is a synthetic opioid commonly used in the 
treatment of chronic pain or detoxification, or as a 
maintenance substitute for opioid addiction, and is also 
sold on the streets.!°!!5?, Methadone is well absorbed 
from the GI tract, resulting in a peak plasma level within 
2 to 4 hours, with peak effect occurring within 2 hours.'°° 
It has an average half-life of 25 hours and may be 


as long as 52 hours during long-term maintenance 
therapy.!°* Methadone and its inactive metabolite, an 
N-demethylated pyrolidine, may be detected in either 
urine or plasma.’°° Its analgesic, sedative, euphoric, and 
respiratory depressive effects are comparable with those 
seen with analogous doses of morphine.!°°!®? In a 
nontolerant person, a 40- to 50-mg dose may produce 
coma and respiratory depression. !5*158 Rapid escalation 
of methadone doses have been associated with choreo- 
athetoid movements and may be due to enhanced striatal 
dopamine release.!°? Unintentional pediatric poisoning 
with fatal consequences has occurred in situations in 
which parents on methadone maintenance treatment 
had improperly stored their methadone at home.'®? 
A protracted clinical course is expected following 
an overdose. There is a possible association between 
patients on very high doses of methadone and having 
torsades de pointes, particularly in a setting of additional 
dysrhythmia risk factors (e.g., hypokalemia).'®' In these 
patients the mean daily methadone dose was 397 + 283 
mg and their mean QTc interval was 615 + 77 msec. 


Buprenorphine 


Buprenorphine is a semisynthetic, highly lipophilic 
opioid, with 25 to 50 times more potent analgesic 
activity than morphine.'® Sublingual buprenorphine 
is well absorbed, with 60% to 70% of the bioavailability 
of the IV route. Buprenorphine is mainly metabolized 
in the liver by CYP3A4 to an active dealkylated meta- 
bolite, norbuprenorphine. There is no direct relation of 
buprenorphine’s clinical effects with plasma concen- 
trations. 

Buprenorphine is a partial u receptor agonist and a 
weak K receptor antagonist, with ceiling effects. Dose- 
effect relationships, both in animals and humans, suggest 
a plateau of respiratory effects.'°* Buprenorphine shows a 
very slow dissociation from opioid receptors, and con- 
sequently, has a long duration of action. These pharma- 
cologic properties appear to be of utmost importance 
regarding its safety for use in substitution treatment. 
They confer a low level of physical dependence and mild 
withdrawal symptoms on cessation after prolonged 
administration. Although respiratory depression can 
be prevented by prior administration of naloxone, 
buprenorphine is weakly antagonized by naloxone given 
after buprenorphine.!™ 

Buprenorphine 8 to 16 mg/day has been used in 
France as a maintenance treatment for opioid-dependent 
patients since 1996. In 2002, buprenorphine was 
approved by the Food and Drug Administration for the 
treatment of opioid addiction in certified physicians’ 
offices. A mixture of buprenorphine and naloxone 
named Suboxone (Reckitt Benckiser Healthcare, Ltd., 
Hull, UK) is also available, designed to discourage IV 
use. Since the advent of office-based availability, 
buprenorphine has been successfully used for opioid 
detoxification, with a good safety profile.!™!! In France, 
the introduction of high-dose buprenorphine coincided 
with a decrease in opiate/opioid poisoning mortality 
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rates.” In the United States, restricted conditions for 
drug prescription (no more than 30 patients per 
qualifying certified physician) have resulted in little 
abuse since its launch.?! 

As with other opioids, buprenorphine intoxication 
includes coma, respiratory depression, and pinpoint 
pupils. Several deaths have been associated with bupren- 
orphine misuse or psychotropic drug coingestion, 
including benzodiazepines.'* However, forensic deter- 
mination of the exact role of buprenorphine in the 
death process appears difficult, because other factors 
may be involved (and potentially unknown), including 
substitution modality and concomitant intake of other 
drugs.*° Moreover, the exact mechanism of interaction 
between buprenorphine and benzodiazepines (often 
implicated in buprenorphine deaths) is unknown.'® 
The clinical role of drugs that interact with CYP3A4 
and that may modify production of norbuprenorphine 
(an active metabolite with more potent respiratory 
depressant effects) is unknown. 


Propoxyphene 


Propoxyphene is structurally related to methadone, and 
toxicity has resulted in significant morbidity and 
mortality.'©°' It is available alone or in combination 
with aspirin or acetaminophen. Oral administration is 
followed by rapid absorption, with peak serum levels 
occurring within 1 hour!® The plasma half-lives of 
propoxyphene and its main active hepatic metabolite 
norpropoxyphene are 6 to 12 hours and 37 hours, 
respectively. Norpropoxyphene is also the primary 
metabolite excreted in the urine and is believe to play 
a role in the prolonged clinical course following an 
overdose.!”!7 Prominent cardiovascular effects may 
occur with propoxyphene toxicity and manifest by wide- 
complex dysrhythmias and negative contractility through 
sodium channel antagonism similar to that of type IA 
antidysrhythmic agents. Propoxyphene appears to be 
responsible for both CNS (e.g., respiratory depression 
and seizures) and cardiac toxicity (e.g., QRS prolonga- 
tion, negative inotropy, and dysrhythmias), whereas nor- 
propoxyphene contributed only to the cardiotoxicity.!” 

The clinical course following an overdose may be 
severe and rapidly progressive, with cardiac dysrhythmias, 
circulatory collapse, seizures, and respiratory arrest 
developing within 1 hour.!”3178 Propoxyphene toxicity 
may result in focal and generalized seizures.!’°!”8 The 
minimum toxic dose reported is 10 mg/kg, and 
20 mg/kg is considered potentially fatal,!”9 but tolerance 
develops with chronic use. Doses of 1000 to 2000 mg 
may be ingested or injected with minimal signs of 
intoxication in chronic propoxyphene abusers and 
heroin addicts.!”8180-182 Blood levels in fatal overdose 
cases range from 0.1 to 2.5 mg/dL.16716 


Pentazocine 


Pentazocine is a synthetic analgesic class with both 
agonist and weak antagonist activity at the opioid 
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receptors.!8? The physiologic effects of pentazocine are 
similar to morphine, and with one third of its analgesic 
potency.'®’ When administered by the oral route, peak 
plasma pentazocine levels occur within 1 hour.'®4 
Pentazocine is extensively metabolized in the liver,'**!*4 
with the parent compound and metabolites detectable in 
either urine or plasma.'®? Anxiety, dysphoria, and 
hallucinations may be more common with pentazocine 
than with other opiate derivatives.'®° 

Pentazocine (Talwin, Sandoz, Princeton, NJ) is asso- 
ciated with a fairly specific scenario of parenteral abuse 
when used in combination with the antihistamine tri- 
pelennamine (Pyribenzamine, Novartis, Basel, Switzer- 
land), a blue capsule. This combination forms a street 
product known as “T’s and blues” and, once solubilized 
and injected, was used as a heroin substitute that was 
previously popular among addicts because of its heroin- 
like “rush” and lower cost.!®*!8” Newer combination street 
products, such as pentazocine with methylphenidate, 
have been reported.!88 Acute toxicity results in the 
typical opiate intoxication syndrome, as well as dyspnea, 
hyperirritability, hypertension, and seizures. It is believed 
that these effects may be directly related to the 
tripelennamine dose.!86-189,190 

In an effort to curtail IV pentazocine abuse, the oral 
preparation was reformulated to contain 0.5 mg of 
naloxone (Talwin-NX, Sandoz, Princeton, NJ).!°! The 
naloxone component is inactivated when taken orally, 
and avoids withdrawal symptoms. However, when Talwin- 
NX is parenterally administered, pentazocine’s effects 
are antagonized by naloxone, which causes withdrawal in 
opiate-dependent individuals. Because pentazocine’s 
duration of action exceeds that of naloxone, delayed 
respiratory depression may occur. 


Dextromethorphan 


Dextromethorphan, an analog of codeine and the optical 
isomer of levorphanol (a potent opioid analgesic), is 
found in a large number of nonprescription cough 
and cold remedies. Within the therapeutic dose, dex- 
tromethorphan lacks analgesic, euphoriant, and physical 
dependence properties.'** Dextromethorphan is formu- 
lated as the hydrobromide salt. It is available as a single 
ingredient or in combination with decongestants 
(sympathomimetics) and antihistamines. Dextrometho- 
rphan is well absorbed from the GI tract, with peak 
plasma levels occurring 2.5 and 6 hours after ingestion of 
regular and sustained-release preparations, respectively. 
The therapeutic effect lasts 3 to 6 hours, with a 
corresponding plasma half-life of 2 to 4 hours. The 
predominant antitussive effect is attributed to the active 
metabolite dextrorphan.'”° 

Over-the-counter access appears to be the primary 
reason for its popularity in abuse, although its abuse 
pattern seems to be self-limiting due to adverse drug 
events, such as lethargy, somnambulism, and ataxia, after 
a few weeks of abuse.'%* Dextromethorphan abuse 
appears to be associated with a psychological rather than 
a physiologic dependence syndrome.'”” Recreation 
dextromethorphan abusers report increased perceptual 
awareness, altered time perception, euphoria, and visual 


hallucinations.'°*!%° Long-term dextromethorphan use 
may result in bromide toxicity.!°’ Since dextromethor- 
phan frequently appears in combination products, the 
contribution of these co-ingestants should be considered 
in assessing overdose or abuse cases. 

Dextromethorphan blocks presynaptic serotonin 
reuptake and may elicit the serotonin syndrome in 
patients on MAOI therapy.'’®!%9 Interaction between 
dextrorphan and the “o receptor” produces a 
phencyclidine-like dysphoria.” The metabolism of 
dextromethorphan to dextrorphan is dependent on 
CYP2D6 activity, an enzyme with a significant genetic 
polymorphism. Patients who express extensive metab- 
olizer polymorphism appear to experience more drug- 
related psychoactive effects, whereas patients with poor 
metabolizers experience more adverse effects related to 
the parent compound.*"! Occasionally, a patient may 
experience choreoathetoid or dystonia-like movements 
while on dextromethorphan.*” 


Tramadol 


Tramadol is structurally similar to morphine and has 
both opioid and nonopioid mechanisms responsible for 
its clinical effects. It is a centrally acting analgesic with 
moderate affinity for u opioid receptors. However, the 
metabolite O-demethyl tramadol appears to have a 
higher affinity than the parent compound for the same 
receptors. In therapeutic doses, tramadol does not 
appear to produce significant respiratory depression or 
have significant cardiovascular effects. Most of the 
analgesic effects are attributed to the nonopioid 
properties of the drug. Tramadol may exert its analgesic 
effect by blocking the reuptake of biogenic amines (e.g., 
norepinephrine and serotonin) at synapses in the 
descending neural pathways, which inhibits pain 
responses in the spinal cord.*°° Serotonin syndrome may 
develop in patients concurrently taking tramadol and 
serotonin reuptake inhibitor medication.*°**"° Seizures 
may occur during therapeutic dosing.*”° 


BODY PACKERS 


The transportation of illicit drugs by internal conceal- 
ment is an important means of international smuggling, 
with accounts of body packing worldwide. Body packers 
are sometimes called “mules,” “swallowers,” “internal 
carriers,” or “couriers.” These are people who transport 
large numbers of meticulously prepared illicit drug 
packets in their GI tracts across borders with the intent to 
sell or receive compensation for transporting the drug. 
Typically, the packets contain either concentrated 
cocaine or heroin. If one of these packets ruptures, the 
amount of drug released may cause life-threatening 
toxicity, n=. 


CLINICAL MANIFESTATIONS 


Mental status depression, respiratory depression, miosis, 
and decreased bowel motility are the hallmarks of opiate 
intoxication, with the magnitude and duration of toxicity 


dependent on the dose and individual degree of 
tolerance. The clinical effects of an overdose with any 
one of the agents in this class are similar. However, as 
discussed, there are important differences between 
certain drugs. Overdoses resulting in toxicity often have 
a prolonged clinical course, partially due to an opioid- 
induced decrease in GI motility and prolonged half-life 
of the drug or its active metabolites. 

Miosis is considered a consistent finding in opioid 
poisoning, with the exception of meperidine, por- 
poxyphene, petazocin, dextromethorphan use, in case of 
a mixed overdose with an anticholinergic or sympath- 
omimetic drug, or when severe acidemia, hypoxemia, 
hypotension, or a CNS structural disorder is present. 

Patients presenting with CNS depression following an 
opioid overdose represent the most seriously intoxicated 
patients. However, codeine, meperidine, and dextro- 
methorphan intoxications are remarkable for CNS 
hyperirritability, resulting in a mixed syndrome of stupor 
and delirium. In addition, patients with meperidine 
toxicity may also have tachypnea, dysphoric and hallucino- 
genic episodes, tremors, muscular twitching, and spasti- 
city, 46132133135 whereas patients with dextromethorphan 
toxicity may also manifest restlessness and clonus.'9°709?!" 

Acute lung injury after heroin overdose may not be 
unique. It has been reported with overdoses of opioids 
that include methadone, propoxyphene, codeine, 
buprenorphine, and nalbuphine.”6-102-103,189,213-222 Acute 
lung injury may not develop until 24 hours following 
methadone overdose.’71723724 

Patients with heroin-induced acute lung injury 
typically have normal capillary wedge pressures and 
elevated pulmonary arterial pressures.”****° In contrast, 
elevated systemic, pulmonary arterial, and pulmonary 
capillary wedge pressures and total systemic vascular 
resistance are seen with pentazocine intoxication.**° 
These effects are believed to result from transient endo- 
genous catecholamine release.??” Signs and symptoms of 
heroin-induced acute lung injury usually resolve within 
24 to 36 hours. **8*9 Persistent pulmonary symptoms 
beyond 24 to 48 hours may indicate aspiration or bacterial 
pneumonitis, with atelectasis, fibrosis, bronchiectasis, 
granulomatous disease, or pneumomediastinum.**” 

Adulterants in street drugs are potential pulmonary 
toxicants.**! The injection of adulterants such as talc 
(magnesium trisilicate) has produced granulomatosis 
in small pulmonary arteries, resulting in pulmonary 
thrombosis, pulmonary hypertension, and acute cor 
pulmonale. !8919°.220.22, Other potential pulmonary 
complications associated with IV opioid use include 
pulmonary arteritis, septic emboli, lung abscess, bacterial 
pneumonia, aspiration pneumonitis, pulmonary edema, 
and respiratory arrest. 

Seizures and focal neurologic signs are usually absent 
following opiate intoxication*® unless precipitated by 
severe hypoxia, dysrhythmia and hypotension, an intra- 
cranial process (e.g., brain abscess and subarachnoid 
hemorrhage), hypersensitive immune vascular injury 
or vasculitis, proconvulsive adulterants, meperidine, 
propoxyphene, pentazocine (T’s and blues), or tramadol 
use, 176.178,186,234-242 Normeperidine neurotoxicity may 
manifest as delirium, tremor, myoclonus, or seizures. 
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Meperidine- and propoxyphene-related seizures may be 
more frequent in chronic drug abusers with renal 
dysfunction. 

Hypotension may occur following opiate overdose, 
although pentazocine intoxication may result in 
hypertension.!®° Heroin and propoxyphene toxicity may 
be associated with nonspecific ST-segment and ‘T-wave 
changes, first-degree atrioventricular block, atrial 
fibrillation, prolonged QTc intervals, and ventricular 
dysrhythmjias.8%85-173-1753 Cardiovascular findings may be 
exacerbated by electrolyte abnormalities, metabolic 
derangements associated with hypoxia, or adulterants 
(e.g., quinine) in street drugs. 

The anticholinergic and opioid effects may be 
significantly delayed, prolonged, or recurrent following a 
Lomotil overdose.!4”?* The relevance of delayed toxicity 
is highlighted by a patient with an asymptomatic 
presentation 8 hours postingestion who was observed for 
several hours and discharged. This patient returned to 
the emergency department 18 hours postingestion with 
severe atropinism.*** Toxicity may manifest as a biphasic 
clinical syndrome, and patients may manifest anti- 
cholinergic toxicity (CNS excitement, hypertension, 
fever, flushed dry skin) before, during, or after opioid 
effects. However, opioid effects (CNS and respiratory 
depression with miosis) may predominate or occur with- 
out any signs of atropinism. Cardiopulmonary arrest 
has been reported to occur 12 hours after Lomotil 
ingestion.” 

Patients presenting after a tramadol overdose may 
exhibit lethargy, nausea, tachycardia, agitation, seizures, 
coma, hypertension, and respiratory depression.?” 
Tramadol-associated seizures are brief, and significant 
respiratory depression is uncommon. 

Interaction between meperidine and MAOIs, dex- 
tromethorphan and MAOIs, and tramadol and selective 
serotonin reuptake inhibitors may result in the serotonin 
syndrome.*****° Patients with severe serotonin syndrome 
exhibit rapid onset of altered mental status, muscle 
rigidity, hyperthermia, autonomic dysfunction, coma, 
seizures, and death. 

Rhabdomyolysis, hyperkalemia, myoglobinuria, and 
renal failure may complicate the clinical course of an 
acute opioid overdose or opioid dependence.5&747748 
Rhabdomyolysis has been reported following IV, 
inhalational, and intranasal heroin abuse.?*? Acute renal 
failure may be due to direct insult by the abused 
substance, adulterants in the street drugs, and prolonged 
coma.*©?47248 Chronic parental drug use may result in 
glomerulonephritis and renal amyloidosis and has been 
associated with concurrent bacterial infections.7°°?°° 

Body packers are typically asymptomatic, but are at 
risk for delayed and prolonged toxicity from packet 
rupture.”°* Symptomatic patients will exhibit the typical 
signs and symptoms of opiate intoxication. Body packers 
may also present with or develop signs and symptoms 
of intestinal obstruction, and occasionally intestinal 
perforation and peritonitis.*°° 

Clandestine laboratories have produced exceedingly 
potent and toxic drugs as new manufacturing methods 
have been developed to circumvent the use of controlled 
or unavailable precursor compounds. As government 
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authorities stringently regulate these products and their 
precursors, new drugs and methods are designed to take 
their place.!” Since these drugs may contain a wide 
variety of active ingredients, adulterants, and contami- 
nants, the clinical syndromes seen in the abuser may be 
only partly related to the opioid component. 


DIAGNOSIS 


Laboratory Studies 


Laboratory studies such as complete blood count, serum 
electrolytes, blood urea nitrogen, creatinine, creatine 
phosphokinase, urinalysis, arterial blood gas, electrocar- 
diography, imaging studies, and lumbar puncture should 
be obtained as clinically indicated. Laboratory investi- 
gations should also include infections associated with 
IV drug abuse (e.g., endocarditis, aspergillosis, bacter- 
ial meningitis, cutaneous abscess, mycotic aneurism, 
intracranial abscess, epidural abscess, transverse myelitis, 
viral hepatitis, wound botulism, tetanus, osteomyelitis, 
and acquired immunodeficiency syndrome). 


MANAGEMENT 


Opioid toxicity should be part of the differential 
diagnosis in all comatose patients. However, the classic 
“opioid toxidrome” may not be apparent following a 
mixed overdose. Respiratory support is paramount in the 
management of patients with opioid toxicity; and the 
patient should be managed according to current 
advanced cardiac life support guidelines. Priorities 
include assessment and establishment of effective 
ventilation and oxygenation, followed by ensuring 
adequate hemodynamic support. Initial support with a 
bag-valve-mask (BVM) device is appropriate, along with 
100% oxygen supplementation. Oral or nasal airway 
placement may be helpful, and caution is advised with 
their use given the potential for vomiting and/or 
aspiration. A suction apparatus should be available for 
immediate use at the patients bedside. Ventilatory 
support can usually be safely provided with a BVM device 
while awaiting the reversal of respiratory depression by 
an opioid antagonist. Endotracheal intubation is 
indicated in severely compromised patients in whom there 
is a real risk for aspiration or in patients who do not 
satisfactorily respond to opioid antagonists. 

GI decontamination should be considered after vital 
signs have been stabilized. Opioids may cause decreased 
GI motility, and this suggests there may be some benefit 
to GI decontamination several hours postingestion. 
Gastric lavage may be of benefit in patients who are 
critically ill, do not respond to naloxone, are suspect of 
polypharmacy overdose, or have overdosed on Lomotil; 
retrieval of Lomotil pills as late as 27 hours postingestion 
has been reported.'*7 In the obtunded patient, 
endotracheal intubation should be performed prior to 
the placement of the orogastric tube to minimize the risk 
of aspiration. Early administration of activated charcoal 
has been advocated as the sole GI decontamination 
procedure. Although the clinical benefits of multiple 


oral doses of activated charcoal remain to be established, 
it has potential benefit because of the prolonged 
absorption phase typically encountered with opioid 
overdoses. Patients should be closely monitored for the 
presence of bowel sounds and passing of charcoal-laden 
stool. Repeat charcoal doses should not be used in the 
absence of active bowel sounds or in the presence of an 
ileus. Ipecac-induced emesis in patients with opioid 
overdose is not recommended given the potential for 
rapid deterioration and the risk for aspiration. 
Naloxone is a pure competitive opioid antagonist at 
the u, K, and 6 receptors, and has a greater affinity for 
the u receptor than for the K or 6 receptors. It can 
reverse the analgesia, respiratory depression, miosis, 
hyporeflexia, and cardiovascular effects of opiate 
toxicity™®?257 and is effective in terminating opioid- 
induced vomiting. The goal of naloxone therapy is to 
reestablish adequate spontaneous ventilation and 
maintain adequate airway reflexes without precipitating 
an acute withdrawal syndrome.” Naloxone is relatively 
contraindicated in the pregnant patient, in whom 
precipitation of acute narcotic withdrawal may induce 
premature labor or miscarriage. However, this does not 
preclude judicious naloxone use in pregnant patients 
with severe respiratory depression. A judicious starting 
dose for IV naloxone may be 0.05 to 0.1 mg if the patient 
is possibly opioid dependent. Otherwise, an initial 2-mg 
dose can be administered. The recommended pediatric 
naloxone dose is 0.1 mg/kg, up to 2 mg. For high-potency 
opioids (e.g., fentanyl and its analogs) or opioids with a 
greater affinity for the k or 6 receptor (e.g., pentazocine, 
propoxyphene) a larger than usual dose of naloxone 
may be needed to successfully antagonize the opioid 
effects.”°° Repeat IV naloxone boluses up to 10 to 20 mg 
should be considered if there is a history of opioid 
exposure, a strong clinical suspicion based on presenting 
signs and symptoms, or a partial response to the initial 
naloxone dose. Submental, intranasal, intralingual, 
endotracheal, intraosseous, intramuscular, and sub- 
cutaneous routes of naloxone administration are accept- 
able alternatives when vascular access is not readily 
available.*60-264 However, intramuscular and subcuta- 
neous injections are less desirable in the emergent 
situation. Repeat naloxone boluses may be required 
every 20 to 60 minutes because of its short elimination 
half-life (60 to 90 minutes) compared with that of most 
opioids.“ A continuous naloxone infusion may be 
considered in patients who have a positive response and 
require repeated bolus doses because of recurrent 
respiratory depression.*°°*°> A therapeutic naloxone 
infusion may be made up by multiplying the effective 
naloxone bolus dose by 6.6, adding that quantity to 
1000 mL normal saline, and infusing the solution at 
100 mL/hr. The infusion is titrated to maintain adequate 
spontaneous ventilation without precipitating acute 
opioid withdrawal and is empirically continued for 12 to 
24 hours. The patient should be admitted to an intensive 
care setting where the patient will be frequently assessed 
during this time. After discontinuing the naloxone 
therapy, the patient should be carefully observed for 2 to 
4 hours for recurrent respiratory depression. In the 
event of acute iatrogenic opioid withdrawal, allow the 


effect of naloxone to abate and avoid administering 
additional opioids. 

Clinical experience has demonstrated naloxone to be 
an extremely safe drug. It has been administered at a 
bolus dose of 5.4 mg/kg followed by infusion at 
4mg/kg/hr for 23 hours in the treatment of acute spinal 
cord injury.*°? Although naloxone is ordinarily a safe 
drug, there have been reports ascribing acute lung 
injury,?22?7°?75 hypertension, cardiac dysrhythmias, and 
death to naloxone therapy.?’°?”? Typically, the patient has 
a depressed consciousness and respiration. After 
naloxone administration, the patient awakens and over 
minutes to hours is noted to become hypoxic with an 
adequate respiratory rate and to develop pulmonary 
edema. Pink, frothy sputum may be evident in the 
nasopharyngeal area. Acute naloxone-induced withdrawal 
has been associated with massive CNS sympathetic 
discharge, which may be a precipitating factor in the 
development of “neurogenic” pulmonary edema.*°°** It 
appears that the pulmonary injury is at the alveolar- 
capillary membrane, resulting in manifestations con- 
sistent with acute respiratory distress syndrome.’”?!® 
Abrupt heroin withdrawal precipitated by naloxone may 
contribute to the development of acute lung injury. 
However, it cannot be the only effect. Naloxone does not 
appear to directly alter the vascular permeability of the 
lung.” Pulmonary edema was reported in 50% to 90% 
of the autopsies performed on heroin overdose patients, 
many of whom were declared dead in the prehospital 
setting and never received naloxone.” In addition, 
opioid antagonist was unavailable when the initial cases 
of pulmonary edema were reported. A mechanical effect 
in which negative intrathoracic pressure generated by 
attempted inspiration against a closed glottis creates a 
large pressure gradient across the alveolar membrane 
and draws fluid into the alveolar space may be 
responsible for the observed association between 
naloxone administration and acute lung injury, similar to 
ventilator-associated pulmonary edema (Muller man- 
euver) prior to the advent of demand ventilators and 
neuromuscular blockers.?** Opioid poisoning may result 
in glottic laxity, prevent adequate air entry during inspi- 
ration, and may be especially prominent at the time of 
naloxone administration. This may result in breathing 
being reinstituted prior to the return of adequate upper 
airway function. 

Naloxone is effective in reversing diphenoxylate 
(Lomotil)-induced opioid toxicity, but recurrence of 
respiratory and CNS depression is common.?** All 
patients with significant diphenoxylate overdose should 
be admitted for monitored observation in the hospital 
for at least 24 hours.'*” Naloxone has been reported 
to reverse, though inconsistently, the CNS effects of 
ethanol, benzodiazepines, clonidine, chlorpromazine, 
and valproic acid following an overdose.?85288 

Naloxone administration may “unmask” cocaine toxic- 
ity in patients using “speedballs”** or anticholinergic 
toxicity in patients using heroin and scopolamine.*”° 

Hypotension may respond to naloxone therapy, but 
may require fluid resuscitation and _ vasopressors. 
Overzealous fluid resuscitation should be avoided 
because of the risk for pulmonary edema. Cardiac 
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dysrhythmias should be managed according to current 
advance cardiac life support guidelines. Sodium bicar- 
bonate may be useful in treating cardiotoxicity from 
drugs with “quinidine-like effects” (type IA antidys- 
rhythmics) that impair sodium channel functioning, 
manifested by widened QRS complexes, dysrhythmias, 
and hypotension. Sodium bicarbonate has been 
reported to be effective in narrowing the QRS complex 
in the setting of propoxyphene-induced wide complex 
dysrhythmias.”*! Sodium bicarbonate (1 to 2 mEq/kg) 
may be administered as an IV bolus over a period of 1 to 
2 minutes. Greater amounts may be required to treat 
unstable ventricular dysrhythmias. Sodium bicarbonate 
boluses can then be repeated as needed with the end 
point of stabilizing or narrowing the QRS interval. 
Excessive alkalemia (pH greater than 7.55) and 
hypernatremia should be avoided. 

Management of seizures should follow current treat- 
ment guidelines and should include benzodiazepines or 
barbiturates. Adjunct naloxone therapy may be effective 
in propoxyphene-* but not meperidine- or tramadol- 
related seizures. Experimental evidence suggests naloxone 
may potentiate normeperidine-induced seizures by 
inhibiting an anticonvulsant effect of meperidine.*”° 
Naloxone appears to potentiate the anticonvulsant 
effects of benzodiazepines and barbiturates, and may 
antagonize the effects of phenytoin.*** Seizure has been 
reported immediately following naloxone administration 
for tramadol overdose.” The tramadol package insert 
cautions against naloxone use in overdose situations. 

The management of serotonin syndrome is primarily 
supportive. Sedation, paralysis, intubation and ventilation, 
anticonvulsants, antihypertensives, and aggressive rapid 
cooling may all be necessary. There has been some 
success with nonspecific serotonin antagonist cyprohep- 
tadine (4 to 8 mg every 8 hours orally) .*”° 

The occurrence of acute lung injury appears to be 
clinically unpredictable,”°77°?97 and it has been 
suggested that a man in his late thirties who is a relatively 
inexperienced heroin user and has a Glasgow Coma 
Scale score of 4 to 5, has a respiratory rate of 6, and 
requires naloxone to maintain his respiratory drive in 
the prehospital setting would have a high likelihood 
of developing acute lung injury.” It has been recom- 
mended to observe all patients for at least 24 hours 
following emergence from an opioid overdose. However, 
some clinicians suggest that 4 hours patient observation 
may be sufficient following a pure IV heroin or short- 
acting opioid overdose. **Y An even shorter observation 
of at least 1 hour in an emergency department has been 
investigated and may be acceptable, and remains to be 
validated.’ This study suggests that patients with 
presumed opioid overdose can be safely discharged 
1 hour after naloxone administration if they (1) can 
mobilize as usual, (2) have oxygen saturation on room 
air greater than 92%, (3) have a respiratory rate between 
10 and 20 breaths per minute, (4) have a temperature 
between 35.0° C and 37.5° C, (5) have a heart rate 
between 50 and 100 beats per minute, and (6) have a 
Glasgow Coma Scale score of 15. 

The management of acute lung injury should include 
adequate ventilation, oxygenation, and positive-pressure 
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ventilation as needed. Inotropic and chronotorpic 
agents and preload- and afterload-reducing agents 
appear to be of little value. In one case series, the 
majority of patients only required supplemental oxygen, 
and 33% of patients required mechanical ventilation.” 

Asymptomatic body packers may be managed conser- 
vatively by the prograde route provided the condition of 
packaging does not appear to be compromised. Some 
clinicians suggest whole bowel irrigation with polyeth- 
ylene glycol electrolyte lavage solution based on 
retrospective case series and case reports.207391303 A 
proposed method, based on more than 100 cases of 
cocaine body packers, together with more than 10 years’ 
experience, suggests a safe and efficient method for the 
medical management of asymptomatic body packers. 
This same method may be applied to heroin body 
packers and involves the oral administration of a water- 
soluble contrast solution followed by serial abdominal 
radiographs (Box 33-1) 3°43 

Body packers who develop opiate toxicity can often be 
managed with continuous naloxone infusion, activated 
charcoal, and whole bowel irrigation. Surgical 
intervention is indicated for patients with intestinal 
obstruction or perforation, and may be indicated when 
packets fail to progress through the GI tract after 
conservative management. Endoscopic retrieval of a few 
packets that are retained in the stomach may be 
considered, and should be performed by an experienced 
endoscopist. 

Pruritis is a common opioid adverse drug event. It may 
be localized or general and range from mild to severe. 
Antihistamines are usually ineffective, but naloxone has 
frequently been found to offer relief. Ondansetron has 
been reported to provide relief in refractory cases.3” 

Treatment of spongiform leukoencephalopathy is 
supportive, and antioxidant therapy with coenzyme Q 
(30 mg four times daily), vitamin E (2000 mg daily), and 
vitamin C (2000 mg daily) has been advocated.°'® 

Constipation may be ameliorated by oral naloxone. 
Enteral naloxone is poorly absorbed, and opioid with- 
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Abdominal radiographs with oral contrast: 

. Administer an oral dose of water-soluble contrast (e.g., 
Gastrogratin): 1 mL/kg. 

. Perform abdominal radiographs (supine and upright) at least 
5 hours after oral contrast administration. 

. If radiographs are positive, administer an oral dose of 100 mL 
mineral oil twice daily. 

. Perform daily abdominal radiographs and after a spontaneous 
bowel movement. 

. All bowel movements are checked for drug packets. 

. The patient may be discharged after passage of two packet-free 
bowel movements and negative abdominal radiographs. 


Patients are permitted to feed normally and vascular access should be 
maintained. 





drawal symptoms are usually not evident when the oral 
dose of naloxone does not exceed hepatic glucuron- 
idase capacity.°°> Methylnal-trexone is a quaternary 
ammonium molecule and is unable to cross the blood- 
brain barrier. It antagonizes the effects of opioids on the 
GI tract without precipitating opioid withdrawal.*” 

Forced diuresis and manipulation of urine pH have 
not been demonstrated to be of clinical benefit in opioid 
overdose. Hemodialysis may be indicated in patients with 
compromised renal function and are toxic from opioids 
or its metabolites (e.g., normeperidine) that depend on 
renal elimination.*!° 


OTHER OPIOID ANTAGONISTS 


Nalmefene is effective for the reversal of opioid-induced 
CNS effects and may be administered orally or 
intravenously. Its half-life and dose-dependent dura- 
tion of action are 4 to 8 hours following IV 
administration.’!!312 The initial adult dose is 0.5 mg for 
those who are not opioid dependent and 0.1 mg for 
those suspected of having opioid dependency. If there is 
an incomplete response or no response, additional doses 
can be given at 2- to 5-minutes intervals. A total dose of 
1.5 mg may be necessary to exclude the possibility of 
opioid poisoning. Nalmefene has proven safety and efficacy 
in the management of meperidine-induced sedation and 
opiate overdose in the emergency department.*!**!° The 
principal advantage over naloxone is its considerably 
longer duration of antagonistic action, which translates 
into fewer complications arising from fluctuations in the 
level of consciousness, reduced incidence of resedation, 
better long-term control of longer-acting opiate inges- 
tions, and fewer indications for naloxone infusions. 
Withdrawal syndrome precipitated by the use of 
nalmefene would also be prolonged. 

Naltrexone is a potent, long-acting, pure opiate 
antagonist that is effective orally. Its use is primarily 
limited as adjunctive therapy for opioid detoxification. 
Naltrexone may induce a withdrawal syndrome lasting 
up to 72 hours. 


DISPOSITION 


The minimum observation period following a patient’s 
emergence from an opioid overdose remains to be 
determined. Data seem to suggest that observation for 1 
to 4 hours may be sufficient following a pure IV heroin 
or short-acting opioid overdose.™*"9"" Factors that favor 
extended observation or hospital admission include 
exposure to agents with long half-lives (e.g., methadone, 
L-o-acetylmethadol, propoxyphene, diphenoxylate, and 
buprenorphine); agents whose toxicity may be delayed, 
prolonged, or recurrent (e.g., diphenoxylate); large 
amounts of ingestant or co-ingestant; low tolerance to 
opioids (as compared to that of the chronic abuser); 
respiratory or cardiovascular instability; and comorbid 
conditions. Although administering an opioid antagonist 
can have a temporizing effect, overdose on an opioid 
with a long half-life (e.g., methadone) will significantly 


outlast several doses of naloxone and may require a 
continuous naloxone infusion or the use of nalmefene. 
Because of the potential for delayed onset and recurrent 
respiratory and CNS depression following naloxone 
therapy, it is recommended to observe patients for at 
least 24 hours. Patients who are on high-dose methadone 
therapy and have a prolonged QTc interval on ECG 
should be admitted to an intensive care unit because of 


its association with torsades de pointes and risk for 
sudden death.!®! 
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At a Glance... 


All sedative-hypnotics are not the same. 

Central nervous system depression is their main effect. 
Additive CNS effects occur with other CNS depressants. 

There is no specific antidote for any of the sedative-hypnotics. 
Plasma concentrations of these agents do not assist in 
management. 

Hemodialysis does not help in clinical management. 


INTRODUCTION AND HISTORY 


Sedative-hypnotic is a term that describes different med- 
ications that sedate or calm a person or induce drowsi- 
ness and sleep. The substances covered in this chapter 
are all chemically different from benzodiazepines and 
barbiturates (see Chapters 35 and 36). This chapter will 
focus on the multiple, diverse sedative-hypnotic drugs 
that are not structurally similar (Fig. 34-1). 


Sedatives and hypnotics were among the earliest 
medications to be introduced into medical practice. 
Chloral hydrate was synthesized in 1832 and first used 
clinically starting in 1869. Deaths from this agent were 
reported as early as 1890.! Chloral hydrate, urethane, 
and paraldehyde were used prior to the introduction of 
barbital in 1903 and phenobarbital in 1912. As the 
physical dependence, withdrawal, and abuse potential 
of these agents began to be appreciated, a search 
was made for sedative-hypnotics that minimized these 
risks. Chlorpromazine, the first phenothiazine, was 
introduced in the early 1950s, and meprobamate, a bis- 
carbamate ester, was introduced in 1955. Other sedative- 
hypnotics were introduced during this time period that 
were presumed to have more selectivity and less abuse 
potential, including glutethimide, methyprylon (piperidine- 
diones), chlormezanone, ethinamate (urethane deriv- 
ative), ethchlorvynol, and methaqualone (quinazolines 
and their derivatives) .° 
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FIGURE 34-1 Chemical structures of sedative-hypnotics described in this chapter. (All structures drawn and identified using ChemIDplus, 


accessed at http://chem.sis.nim.nih.gov/chemidplus/.) 
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Because of the high abuse potential, tolerance, 
and acute toxicity of the early sedatives and hypnotics, 
their use was eventually discontinued. Ethinamate, 
chlormezanone, methyprylon, paraldehyde, and meth- 
aqualone were withdrawn in the 1980s and 1990s. ‘These 
agents had dependence and abstinence syndromes at 
least equal to those of the barbiturates, and intoxication 
was more difficult to manage. During the 1980s to 1990s, 
selective benzodiazepine receptor agonists were identified 
and synthesized, including zolpidem, zaleplon, zopiclone 
(not available in the United States), and alpidem. 
Zopiclone was first introduced in France in 1987. It was 
the first cyclopyrrolone hypnotic and was chemically 
unrelated to other existing sedatives. Ultimately, 
zolpidem and zaleplon were marketed in the United 
States. Alpidem was not marketed in the United States 
due to inconsistent results during clinical trials and was 
withdrawn from the French market in 1993 due to 
reports of hepatic toxicity.®” 

Sedative-hypnotics are used worldwide, but overall use 
has steadily decreased since the 1980s. Over the years, 
barbiturate and benzodiazepine use has increased, 
replacing the older sedative-hypnotics. In the United 
States, American Association of Poison Control Centers 
(AAPCC) data show that exposures to sedative-hypnotics 
(nonbarbiturates and nonbenzodiazepines) decreased 
from 2000 to 2003 (Fig. 34-2). Exposures to chloral 
hydrate, however, remain steady, with approximately 220 
toxic exposures reported per year. Fewer than five deaths 
per year from these agents were reported to U.S. poison 
centers from 2000 to 2003 (Fig. 34-3) .° 

In Australia, the ratio of female-to-male overdoses was 
1.5 to 1. Most overdoses were from the barbiturate or 
benzodiazepine class, with a small percentage in the 
“other” class, but specific agents were not described.’ 
Chloral hydrate was noted in 0.3% of admissions and 
3.5% of deaths from self-poisoning between 1987 and 
1992.'° Chloral hydrate was 4.5 times as likely (odds ratio 
[OR] 4.5, confidence interval 2-10, 95%) to be used for 
self-poisoning and had a high likelihood of death (OR 
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58.1) between 1989 and 1992. In London, 3.1% of over- 
doses were with sedative-hypnotics, excluding 
benzodiazepines and barbiturates, during 1984 to 1988. 
The female-to-male ratio was 1.3:1 for all overdoses.!1-14 

Chlormethiazole was the most popular medication for 
ethanol withdrawal in Great Britain during the mid- 
1980s, but its use was discontinued secondary to drug 
interactions. The drug exhibits cross-tolerance with 
ethanol, and with long-term use alcoholics readily trans- 
ferred dependence and often used it while continuing to 
drink, resulting in a significantly increased mortality 
rate. There were 95.7 deaths per million prescriptions 
for this drug, which was twice that of chloral hydrate. By 
comparison, the newer less toxic alternatives zolpidem 
and zopiclone resulted in approximately 2 deaths per 
million prescriptions each.*° 

During the late 1960s and early 1970s, 22% of over- 
dose fatalities were due to glutethimide. Mortality 
approaches 20% after glutethimide-only overdoses and 
17% in mixed ingestions, and is greater than any other 
drug in the sedative-hypnotic group.’® 

Meprobamate was the second most commonly pre- 
scribed sedative in the United States after barbiturates 
during this same time period, and was available in com- 
bination dosage forms containing anticholinergics, 
conjugated estrogens, antianginal agents, and anti- 
depressants.'*!° In France, mortality from meprobamate 
overdose was approximately 2.6%.'° Until 1992, the drug 
was sold over the counter in some European countries, 
including Belgium. Moving it to prescription status 
decreased the number of meprobamate poisoning cases 
requiring admission from 120 to 18 per year.” 


STRUCTURE AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 


The exact mechanism of action is unknown or unclear 
for many sedative-hypnotics. Some affect the yY-aminobu- 
tyric acid (GABA) chloride channel but differently from 
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FIGURE 34-2 Human exposures to selected sedative-hypnotics, 2000-2003, United States. (Data from WebTESS, American Association 
of Poison Control Centers, http://webtess.aapcc.org, accessed June 2004.) 
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FIGURE 34-3 Human deaths attributed to selected sedative- 
hypnotics, 2000-2003, United States. (Data from WebTESS, 
American Association of Poison Control Centers, http://webtess., 
aapcc.org, accessed June 2004.) 


benzodiazepines and barbiturates. The primary metabo- 
lite of chloral hydrate is trichloroethanol (TCE), which 
seems to produce the main sedative-hypnotic effect. TCE 
affects the GABA, receptor-ion channel complex similar 
to other sedative-hypnotic agents by altering chloride 
currents and decreasing excitability of neurons, but only 
when GABA is present. In addition, TCE inhibits ion 
currents activated by excitatory amino acids. This com- 
bined effect leads to central nervous system (CNS) 
sedation.'® TCE also sensitizes the myocardium to endoge- 
nous catecholamines and may induce arrhythmias, 
similar to other halogenated hydrocarbons.!*?! 

Chlormethiazole similarly affects GABA,-evoked 
currents in a dose-dependent fashion. It modulates the 
GABA receptor via a site separate from that of the 
benzodiazepines. At low doses it potentiates GABA- 
evoked responses; at high doses it directly activates the 
GABA receptor. Chlormethiazole prolongs the GABA 
channel burst duration similar to that of the barbiturates. 
In addition, chlormethiazole potentiates glycine-evoked 
currents. This potentially explains its efficacy in treating 
status epilepticus resistant to therapy with benzo- 
diazepines or barbiturates.** It does not seem to have 
any direct interaction with the Nmethyl-D-aspartate 
receptor.* 

Meprobamate potentiates GABA at the GABA, 
receptors and also activates the chloride channel in the 
absence of GABA.” 

Zaleplon, zolpidem, and zopiclone are selective GABA, 
benzodiazepine receptor agonists (type 1 omega-1).7?* It 
is unknown at this time how this receptor site mediates 
pharmacologic activities.*>?” 

The mechanisms of action for ethchlorvynol, glu- 
tethimide, and methyprylon are unknown. Glutethimide 
has an active metabolite, 4-hydroxy-2-ethyl-2-phenyl- 
glutarimide. 


SPECIFIC DRUGS 


The pharmacology and toxicology of the different 
sedative-hypnotics will be considered individually for 
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similar agents. The diagnosis and treatment sections 
consider all drugs together due to the similar diagnostic 
approach and management of all of these agents. 


General Comments on Pharmacology 
and Pharmacokinetics 


Absorption varies greatly between the sedative-hypnotic 
agents; some have significant first pass clearance. Due to 
their high lipid solubility, many of these agents can be 
described by a two- or even three-compartment model of 
distribution and eventual elimination. The initial plasma 
elimination reflects partitioning into fat stores, and 
the later slow elimination reflects gradual release from 
fat stores back into the plasma. All are extensively metab- 
olized in the liver along complex multiple pathways and 
all are enzyme inducers. Specific pathways of metabolism 
have not been fully elucidated. Many agents have at least 
one active metabolite.}:7!4)5.2428.29 

The pharmacokinetic parameters of selected agents 
are summarized in Table 34-1. It is noteworthy that 
with the exception of the newer agents, zaleplon and 
zolpidem, data from various studies with the older agents 
are inconsistent. See Table 34-2 for a summary of 
important drug interactions. 


General Comments on Toxicology 


The sedative-hypnotics generally produce drowsiness and 
sedation, hence their classification. Overdose of these 
agents is associated with sedation, dizziness, hypo- 
thermia, and hypotension that can progress to coma and 
respiratory depression. Patients may vomit and aspirate, 
leading to pneumonia or even death. In all of these 
patients, respiratory depression may lead to hypoxia, 
which could result in devastating neurologic injury if 
not recognized and treated. There are a few exceptions 
to this general picture, and there are a few additional 
findings with specific agents, which are described under 
the individual agents. 


Adverse Effects 


Physical dependence and cross-tolerance exists between 
many of these agents, and withdrawal symptoms have 
been reported after chronic use and abuse. Maternal 
administration has resulted in respiratory depression or 
withdrawal in neonates exposed for many of these 
agents, including chlormethiazole and ethchlorvynol.°?*! 


Chloral Hydrate/Trichloroethanol 


PHARMACOLOGY AND PHARMACOKINETICS 
See Table 34-1. 


SPECIAL POPULATIONS 

For chloral hydrate, toxicity has been particularly pro- 
nounced in neonates due to accumulation and per- 
sistence of TCE for several days after chloral hydrate has 
been discontinued. Because TCE competes with bilirubin 
for protein binding sites and metabolic (glucuronidation) 
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Pharmacokinetic Parameters of Selected Agents 





HALF-LIFE 
(hr) Vd RENAL EXCRETION 
Chloral hydrate Rapid Less than 10% parent 
(Noctec) reduction compound 
to TCE 
TCE 7-11, 
Avg 8 
Chlormethiazole 2.6-8.9 0.28 L/;kg 0.1-5% 
(investigational 
in USA) 
Chlormezanone 19-24 1.2 L/kg 40% less than 3% 
(Trancopal) unchanged 
(TEN reactions 
led to 
discontinuation 
in 1996) 
Ethchlorvynol 10-25 4 L/kg Less than 10% 
(Placidyl) 
Ethinamate 1.9-2.5 36% 
(discontinued 
1990 in USA) 
Glutethimide Parent 1.6 L/kg Less than 2% 
(Doriden) 11.6-13.5 unchanged 


Meprobamate 9-11 
(Equanil, Miltown) 


0.5-0.8 L/kg 10%-20% 


Methaqualone 10-43 Feces 1%-4% 
(Mandrax) Avg 16 
(discontinued in 
1983 in USA) 
Methyprylon 9.2 0.97 L/kkg 3% unchanged 
(Noludar) 60% metabolites 
(discontinued by 
Roche in 1988) 
Paraldehyde 7.4 1.73 /kg 0% unchanged 
(removed from 
U.S. market) 
Zaleplon 1 1.4 L/kg Less than 1% active, 
(Sonata) 71% inactive 
Zopiclone 3.5-6 1.5 L/kg 4-5% parent 
Extensive metabolites 
Zolpidem 1.2-4 0.54 L/kg Less than 1% active, 
(Ambien) 79%—-96% inactive 


PROTEIN BIOAVAIL- PEAK 
METABOLISM BINDING % ABILITY (hr) 
Liver extensive 70%-80% 0.3-1 


Metabolized to 
trichloroethanol 
active metabolite and 
trichloroacetic acid 

Hepatic 

70%-80% 

2 inactive 
metabolites 

Stomach-hydrolyzed 

Liver: hydrolysis and 
oxidation with 
nonglucuronide 
conjugation 


56%-64% 10%-15% 0.5 
increase in 


liver disease 


48%-64% 2 


Extensive hydroxylation 0.5-1.0 


and glucuronidation 


2-3 active metabolites 47%-59% 1-6 


90% liver to inactive 0-30% 2-3 


metabolites 


Site of metabolism to Parent 67%-99% 1-2 
phenolic derivatives highly 
unknown protein 
bound 
2 identified P-450 38% Assumed at 2 
enzyme system, some least 90% 
dose dependency 
Liver: 70%-80% to Well absorbed 
acetaldehyde IM PO:93% 
30% exhaled via lungs PR:80% 
CYP3A4 60% 30% first 1.1 
4 inactive metabolites pass effect 
Extensive:1 active 45% 80% 1-1.5 
(N-oxide) 1: 
N-desmethyl 
(inactive) 
Extensive 89%-92% 70% 1.6-2 


No active metabolites 


IM, intramuscularly; PO, orally; PR, rectally; TCE, trichloroethanol; TEN, toxic epidermal necrolysis; Vd, volume of distribution. 





systems, resulting in both impaired transport and 
elimination, it should be used with caution in neonates. 
There have been reports of indirect hyperbilirubinemia, 
apnea, and diffculty in weaning neonates from 
mechanical ventilation after chloral hydrate therapy.” 


DRUG INTERACTIONS 

The prototypical drug interaction for this class of 
medications has been the interaction between chloral 
hydrate and ethanol. Chloral hydrate is rapidly con- 
verted to TCE.*! TCE successfully competes with ethanol 
for the dehydrogenase enzymes that metabolize ethanol, 
thereby decreasing elimination of ethanol. Ethanol 
stimulates NADH production and therefore increases 
the rate of chloral hydrate reduction to TCE by liver 


alcohol dehydrogenase. This dual mechanism results in 
an increased production of TCE and decreased 
elimination of ethanol that is the basis for the toxicity of 
the “Mickey Finn.”” Other interactions with chloral 
hydrate are based on its ability to induce microsomal 
enzymes and displace other agents such as furosemide 
and warfarin from plasma protein binding sites. 
Chloral hydrate increases myocardial sensitivity to 
catecholamines, with the potential for inducing 
recalcitrant and fatal dysrhythmias when these agents are 
used. See section on Management below.”! 


TOXICOLOGY: MANIFESTATIONS 
For chloral hydrate, cardiac toxicity is a hallmark of 
severe overdose, manifested by atrial and ventricular 
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Summary of Important Drug Interactions 


SEDATIVE 


Chloral hydrate 


Chlromethiazole 
Ethchlorvynol 
Glutethimide 
Meprobamate 
Zaleplon 


Zolpidem 


Zopiclone 


INTERACTING MEDICATION 


Ethanol 
Furosemide 
Warfarin 


Cimetidine 
Warfarin 
Warfarin 
Ethanol 
Cimetidine 


Rifampin 


Ritonavir 

Rifampin 
(*both phenytoin and carbamazepine 
could potentially interact as well) 

Ketoconazole 

Sertraline, venlafaxine, bupropion, 
desipramine, fluoxetine 

Oral contraceptives 

Cigarette smoking 

Erythromycin 


MECHANISM 


Competition for alcohol 

dehydrogenase system 
Displacement of furesemide 

from protein binding sites 
Displacement of warfarin from 

protein binding sites 
Decreased metabolism 
Microsomal enzyme induction 
Microsomal enzyme induction 
Microsomal enzyme induction 
Enzyme inhibition 


Enzyme induction 


Decreased metabolism 
Induction of CYP3A4 


Inhibition of metabolism 
Unknown 


Increased clearance 

Increased clearance 

Decreased plasma clearance or 
increased oral bioavailability 


RESULT 


Accumulation of trichloroethanol 
and elevated ethanol levels 
Cardiovascular toxicity 


Increased risk of bleeding 


50% increase in half-life 
Decreased prothrombin time 
Decreased prothrombin time 
Variable; increased sedation 
Increased plasma concentration of 
zaleplon by 85% 
Decreased Comax and AUC by 80% 
and increased clearance fivefold 
Increased serum concentrations 
Decreased serum concentrations 


Decreased clearance by 40%-65% 
Hallucinations 


Decreased half-life of zolpidem 

Decreased half-life 

Increased plasma concentrations 
and AUC 


Rifampin 
(*both phenytoin and carbamazepine 
could potentially interact as well) 


Induction of CYP3A4 


Decreased plasma concentrations 
of zopiclone 


AUC, area under the curve; Comax, maximum plasma concentration of the drug. 





dysrhythmias, including unifocal and multifocal ven- 
tricular premature contractions, bigeminy, torsades de 
pointes, ventricular fibrillation, and asystole.'!%?! When 
ethanol and chloral hydrate are ingested together (a 
Mickey Finn), the CNS depressant actions of both are 
enhanced, leading to the so-called “knock-out drop” 
effect, or rapid, decreased level of consciousness; some 
persons also experience vasodilation, tachycardia, facial 
flushing, headache, and hypotension.’ 


Chlormethiazole 
PHARMACOLOGY AND PHARMACOKINETICS 


Chlormethiazole exhibits a 10-fold increase in bio- 
availability if co-ingested with alcohol and in patients 
with cirrhosis, presumably from an impaired first pass 
effect. Low serum albumin in alcoholics leads to 
decreased protein binding, allowing for an increased 
free drug serum concentration. This may account for the 
high death rate in alcoholics who continue to drink 
while taking chlormethiazole.'” 


DRUG INTERACTIONS 


Ethanol and imipramine produce additive clinical 
effects.” 


TOXICOLOGY: MANIFESTATIONS 

The coma associated with chlormethiazole overdose 
may be prolonged and has been reported to last from 
40 to 92 hours. Victims also have increased salivation and 


bronchial secretions.** A direct effect on thermoreg- 
ulatory centers contributes to significant hypothermia. 
The addition of alcohol to chlormethiazole leads to a 
deep coma, severe respiratory depression, and increased 
mortality.” 


Chlormezanone 
PHARMACOLOGY AND PHARMACOKINETICS 


Chlormezanone is rapidly absorbed and metabolized 
into at least six compounds, which are excreted in the 
urine. In one series of eight elderly patients, oral 
absorption of chlormezanone was delayed but not 
reduced, and the half-life was prolonged to 54 hours. 
The volume of distribution calculated from these data 
was approximately 85 L, which is consistent with other 
agents of this class. The half-life following an overdose 
without evidence of shock has been estimated at 29 to 
35 hours.” Chlormezanone is similar to baclofen in 
chemical structure, and its metabolite exerts a similar 
muscle relaxant effect.*° 


DRUG INTERACTIONS 


Ethanol and imipramine produce additive clinical 
effects.” 


TOXICOLOGY: MANIFESTATIONS 

Chlormezanone overdose signs and symptoms are 
similar to those of other sedatives; metabolic acidosis has 
also been noted. In addition, drug-induced hepatitis may 
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occur, with abrupt elevation of liver enzymes, prolonged 
prothrombin time, elevated bilirubin, and hypoglycemia. 
Diffuse hydropic degeneration and necrosis of hepato- 
cytes with pericentral vein congestion are noted on liver 
biopsy.” Central anticholinergic syndrome has been 
reported in chlormezanone overdose both as a result of 
single agent ingestion and in combination with ofloxacin 
and diphenhydramine.” 


ADVERSE EFFECTS 

Even with the recommended dose of chlormezanone, a 
hypersensitivity reaction can result in a transient hepatitis, 
which is associated with eosinophilia, cholestasis, and 
mild periportal infiltration. A fixed skin eruption may 
also occur at normal doses.?”°9 


Ethchlorvynol 


PHARMACOLOGY AND PHARMACOKINETICS 
Ethchlorvynol is rapidly absorbed after oral admin- 
istration. It is highly lipophilic, and concentrates in 
adipose tissue and the CNS.*! Because of this high lipid 
solubility, it exhibits a biphasic elimination, with a 
secondary plasma peak occurring between 7 and 14 hours 
postingestion, reflecting gradual elimination from 
extensive body stores. This may explain the large 
variation in the duration of coma reported after large 
ingestions (50 to 300 hours). Ethchlorvynol is metabolized 
by hepatic glucuronidation and/or hydroxylation. Some 
of the volatile oil is eliminated via the lung. It is unknown 
whether the parent compound or the metabolite of the 
drug is responsible for the pungent breath odor that is 
noticed in intoxicated patients. Ethchlorvynol may 
accumulate in circulating and developing blood cells; 
severe pancytopenia has been reported.” 


DRUG INTERACTIONS 

Ethanol and imipramine produce additive clinical 
effects.” Ethchlorvynol is a microsomal enzyme inducer 
that enhances the metabolism of warfarin, decreasing its 
effectiveness.** 


TOXICOLOGY: MANIFESTATIONS 

Ethchlorvynol overdose presents with the typical 
symptoms, but bradycardia rather than tachycardia may 
be present. A distinctive pungent aromatic odor may be 
noted on the breath. There is a direct relationship 
between the dose and the duration and level of coma, 
but no such relationship exists between dose and the 
occurrence or level of hypothermia. Interestingly, 
however, the level of coma does not change appreciably 
after hemodialysis and a reduction in the ethchlorvynol 
level. Deep prolonged coma may last from 10 to 288 
hours, with a mean of 119 hours. Deep tendon reflexes 
are usually absent, and there may be loss of the corneal 
and pupillary light reflexes. The prolonged coma places 
victims at risk for complications such as gram-negative 
pneumonia, pressure ischemia and neuropathy, 
thrombophlebitis, and thromboembolism. Pressure 
necrosis similar to that reported for barbiturates, 


glutethimide, opiates, and carbon monoxide has been 
noted.** An autopsy performed on one patient who had 
severe multisystem disease revealed bilateral broncho- 
pneumonia, pulmonary embolism, thrombophlebitis of 
the ovarian vein, renal infarct, focal hepatic necrosis, acute 
cystitis, marked cerebral edema, and passive congestion 
of viscera. Intravenous injection, and possibly oral 
ingestion, of ethchlorvynol may lead to noncardiogenic 
pulmonary edema. Noncardiogenic pulmonary edema 
appears to be mediated by cyclooxygenase products 
since it can be blunted by the prior administration of 
nonsteroidal anti-inflammatory agents.*°*” After intra- 
venous injection, patients experience a mintlike taste, 
marked shortness of breath, and nonproductive cough; 
physical findings include diffuse end-inspiratory rales 
and a normal cardiac examination. Other findings include 
hypoxemia, respiratory acidosis, bilateral alveolar 
infiltrates on chest x-ray without cardiomegaly, and a 
normal electrocardiogram.**:*9 


Glutethimide 


PHARMACOLOGY AND PHARMACOKINETICS 
Absorption of glutethimide is slow and erratic due to 
its poor solubility. The absorption is hastened and 
increased with concurrent ethanol ingestion.!? The 
apparent volume of distribution for glutethimide is 
greater than that of body water.“ Due to its high lipid 
solubility, 80% of the parenterally administered drug 
appears to be sequestered in the gastrointestinal tract, 
adipose tissue, and the central nervous system. Less than 
2% is found in the blood.” The majority of the 
metabolites undergo enterohepatic circulation in animals, 
with slow urinary excretion. At least one metabolite, 4- 
hydroxy-2-ethyl-2-phenylglutarimide (4-HG), contributes 
to toxicity.’ In mice, 4HG is approximately twice as 
potent as the parent compound in producing death.*!” 
The drug is 90% conjugated in the liver as two glu- 
coronides with delayed excretion. As with other highly 
lipophilic agents, it is eliminated following a biphasic 
elimination curve. Further complicating elimination is 
the racemic nature of the drug, with each enantiomer 
being metabolized differently.*! 


DRUG INTERACTIONS 

Ethanol and imipramine produce additive clinical 
effects.“ Glutethimide is a microsomal enzyme inducer 
that enhances the metabolism of warfarin, decreasing its 
effectiveness. Glutethimide potentiates codeine’s sedative 
effect, with increased risk for death when both are taken 
together.’ 


TOXICOLOGY: MANIFESTATIONS 

Intoxication with glutethimide results in a prolonged 
coma with variations in coma depth and sudden apnea, 
but little correlation between blood levels and the 
patient’s clinical condition.’ Cerebral edema and seizures 
appear to be more common than with other sedative- 
hypnotics. Acute renal failure is rare but has been 
reported.!° Anticholinergic activity of glutethimide 


probably contributes to reduced gastric motility and 
delayed gastrointestinal transit, urinary retention, 
mydriasis, and some of the hallucinations and delusions 
reported in acute ingestions of the drug.** In the 1970s, 
there were reports of neonatal withdrawal from 
glutethimide. Infants born to mothers addicted to 
glutethimide responded well initially, then had recurrence 
of symptoms about 5 days later, including overactivity, 
restlessness, tremors, hyper-reflexia, hypotonus, vasomotor 
instability, incessant crying, and general irritability. The 
infants usually responded to treatment with benzodi- 
azepines, phenobarbital, and morphine/methadone/ 
paregoric over 6 to 7 weeks.” 


Meprobamate 
PHARMACOLOGY AND PHARMACOKINETICS 


Meprobamate has a low solubility in water, is resistant to 
gastric and intestinal juices, and decreases gastric 
motility; bezoar formation is more likely than with other 
sedative-hypnotics. The metabolism of meprobamate is 
induced by ethanol.'? Meprobamate has characteristics 
of a drug whose elimination might be increased by 
hemoperfusion, including a low intrinsic clearance, a 
relatively low volume of distribution, and charcoal 
adsorption.” Carisoprodol is a muscle relaxant (half-life 
of 100 minutes) that is converted to meprobamate (half- 
life of 11.3 hours) .°7°® 


DRUG INTERACTIONS 


Ethanol and imipramine produce additive clinical 
effects.” 


TOXICOLOGY: MANIFESTATIONS 

Meprobamate intoxication may be difficult to distinguish 
from other sedatives, but some differences may be noted. 
Fluctuating coma and seizures may occur, although the 
drug has been reported to have anticonvulsant activities. 
Cardiac dysrhythmias include both tachycardia and 
bradycardia; hypotension can be profound and pro- 
tracted, and is attributed to direct action on the CNS 
vasomotor center. Pulmonary edema has been reported, 
as has bullous skin lesions. Meprobamate deaths have 
been attributable to shock, pulmonary edema, or com- 
plications such as pneumonia or sepsis. Carisoprodol 
overdose presents with the same clinical picture.185758 


Methaqualone 


PHARMACOLOGY AND PHARMACOKINETICS 
See Table 34-1. 


TOXICOLOGY: MANIFESTATIONS 

Methaqualone is no longer available either as a single 
drug or in combination with diphenhydramine 
(Mandrax) in the United States or United Kingdom; 
however, some is available on the black market and is 
used to adulterate heroin. Patients presenting with a 
methaqualone overdose exhibit a range of neurologic 
symptoms, including lethargy to coma, slurred speech, 
and gait disturbance. Sensorimotor abnormalities 
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include hyperacusis, blurred vision, ophthalmoplegia, 
hallucinations, and paresthesias. Increased muscular 
tone and rigidity, hyper-reflexia, clonus, myoclonus, and 
seizures may occur, leading to rhabdomyolysis and 
hyperthermia. In general, hypotension and respiratory 
depression occur less frequently with methaqualone 
than with other drugs in this class, but can be 
exacerbated by co-ingestion of additional depressants or 
ethanol. Markedly increased tracheobronchial secretions 
and salivation are also seen in intoxication. One case of 
unilateral pulmonary edema has been reported. Retinal 
hemorrhages, purpura, and gastrointestinal hemor- 
rhages can occur. Studies in animal models noted that 
the drug inhibits adenosine diphosphate (ADP) and 
decreases both collagen- and ADP-induced platelet 
ageregation.”’ Many of these findings may be related to 
or exacerbated by diphenhydramine combined with 
methaqualone in a preparation available earlier.°? 


Methyprylon 


PHARMACOLOGY AND PHARMACOKINETICS 

Methyprylon is structurally and pharmacologically 
related to glutethimide, but is more water soluble and 
therefore has nearly complete gastrointestinal absorp- 
tion. Its distribution and elimination are generally 
described as a two-compartment model. Hepatic metab- 
olism is via the P-450 dehydrogenase system, with 
production of at least four metabolites. A second 
oxidative pathway has also been identified with multiple 
metabolites. The elimination half-lives of methyprylon 
reported in the literature vary greatly (4 to 50 hours).®° 


DRUG INTERACTIONS 


Ethanol and imipramine produce additive clinical 
effects.” 


TOXICOLOGY: MANIFESTATIONS 

Patients with methyprylon overdose may demonstrate 
inconsistent findings. Various studies have reported cases 
with no hypotension, moderate to severe hypotension 
that was recurrent, no decrease in peripheral reflexes 
except in mixed ingestions, hyperreflexia and seizure 
activity, hyperreflexia and areflexia, pinpoint, sluggish 
pupils, or fixed and dilated pupils. The one fatal case 
in the literature was deeply comatose, cyanotic, and 
hypotensive, and presented approximately 18 hours 
postingestion. Other cases that presented earlier, but with 
equally severe initial findings recovered with supportive 
treatment or supportive treatment plus hemodialysis.” 


Zaleplon, Zolpidem, and Zopiclone 
PHARMACOLOGY AND PHARMACOKINETICS 


The kinetics of zaleplon, zolpidem, and zopiclone have 
been characterized to a greater extent than the 
preceding agents. Neither zaleplon nor zolpidem appear 
to exhibit dose-dependent kinetics within the therapeutic 
range. Zaleplon has a more rapid elimination than 
zolpidem.” Zolpidem has a rapid absorption, rapid 
distribution into the CNS, and rapid onset of activity.”! 
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Zolpidem is metabolized in the liver by four different 
P-450 pathways. Sixty-one percent of the drug is metab- 
olized through the 3A4 enzyme system, 22% through 
2C9, 14% through 1A2, and less than 3% through the 
combined 2D6 and 2C19 pathways.” Because it is less 
lipophilic than other similar agents, it is cleared from the 
CNS more rapidly.° 

Zopiclone has a high bioavailability, which suggests 
absence of a significant first pass effect. Thirteen metab- 
olites through seven pathways have been identified. A 
low volume of distribution, confirmed by autopsy results, 
indicates that the agent has no particular preferential 
distribution into solid organs.” The drug’s elimination 
follows a two-compartment model.” The half-life of its 
primary active metabolite is approximately equal to the 
half-life of the parent drug. The half-life of zopiclone is 
longer in patients with cirrhosis and in elderly patients, 
so the dosage should be reduced by half in these 
patients. The half-life of the drug is also prolonged in 
patients with renal disease, but the changes are slight 
and probably not clinically significant.*>7>”° 


SPECIAL POPULATIONS 
Zopiclone dosage should be reduced by half in elderly 
patients and those with severe liver insufficiency.” 


DRUG INTERACTIONS 

Ethanol and imipramine appear to have no effect on the 
kinetics or pharmacodynamics of zopiclone.” Rifampin 
has been shown to enhance the metabolism of zaleplon, 
zolpidem, and zopiclone due to its potent induction of 
cytochrome P-450, resulting in decreased maximum 
peak concentration, reduction of the area under the 
curve (AUC), and increased total clearance. This potential 
effect also exists for other inducers of the cytochrome 
isoenzymes, such as phenytoin and carbamazepine.’”” 
Zaleplon appears to have no significant pharmacokinetic 
drug interactions with digoxin, ibuprofen, warfarin, 
imipramine, or paroxetine; however, additive psy- 
chomotor effects have been reported when it is 
combined with imipramine, paroxetine, or thioridazine. 
Cimetidine increases the plasma concentration of 
zaleplon by 85%.’7®°* Erythromycin has been shown to 
increase the AUC and peak concentrations of zopiclone, 
but the differences are not likely to be of clinical 
significance.*4 Ranitidine did not increase drowsiness 
when used in patients receiving a single dose of zopiclone 
as a preoperative medication. No pharmacokinetic 
interactions have been observed between digoxin, 
warfarin, or ranitidine and zolpidem.*®*’ The half-life of 
zolpidem is reduced by smoking and oral contraceptive 
use; this is not likely to be clinically significant. There is 
an increase in peak serum concentration and a decrease 
in time to peak concentration of zolpidem in patients 
who also take sertraline, but this is also unlikely to be of 
routine clinical significance.’ Ketoconazole decreases 
the clearance of zolpidem by approximately 40%; 
itraconazole and fluconazole produce only small 
changes in the drug’s elimination kinetics. Ritonavir also 
reduces the clearance of zolpidem.’?°° Decreased 
psychomotor performance has been observed with the 


combination of chlorpromazine and zolpidem, but no 
pharmacokinetic interaction was found with single-dose 
administration.2” There is an increased risk for 
hallucinations with concurrent use of zolpidem and 
select antidepressants, including bupropion, fluoxetine, 
sertraline, venlafaxine, and desipramine. The mechanism 
of this interaction has not been established.” 


TOXICOLOGY: MANIFESTATIONS 

Two cases of zaleplon overdose have been reported, and 
both patients recovered uneventfully. Zolpidem over- 
dose usually presents with a mild clinical picture, 
including drowsiness and vomiting. Some patients 
experience gait abnormalities, blurred vision, mydriasis, 
visual hallucinations, and memory impairment. More 
severe symptoms are consistent with multiple-drug 
overdose, including respiratory depression or failure and 
hypotension.°**” Fatalities have occurred with zolpidem 
taken with co-ingestants such as morphine, hydrocodone, 
meprobamate, lidocaine, and carisoprodol.?39798 


ADVERSE EFFECTS 

Withdrawal symptoms after chronic use have been 
reported with zopiclone and zolpidem but are not 
generally life threatening. Hallucinations and sensory 
distortion may occur with therapeutic doses of zolpidem. 
Amnesic psychotic reactions and agitation with disorga- 
nization of thoughts may occur.°9799101 


DIAGNOSIS 


Laboratory Testing 


A toxicology screen may confirm the presence of these 
agents, but will generally not be helpful in establishing 
the level of toxicity and planning treatment; severity 
of toxicity is generally a clinical diagnosis. General 
laboratory testing should include a complete blood 
count, serum electrolytes, blood urea nitrogen (BUN), 
creatinine, liver enzymes, and arterial blood gas. Pulse 
oximetry should be monitored. 

Therapeutic serum chlormezanone levels are normally 
4 to 6 mg/L, with levels greater than 50 mg/L 
considered toxic. Ethchlorvynol levels are directly 
proportional to the amount ingested, but they do not 
correlate with clinical symptoms.” 

Meprobamate levels of 3 to 10 mg/dL are associated 
with mild to moderate signs of toxicity, 10 to 20 mg/dL 
with deeper coma, and greater than 20 mg/dL with 
severe toxicity and increased fatality rate. Rising levels 
may indicate continued absorption, which would suggest 
the formation of concretions in the gastrointestinal tract. 

Methaqualone levels of 2 to 5 ug/dL are generally 
considered to be in the toxic range.°* Multiple com- 
plications have been associated with methaqualone, and 
therefore baseline laboratory evaluation should include 
a complete blood count, liver enzymes, coagulation 
studies, platelet count, serum creatine phosphokinase 
(CPK), BUN, creatinine, and electrolytes. Coagulation 
abnormalities, with prolonged prothrombin and partial 


thromboplastin times, inhibition of platelet aggregation, 
and decreases in factors V and VII may lead to bleeding 
problems. Rhabdomyolysis and hyperthermia may affect 
renal function.°”°? Methyprylon levels of greater than 
3.0 mg/dL are associated with coma, and levels less than 
3.0 mg/dL are generally associated with somnolence. 
Other symptoms do not demonstrate a correlation 
between dose and severity.®”° Most laboratory values 
are not affected in methyprylon overdose, although 
slight transient elevations of liver enzymes have been 
noted.°68 


Other Diagnostic Testing 


Additional testing, such as electrocardiography (ECG) 
and chest radiography should be performed as indicated 
in specific clinical situations. Chloral hydrate is radio- 
paque and may be seen on radiography.'? Metha- 
qualone ECG abnormalities are reversible and include 
right bundle branch block and nonspecific T wave 
abnormalities.°”? 

On examination, a pear-like odor to the breath may 
be noted in chloral hydrate overdose, and a pungent, 
vinyl-like odor may be associated with ethchlorvynol 
overdose. 


Differential Diagnosis 


The differential diagnosis of these agents typically 
includes other CNS depressant drugs, CNS lesions, other 
endocrine or infectious processes, and fluid and 
electrolyte abnormalities. Organophosphate poisoning is 
included in the differential diagnosis of methaqualone 
overdose because of the copious secretions associated 
with this agent. 


MANAGEMENT 


Supportive Measures 


The standard “ABCs” approach is appropriate in cases of 
sedative-hypnotic overdose. For comatose patients, the 
main goal is supporting the airway, ventilation, and 
cardiovascular system. Vital signs must be monitored 
frequently, including respirations, pulse, blood pressure, 
and temperature. Unresponsive patients should be 
intubated to protect the airway and to ensure adequate 
respirations and ventilation. Ventilation/oxygenation 
should be monitored with pulse oximetry and arterial 
blood gas, making adjustments in fraction of inspired 
oxygen (FIO,) or rate of ventilation as indicated. 
Aggressive management of the respiratory status 
decreases the risk factors for cardiac arrest. Hypotension 
may be treated with isotonic fluid boluses; vasopressors 
and inotropes should be used as indicated. Cardiac 
dysrhythmias should be treated according to advanced 
cardiac life support (ACLS) protocols with the exception 
of chloral hydrate (see Specific Treatment). Seizures 
may be treated with benzodiazepines. Normal body 
temperature should be maintained; warming blankets 
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may be sufficient, but use of warmed IV fluids, radiant 
warming, and other methods may also be required. This 
is especially important if the patient is hypothermic and 
develops cardiac dysrhythmias; patients may not respond 
to usual ACLS protocols during hypothermia. One must 
anticipate the sequelae of coma and immobilization. The 
overall incidence and severity of pneumonia is directly 
proportional to the duration of coma; gram-negative 
organisms are frequently the cause of pneumonia in 
these patients. Patients may develop pressure ischemia 
and neuropathy from prolonged immobilization; such 
patients should be repositioned frequently. Victims are 
also at risk for thrombophlebitis and thromboembolism. 


Decontamination 


Gastric lavage should be considered in patients 
presenting with mixed ingestions or a potentially lethal 
ingestion of a single drug if they present within 1 to 
2 hours of ingestion. Activated charcoal 1 g/kg may 
decrease absorption and should be administered. 
Multiple-dose activated charcoal has been advocated for 
meprobamate and glutethimide ingestions to prevent 
ongoing absorption from concretions and delayed 
motility and to interrupt enterohepatic circulation; 
however, its efficacy in these ingestions is unproved. 
Gastric lavage, multiple-dose activated charcoal, and 
whole bowel irrigation should be considered with 
meprobamate because of the tendency toward bezoar 
formation. Recovery of a bezoar weighing only 25 g 
could be clinically significant because the minimum 
lethal dose is approximately 20 g. However, it is 
important to evaluate whether ileus is present before 
instituting these measures.°°10%10° 


Laboratory Monitoring 


Arterial blood gases and pH provide information about 
ventilation and acid-base status. Mixed respiratory and 
metabolic acidosis may be seen due to hypoventilation, 
immobilization, hypotension, and hypothermia. 
Monitoring for complications related to prolonged 
coma and immobilization should be considered.*” One 
should monitor for rhabdomyolysis and hyperthermia in 
cases of myoclonus and seizures, including serum CPK, 
creatinine, BUN, and electrolytes. Special attention 
should be focused on maintaining renal function. One 
should monitor liver enzymes, platelet count, and 
coagulation times after methaqualone ingestion.” 


Antidote 


There are no specific antidotes currently available for 
sedative-hypnotic overdoses. Flumazenil has been 
reported to reverse the effects of chloral hydrate, but 
there are concerns that it may also precipitate seizures in 
chloral hydrate overdose, so it should be used with 
caution, if at all.!° Flumazenil may reverse CNS 
depression from severe zolpidem toxicity and zaleplon 
overdose.!°° 
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Specific Treatment 


Chloral hydrate and trichloroethanol sensitize the myo- 
cardium to endogenous catecholamines. Naloxone and 
flumazenil may precipitate ventricular dysrhythmias. 
Ventricular dysrhythmias associated with chloral hydrate 
overdose may be treated with B blockers: propranolol 
(adults 1.0 to 2.0 mg IV bolus followed by 1.0 to 
2.0 mg/hr infusion, children 0.01 to 0.1 mg/kg, 
maximum | mg) or esmolol (adults 500 ug/kg IV slow 
bolus over 2 minutes followed by 25 to 100 ug/kg/min, 
children 100 to 500 ug/kg given over 1 minute, followed 
by infusion of 25 to 100 ug/kg/min, titrated to 
dysrhythmias cessation). Torsades de points may be 
treated with IV magnesium or overdrive pacing. 

Platelets, fresh frozen plasma, and vitamin K should 
be administered for uncontrolled bleeding after 
methaqualone ingestion.” 


Elimination Enhancement 


In general, there is no convincing evidence to support 
the use of hemodialysis or hemoperfusion in the treat- 
ment of sedative-hypnotic overdose. Historically, these 
methods have been attempted for severe chloral hydrate 
(TCE) poisoning or inadequate response to supportive 
care, but clinical improvement has not correlated with 
reduced levels of drug.!°’ There is no evidence to 
support the use of hemodialysis or hemoperfusion in 
treating chlormethiazole, glutethimide, or chlormezanone 
overdoses.'!"*!°9 The use of forced diuresis, hemodialysis, 
peritoneal dialysis, and hemoperfusion in accelerating 
the removal of ethchlorvynol remains somewhat 
controversial. Although these modalities have been 
shown to reduce the half-life of ethchlorvynol, they have 
not been shown to shorten the duration of coma, or to 
reduce morbidity or mortality." Hemodialysis and 
hemoperfusion can enhance the elimination of meproba- 
mate, but these invasive methods are rarely indicated 
when aggressive decontamination and supportive 
measures are used.'°? Hemodialysis and hemoperfusion 
do not alter the clinical outcome of methaqualone 
overdose, but do increase clearance.'!' Although dialysis 
has been used in cases of severe methyprylon overdoses, 
reports of clinical improvement and elimination of the 
active drug have been inconsistent. Most cases can be 
managed with supportive care. Osmotic diuresis has also 
been used, but there is little evidence that this is 
helpful.°.°8: There is no experience with hemodialysis 
for zaleplon or zopiclone overdose. Zolpidem is not 
dialyzable.”° 


Disposition 


Symptomatic patients should be admitted and monitored 
for 24 hours, or until symptoms resolve; asymptomatic 
patients for 2 to 6 hours. Patients who are comatose, 
hypotensive, hypothermic, or show signs of cardiac 
instability should be admitted to the intensive care unit 
for supportive care and close monitoring. It may take a 
day or up to a week to stabilize the patient, depending on 


level of coma, respiratory compromise, and development 
of complications. The patient may be discharged to 
home or psychiatric care when he or she is stable. 

The prolonged deep coma and severe respiratory 
depression associated with ethchlorvynol overdose may 
last up to 17 days. Patients who improve initially should 
be observed for at least 24 hours due to the biphasic 
distribution of ethchlorvynol.*” 

Patients who have ingested significant amounts of 
chloral hydrate should be admitted for observation and 
their cardiac status monitored for at least 24 hours. 
Asymptomatic patients with suspected ingestions should 
be monitored for 6 to 8 hours. Because of the gastric 
irritation and vomiting associated with chloral hydrate 
overdose, the patient should be followed for later 
development of esophageal stricture.*° 

Asymptomatic patients should be monitored for 6 to 
8 hours after meprobamate or glutethimide ingestion. 
Patients with mild symptoms should be observed for 12 
to 24 hours; those with more severe symptoms require 
longer observation and support due to the biphasic recur- 
rence of toxic symptoms after an initial resolution?!” 

Infants born to mothers who have received 
chlormethiazole should be monitored for 36 to 48 hours 
for development of respiratory depression or apnea.°? 
Neonatal withdrawal symptoms may persist for up to 45 
days in infants born to mothers addicted to glutethimide.©” 
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SUSAN E. FARRELL, MD @ TANIA M. FATOVICH, MD 


At a Glance... 


m Benzodiazepines are widely prescribed and used for sedative, 
hypnotic, amnestic, anxiolytic, anticonvulsant, and muscle 
relaxant properties. 

m Benzodiazepines are relatively safe in isolated overdose but 

may be dangerous when co-ingested with other agents. 

Laboratory testing is of limited value in overdose. 

Treatment of overdose is primarily supportive. 

Flumazenil, a competitive antagonist at the y-aminobutyric acid 

A receptor, will reverse the toxic effects of benzodiazepines but 

should be used with caution in benzodiazepine poisoning. 

m Patients with benzodiazepine overdose that remain asymp- 
tomatic after 4 to 6 hours of observation are medically safe for 
psychiatric evaluation and disposition. 


INTRODUCTION AND RELEVANT 
HISTORY 


The first commercially marketed benzodiazepine, 
chlordiazepoxide, was accidentally synthesized in 1955 
by Roche Laboratories in Nutley, New Jersey. The scope 
of its pharmacologic properties and clinical applications, 
however, were not appreciated until 1957, when it was 
noted to possess effective sedative, hypnotic, and anti- 
convulsant properties.! Subsequent to its clinical release 
as Librium (Roche Pharmaceuticals of Hoffman-La 
Roche, Inc., Nutley, NJ) in 1960, chlordiazepoxide 
spawned an era of widespread benzodiazepine use that 
still persists today. Diazepam, perhaps the best known 
and most commercially successful of all the benzo- 
diazepines, was synthesized in 1959 and marketed as 
Valium (Roche Pharmaceuticals of Hoffman-La Roche, 
Inc. Nutley, NJ) in 1963. Since the early 1960s, more than 
3000 benzodiazepines have been developed, more than 
120 have been tested for biologic activity, and approxi- 
mately 50 different benzodiazepines are currently 
marketed worldwide. Fourteen benzodiazepines are cur- 
rently available for clinical use in the United States. They 
are Classified as schedule IV drugs by the Food and Drug 
Administration (FDA). These agents and a few related 
compounds available outside the United States are listed 
in Table 35-1. 

Benzodiazepines have various sedative, hypnotic, 
amnestic, anxiolytic, anticonvulsant, and muscle relaxant 
properties. All benzodiazepines are effective in the treat- 
ment of anxiety and insomnia. However, individual drugs 
are approved by the FDA and marketed for specific 
indications on the basis of their clinical and pharma- 
cologic characteristics. For example, alprazolam may have 
significant antidepressant activity in addition to its 
sedative properties. Benzodiazepines such as alprazolam 


and clonazepam have gained use in the treatment of 
social phobias and panic disorders,” and clonazepam and 
lorazepam may be effective in place of, or in combi- 
nation with, a neuroleptic and lithium for the treatment 
of acute mania in bipolar disorder.’ Reports also describe 
the efficacy of benzodiazepines for the initial treatment 
of catatonia®® and neuroleptic-induced akathisia and 
dystonias.” In addition, short-acting benzodiazepines such 
as temazepam and triazolam have found new uses in the 
prevention and treatment of jet lag.'°!! Their action is 
presumed to be through the readjustment of sleep pat- 
terns and body temperature, and they shorten the time 
to resynchronize activity rhythms when used in con- 
junction with regular exercise. In the past several years, 
certain benzodiazepines have also been reported to be of 
benefit in the treatment of pain syndromes,'* by both 
decreasing situational anxiety in the setting of acute pain 
and relieving muscle tension related to some chronic 
musculoskeletal pain syndromes. Finally, benzodi- 
azepines are also increasingly used in the treatment of 
cancer patients for the relief of anticipatory anxiety and 
nausea, insomnia, chemotherapy-induced emesis, neu- 
ralgias, and psychiatric disorders secondary to high-dose 
steroids. !? 

Since their introduction, the benzodiazepines have 
enjoyed a meteoric rise in popularity and have largely 
replaced other sedative-hypnotics. Their extraordinary 
acceptance in clinical medicine has been based on their 
safety, efficacy, minimal side effects, relatively low 
addiction potential, and the medical and public demand 
for sedative and anxiolytic agents. In 1979, the U.S. 
National Household survey reported that 11% of the 
adult population in the United States had taken an anxi- 
olytic on one or more occasions in the previous year.' 
Benzodiazepine use peaked in the late 1970s and mid- 
1980s. Since that time, the annual prevalence of benzo- 
diazepine use in the United States has declined, from a 
prevalence of 13% in 1981 to 8.3% in 1990." Similar 
declining rates in benzodiazepine prescriptions have 
been reported in Australia, Great Britain, and Canada. 
This decline has largely been attributed to widespread 
negative publicity and concern about potential misuse, 
abuse, and long-term side effects, particularly depend- 
ence and withdrawal. 

Benzodiazepine prescriptions vary by age. In a recent 
nationwide U.S. survey, 5% of children were prescribed 
benzodiazepines, a rate that has remained stable from 
1987 to 1996.'° Data from a Canadian study of benzo- 
diazepine prescriptions dispensed for the elderly 
demonstrated rates that decreased from 25.1% in 1993 
to 22.5% in 1998. Prescription rates, however, were still 
significantly higher for older patients: approximately 
20% for those 65 to 69 years of age, and approximately 
30% for those at least 85 years of age.” 
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Benzodiazepines Available in the United States 





YEAR OF RECOMMENDED AVAILABLE FDA-APPROVED RATE OF ORAL 
GENERIC NAME TRADE NAME INTRODUCTION ADULT DOSE* DOSAGE FORMS INDICATIONS ABSORPTION 
Alprazolam Xanax 1981 Oral: 0.75-4 0.25-, 0.5-, 1-mg Anxiety Intermediate 
mg/day divided tablets Anxious 
tid depression 
Chlordiazepoxide Librium 1960 Oral: 15—100 5-, 10-, 25-mg Alcohol Intermediate 
mg/day divided tablets or withdrawal 
tid to gid capsules Anxiety 
Preoperative 
sedation 
Clonazepam Klonopin 1974 Oral:7.5-20 0.5-, 1-, 2-mg Seizure disorder Intermediate 
mg/day divided tablets 
tid 
Clorazepate Tranxene 1972 Oral: 7.5-60 2.75-, 7.5-,15-mg Anxiety Rapid 
mg/day divided capsules Alcohol 
qd to gid withdrawal 
Diazepam Valium 1963 Oral: 6-40 mg/day 2-, 5-, 10-mg Anxiety/insomnia Rapid 
divided qd to tablets Alcohol 
qid withdrawal 
IV: 0.1 mg/kg Muscle spasm/ 
per dose seizures 
Preoperative 
sedation 
Flurazepam Dalmane 1970 Oral: 15-30 mg/day 15-, 30-mg Insomnia Rapid 
hs capsules 
Halazepam Paxipam 1981 Oral: 80-160 20-, 40-mg Anxiety Intermediate 
mg/day divided capsules to slow 
tid to gid 
Lorazepam Ativan 1977 Oral: 1-10 mg/day 0.5-, 1-, 2-mg Anxiety/insomnia_ Intermediate 
divided bid tablets Anxious 
to tid depression 
IM: 0.5 mg/kg Preoperative 
IV: 0.05 mg/kg sedation 
Midazolam Versed 1986 Oral: not Preoperative Rapid! 
available sedation 
IM: 0.07-0.08 Anesthesia 
mg/kg induction 
IV: Begin 1-2.5 Conscious 
mg, titrate to sedation 
effect; 0.05 mg/kg 
total 
Oxazepam Serax 1963 Oral: 30-120 10-, 15-, 30-mg Anxiety Slow 
mg/day divided capsules Alcohol 
tid to gid 15-mg tablets withdrawal 
Anxious 
depression 
Prazepam Centrax 1977 Oral: 20-60 mg/day 5-, 10-mg Anxiety Ultraslow 
divided bid capsules 
10-mg tablets 
Temazepam Restoril 1981 Oral: 15-30 mg 15-, 30-mg Insomnia Slow 
qhs capsules 
Triazolam Halcion 1983 Oral: 0.125-0.5 0.125-, 0.25-, 0.5- Insomnia Intermediate 
mg qhs mg capsules 


IM, intramuscularly; IV, intravenously. 


*Maximum dose not established. 
tOral form of midazolam is not yet commercially available, but may administer parenteral formulation orally at 0.3 to 0.7 mg/kg (typically in children). 





Because of their widespread availability, benzodi- 
azepines are also among the most frequently misused 
drugs. Dependence and abuse by the general 
population, however, are minor when compared to 
those of alcohol, cocaine, or opiates. As a class, benzo- 
diazepines are not powerful euphoriants and are there- 
fore not frequently abused as a primary agent. Secondary 
drug abuse is common, however, usually in the form of 
self-medication, to decrease the adverse side effects 
of stimulants or hallucinogens, to ameliorate the 


unpleasant symptoms of withdrawal from more highly 
addictive substances, or to substitute for the drug of 
primary dependence when it is not available. 
Benzodiazepines are often used by intravenous drug 
abusers. This combination of intravenous drug use 
and benzodiazepine abuse has been correlated with 
increased incidence of needle sharing, polydrug use, psy- 
chosocial dysfunction, depression, anxiety, and poor 
health.!8 The U.S. Treatment Outcome prospective study 
reported that 73% of heroin abusers also used benzodi- 


azepines on their entry into treatment.'® A 1999 study 
found a similarly high prevalence of benzodiazepine 
abuse among patients entering a methadone treatment 
clinic, with lifetime and current prevalences of 66.3% 
and 50.8%, respectively.” 

In an attempt to limit such widespread availability 
and the incidence of misuse and abuse, various laws 
regulating the prescribing of benzodiazepines have been 
enacted, with mixed results.*” For example, in 1989, the 
State of New York enacted a regulation that required 
prescriptions for benzodiazepines to be written in 
triplicate, with mandatory reporting of prescriptions to 
the New York State Department of Health. The purpose 
of the regulation was to decrease improper prescribing 
practices, to restrict overall use of benzodiazepines, and 
to help eliminate fraud and illegal misdirection of the 
drugs. As a result of this regulation, benzodiazepine 
prescriptions decreased by 2 million, but were accom- 
panied by a concurrent increase in the use of other 
anxiolytics.*!** The number of elderly patients using 
benzodiazepines was reduced by 33%, and the number 
of prescriptions written was reduced by 45%. Weintraub 
compared the use of benzodiazepine alternatives in New 
York to prescribing practices in other unlegislated areas, 
and concluded that “an undesirable increase has occurred 
in the prescribing of less acceptable medications.”** 
Other unintended consequences of this legislation 
included an increase in patient visits to an urban psy- 
chiatric emergency department for a recurrence of pre- 
viously controlled psychiatric symptoms or acute benzo- 
diazepine withdrawal. Sales of distilled spirits also increased 
during the first 4 months after the law was implemented. 
Similar findings have been reported in European studies.” 

A more recent study reported another unintended 
effect of the New York ruling. A marked decrease in new 
benzodiazepine prescriptions was found among patients 
discharged from the hospital after cardiac- or cancer- 
related admissions, 72.5% and 69.4%, respectively.*° 
Over the past decade, six states have enacted legislation 
to restrict benzodiazepine prescribing. 

Although benzodiazepines have a low likelihood for 
producing fatal central nervous system (CNS) depression 
and are, thus, remarkably safe as compared with older 
sedative-hypnotics, their potential for addiction and 
abuse is still well-recognized and a matter of medical and 
legal controversy. 


STRUCTURE AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 


All benzodiazepines are organic bases composed of a 
benzene ring fused to a seven-membered diazepine 
ring*® (Figs. 35-1 and 35-2) All of the important benzo- 
diazepines have a 5-aryl substituent and various 
substitutions at the R1 and R4 positions of the diazepine 
ring. The aryl ring at position R5 confers greater potency 
of the molecule. Specific benzodiazepine agonists vary 
in the substitutions at the R1, R2, R3, R4, R7, and RY 
positions. Substitution of a keto group at R5 and a 
methyl group at R4 creates the benzodiazepine antag- 
onist flumazenil. Despite the myriad benzodiazepine 
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FIGURE 35-2 The four most prescribed benzodiazepines in the 
United States. 


compounds available, all derivatives can be expected 
to have similar qualitative pharmacologic and clinical 
effects when adjusted for differences in potency. Variations 
in the pharmacokinetics of an individual drug’s onset, 
duration of action, and metabolism make it more 
suitable for certain indications. 


PHARMACOLOGY 


Benzodiazepines produce their sedative, hypnotic, 
anxiolytic, and anticonvulsant effects through their ability 
to potentiate the activity of Yaminobutyric acid (GABA), 
the major inhibitory neurotransmitter in the CNS. GABA 
is involved in sleep induction, control of neuronal exci- 
tation and epileptic potentials, anxiety, memory, hyp- 
nosis, and modulation of the hypothalamic-pituitary axis. 
GABA is found in high concentrations in the basal 
ganglia, hippocampus, cerebellum, hypothalamus, and 
substantia gelatinosa of the dorsal horn of the spinal 
cord.?’ 

Three types of GABA receptors have been defined. 
GABA, is a hetero-oligomeric chloride channel com- 
posed of five subunits of various types, which is 
modulated by chemicals such as benzodiazepines, 





CENTRAL NERVOUS SYSTEM 


s 674 


barbiturates, ethanol, and steroids. GABA g is a seven 
trans-membrane receptor coupled to G proteins, which 
activate the second messenger system of phospholipase C 
and adenylate cyclase, leading to the opening of calcium 
and potassium channels. It is also a hetero-oligomeric 
receptor, composed of subunits Rla, Rlb, and R2. 
Baclofen is an agonist at the GABA; receptor. GABAcg is an 
ionotropic chloride channel, similar to GABA,. In fact, 
GABAg receptors may actually be homomeric GABA, 
receptors, composed entirely of one subunit type, unlike 
GABA,. Although both GABA, and GABAg are chloride 
channels, they are architecturally, pharmacologically, 
biochemically, and physiologically different. Benzodi- 
azepines do not modulate GABAg.*® 

GABA, receptors are made up of five subunits. To 
date, eight subunit families and 18 subunit types have 
been identified: 016, B13; Y3; Ò, €, T, O, P13. Nearly all 
GABA, receptors in the brain are composed of a 
combination of œ, B, and y subunits. This structural 
diversity of the GABA, receptor accounts for the 
variations in its channel functioning and affinity for 
GABA and its related receptor ligands, such as 
benzodiazepines, localization in the brain, and pharma- 
cology. This compares to the GABAg receptor, which is 
composed of only p subunits and is located primarily in 
the retina and neuroendocrine cells in the gut.*9° 

The molecular structure of the GABA, receptor and 
the activity of benzodiazepines are intimately related. 
Although the theoretically possible combination of 
GABA, subunits is greater than 500,000, the most 
prevalent receptor combinations in the brain contain 04, 
Os, Os, and Q; subunits, any B subunit type, and yo. The 
combination of Oj Boy is especially prevalent. These 
subunits are encoded as a cluster on chromosome 5 of 
the genome, such that their expression is regulated in a 
coherent manner.”! 

Benzodiazepine recognition sites, termed benzodt- 
azepine receptor (BZ) types I and LI, are located on the 
GABA, receptor. Because these sites are also binding 
sites for nonbenzodiazepine ligands, they have been 
termed w; and wy receptors. A “peripheral type” benzo- 
diazepine receptor, or “P” site, has also been identified in 
most peripheral tissues and glial cells in the brain. It is 
unrelated to central benzodiazepine receptors, but may 
be involved in the modulation of central benzodiazepine 
effects, the synthesis of neurosteroids, and steroid 
hormones in peripheral glands.**** Benzodiazepine 
receptor ligands can act as agonists, antagonists, or 
inverse agonists at the GABA, receptor. In other words, 
binding of these ligands may increase, decrease, or block 
the effects of GABA at GABA, receptors, respectively. 

Recent studies now show that the œ and @ receptors 
actually correspond to the interface of the & subunits 
and the y subunit on the GABA, receptor complex.” 
Specifically, @, receptors correspond to the interface at 
the oO, subunit, and @ receptors correspond to the 
interface at the Qs, Os, or O; subunit on GABA,.°° This 
interface is the active binding site for benzodiazepines, 
which bind at the œ subunit. After benzodiazepine 
binding, a conformational change, mediated through 
the Yə subunit, occurs at the B subunit, enhancing the 


binding of GABA at the B subunit. The chloride ion 
channel opens, hyperpolarizing the cell, and limiting 
excitatory impulses. Benzodiazepines potentiate GABA 
effects by increasing the frequency of channel opening 
(Fig. 35-3). They are positive modulators of the GABA 
receptor. In the absence of GABA, however, benzodi- 
azepines have no direct effect on GABA, receptor 
function; benzodiazepine effects depend on the 
presynaptic release of GABA. 

Although classic benzodiazepines act at all Qy> 
interfaces of the GABA, receptor complex, animal 
studies, which target individual subunit formation 
through genetic single point mutations and knockouts, 
have elucidated the important relationship between the 
phamacologic effects of benzodiazepine agonists and 
the subunit composition of individual GABA, recep- 
tors.22°” For example, GABA, receptors, which contain 
œ; subunits, mediate the sedative and amnestic effects 
produced by benzodiazepines. The anticonvulsant effects 
of these drugs are also partially mediated by 
œ -containing receptors. Anxiolysis and muscle tone are 
mediated through Q,.-containing GABA, receptors, 
which comprise only 15% of all GABA, receptors, but are 
particularly dense in the amygdala and the dorsal horn 
cells of the spinal cord. 

GABA, receptors, which are the active binding 
sites of benzodiazepines, are extremely heterogeneous 
receptor complexes. It is this complexity that accounts 
for the variety of effects of GABA,-related modulators. 
Classic benzodiazepines act at all GABA, receptors, 
accounting for their many side effects. The creation 
of drugs that act at specific receptor subunits will allow 
for selective therapeutic effects devoid of the side effects, 
which are common to the benzodiazepines. For exam- 
ple, zopiclone, zolpidem, alpidem, and zaleplon, non- 
benzodiazepine sedatives, preferentially bind to © 
GABA, receptors, accounting for their therapeutic 
efficacy as hypnotics.*?°’ Future research into the devel- 
opment of subtype-selective drugs with specific activity 
mediated at specific GABA, receptor subunits is certain 
to enhance the therapy of many neuropsychiatric 
disorders, which involve GABA regulation. 

Endogenous benzodiazepine-like substances, diazepam- 
binding inhibitors, have been recently isolated. Although 
the actual source of diazepam-binding inhibitors is 
controversial, research into their role in neuroendocrine 
function,** panic disorder,’ anxiety,” memory and 
learning, and hepatic encephalopathy,*!* may further 
elucidate the normal regulatory functions of GABA. 


PHARMACOKINETICS 


Although some benzodiazepines form water-soluble salts 
at acidic pH, at physiologic pH all are moderately to 
highly lipid-soluble molecules that are rapidly and 
completely absorbed from the proximal small bowel (see 
Tables 35-1 and 35-2). Significant differences in lipid 
solubility affect the rate of gastrointestinal absorption 
and subsequent distribution. Highly lipophilic benzodi- 
azepines, such as diazepam and flurazepam, are rapidly 
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FIGURE 35-3 Benzodiazepine receptors and the GABAergic 
synapse. Central nervous system neurotransmission occurs via a 
complex circuitry consisting of multiple connections, pathways, 
feedback mechanisms, and inhibitory/disinhibitory neurons, all 
under the control of neurotransmitters and neuroinhibitors. The 
body's most important neuroinhibitor, y-aminobutyric acid 
(GABA), is synthesized in nerve endings of presynaptic GABAergic 
neurons from glutamate, under the influence of the enzyme 
glutamic acid decarboxylase. GABA is stored in synaptic vesicles 
located in presynaptic nerve endings and is released into the 
synapse to function as a neuroinhibitor. GABA activity is 
terminated by diffusion out of the synapse or reuptake into 
presynaptic nerve endings. Specific GABA receptors have been 
identified on the subsynaptic membrane of postsynaptic neurons. 
GABA receptors are adjacent to and coupled with chloride ion 
channels in such a way that activation of a GABA receptor 
"opens” the associated channel, increasing chloride ion influx. 
The end result is hyperpolarization of the cell membrane and 
decreased neuronal excitability. The activity of GABA or its 
functional relationship to GABA receptors may be related to 
GABA modulin, an endogenous peptide located in synaptic 
membranes. The benzodiazepine receptor is located on a 
subunit of the benzodiazepine-GABA pharmacophore, spatially 
adjacent to the GABA receptor. Binding of benzodiazepines to 
the benzodiazepine receptor subunit induces a change in the 
receptor complex, which facilitates GABA binding to the GABA 
receptor subunit, increasing the frequency of chloride ion 
channel opening. Benzodiazepine antagonists competitively 
block specific benzodiazepine receptor sites and either block 
the benzodiazepine binding or displace already bound drug, 
thereby offsetting any benzodiazepine-enhanced GABAergic 
transmission. GABA, y-aminobutyric acid; BZD, benzodiazepine; 
ABZD, benzodiazepine antagonist. 
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Absorption Rates of Orally Administered 


Benzodiazepines 





TIME OF 
PEAK PLASMA 
CONCENTRATION 


Rapid <12 hr 


Desmethyldiazepam (from clorazepate 
[Tranxene]) 

Diazepam (Valium) 

Flurazepam (Dalmane) 

Midazolam* (Versed) 


Intermediate 1.2-2.0 hr 


Alprazolam (Xanax) 
Chlordiazepoxide (Librium) 
Clonazepam (Klonopin) 
Flunitrazepam (Rohypnol) 
Halazepam (Paxipam) 
Lorazepam (Ativan) 
Triazolam (Halcion) 


Slow 2.0-3.0 hr 


Oxazepam (Serax) 
Temazepam (Restoril) 


Ultraslow >3.0 hr 


Desmethyldiazepam (from prazepam 
[Centrax]) 
Diazepam CR (slow release) 


*Oral form midazolam not yet commercially available. 





absorbed, and less lipophilic compounds, such as 
oxazepam and temazepam, are more slowly absorbed.”°* 

The rate of oral absorption is influenced by other 
factors, such as the co-ingestion of ethanol** (enhanced 
absorption), or co-ingestion of food or antacids® 
(slowed). Depending on the drug preparation and the 
presence of co-ingestants, the time from ingestion to 
appearance of the drug in the systemic circulation is 
approximately 10 to 20 minutes. In general, the time 
to maximal serum concentration (Tmax) is inversely 
related to the maximal serum concentration (Q,,,,) and 
may be influenced by the aforementioned factors.” 

Certain benzodiazepines, such as clorazepate, flu- 
razepam, and prazepam, do not reach the systemic 
circulation in clinically significant amounts. Clorazepate 
is rapidly decarboxylated in the acidic environment of 
the stomach to its active metabolite, N-desmethyl- 
diazepam (nordiazepam), which is then absorbed 
completely. Flurazepam and prazepam undergo first pass 
metabolism in the liver and reach the systemic 
circulation only as metabolites. 

Benzodiazepine absorption from intramuscular 
injection is variable. Lorazepam and midazolam are the 
only benzodiazepines rapidly and completely absorbed 
after intramuscular administration. Chlordiazepoxide 
absorption is particularly slow and erratic; plasma 
concentration may not peak for 6 to 12 hours. Diazepam 
is inconsistently absorbed after intramuscular admin- 
istration. Serum levels of diazepam and chlor- 
diazepoxide are more rapidly achieved by the oral route 
than by intramuscular administration. 
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After absorption, benzodiazepines are highly protein 
bound, ranging from 70% to 99%. Protein binding is 
greatest with highly lipid-soluble drugs (e.g., diazepam 
99% bound) and least with more water-soluble agents 
(e.g., alprazolam 70% bound). Only unbound drug is 
available to cross the blood-brain barrier and interact 
with CNS receptors. Drug concentrations in the 
cerebrospinal fluid are generally 2% to 4% of plasma 
levels, roughly equivalent to the concentration of free 
drug in the plasma. Alterations in protein binding 
affect the amount of free drug available to the CNS 
at sites of action, and the subsequent clinical effects. 

All benzodiazepines distribute widely and rapidly to 
highly perfused organs. Their volume of distribution 
ranges from 0.3 to 5.5 L/kg, and tissue concentrations 
within the brain, liver, and spleen typically exceed that 
of the serum. Because penetration into the CNS is 
rapid, the onset of clinical effects is limited more by 
the rate of systemic absorption of individual compounds 
than by their rate of distribution. 

After initial distribution within the central compart- 
ment, benzodiazepines slowly redistribute to less perfused 
tissues, such as adipose and muscle. The rate of initial 
distribution and redistribution, and thus onset and offset 
of clinical effect, correlates with the individual drug 
lipophilicity. 

Benzodiazepine activity is terminated by at least three 
mechanisms. Two of these are pharmacokinetic, and the 
third is a function of alterations of the GABA(A)/ 
benzodiazepine recognition site. The rate of redistribution 
of drug from the central compartment to the peripheral 
compartment is the most important determinant of the 
duration of clinical effect. The second mechanism 
responsible for the duration of action is hepatic 
metabolism and renal excretion. The third mechanism 
is acute tolerance that occurs at the level of the 
receptor. 

The duration of action of benzodiazepines is a 
function of the CNS elimination half-life, which cor- 
relates with drug lipophilicity. During single-dose 
administration, the most lipophilic benzodiazepines 
have the shortest duration of action due to their rapid 
and extensive redistribution. They have the longest 
calculated plasma half-lives after redistribution because 
they remain in clinically inactive peripheral storage 
compartments (fat, muscle) for prolonged periods. In 
contrast, drugs that are less lipophilic have a longer 
duration of action, but a shorter plasma half-life due 
to slower redistribution from the CNS. This is illustrated 
by comparing the clinical anticonvulsant activity of 
lorazepam and diazepam. Lorazepam, a drug of 
relatively low lipophilicity, has more prolonged 
anticonvulsant activity than the highly lipophilic 
diazepam. The benzodiazepine midazolam is extremely 
lipophilic and rapidly metabolized in the liver. It has an 
extremely rapid onset but short duration of action due 
to both rapid redistribution and hepatic metabolism. 
Benzodiazepines may be classified into four different 
groups based on plasma elimination half-lives of the 
parent in combination with its active metabolites (see 
Tables 35-1 and 35-3). 


Classification of Benzodiazepines 





According to Plasma Half-Life 


Short HALF-LIFE 
Flurazepam (Dalmane) 1—4 hr 
Midazolam (Versed) 2-5 hr 
Triazolam (Halcion) 2-6 hr 
Intermediate 

Alprazolam (Xanax) 6-20 hr 
Chlordiazepoxide (Librium) 5-20 hr 
Halazepam (Paxipam) 10-20 hr 
Lorazepam (Ativan) 10-20 hr 
Oxazepam (Serax) 5-15 hr 
Temazepam (Restoril) 5-20 hr 
Estazulam (Prosem) 10-20 hr 
Long 

Flunitrazepam (Rohypnol) 20-50 hr 
Clonazepam (Klonopin) 20-30 hr 
Diazepam (Valium) 20-70 hr 
Nitrazepam (Mogadon) 17-50 hr 
Very Long 

Clorazepate' (Tranxene) 30-200 hr 
Desalkylflurazepam* 45-300 hr 
Desmethyldiazepam* 30-200 hr 
Prazepam! (Centrax) 30-200 hr 


*Active metabolite of primary benzodiazepine compounds. 

tProdrug or drug precursor that does not reach the system circulation 
in clinical significant amounts. Compounds are metabolized in the 
gastrointestinal tract or liver before systemic absorption and appear in 
the serum as desmethyldiazepam. 





During prolonged administration, the plasma half-life 
is a more reliable predictor of clinical response (intensity 
and duration) to the highly lipophilic agents. Repeated 
doses of lipid-soluble benzodiazepines cause the even- 
tual saturation of peripheral fat stores during redistri- 
bution. As they become saturated, the concentration 
gradient from plasma to peripheral lipid compartment 
decreases, increasing the drug concentration and 
duration of action at CNS receptor sites. In addition, the 
lipid stores act as a depot for the drug and its active 
metabolites, resulting in prolonged release of drug and 
persistence of drug effects. Benzodiazepines with 
longer elimination half-lives have a greater potential for 
accumulation after multiple doses and are more likely to 
exhibit prolonged “washout” periods after termination 
of multiple-dose therapy. In contrast, these agents are 
less likely to be associated with rebound side effects upon 
termination of treatment.*° 

Hepatic biotransformation via phase I oxidation or 
phase II conjugation accounts for virtually all benzodi- 
azepine metabolism and clearance in humans. Oxidative 
metabolism occurs primarily at the cytochrome families 
CYP3A, CYP2D, and CYP2C.*’ These drugs undergo 
aliphatic hydroxylation or Mdemethylation to pharma- 
cologically active intermediates, and/or conjugation 
to inactive glucuronides, sulfates, and acetylated com- 
pounds; these inactive compounds are subsequently 
renally excreted (Fig. 35-4). 
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FIGURE 35-4 Major metabolic pathways of benzodiazepines approved for use in the United States. [S], conversion half-life of less than 
6 hours; [I], conversion half-life of 6 to 20 hours; [L], conversion half-life of greater than 20 hours; *, active metabolite; t, prodrug or drug 
precursor, which does not reach the systemic circulation in clinically significant amounts. Shaded areas denote processes that proceed via 


phase II metabolism. 


Several benzodiazepines are biotransformed to active 
metabolites, which possess half-lives that far exceed those 
of the parent compound. In such instances, persistent 
clinical effects are a consequence of the metabolite, 
its blood concentration, lipophilicity, and affinity for 
the GABA,/benzodiazepine receptor complex. For 
example, flurazepam has a plasma half-life of 1 to 
4 hours, but its pharmacologically active metabolite, 
desalkylflurazepam, has a serum half-life of 45 to 
300 hours. Due to biotransformation to active metabo- 
lites with slow elimination, the duration of action of most 
benzodiazepines often bears little resemblance to the 
elimination half-life of the administered (parent) drug. 
For those agents that are biotransformed to inactive 
metabolites (e.g., lorazepam and oxazepam) or active 
metabolites that are subsequently rapidly eliminated (e.g., 
temazepam and triazolam), the duration of action will be 
more closely correlated with their clinical duration of 
action. Elimination of benzodiazepine metabolites usually 
occurs via renal clearance. 

Tolerance can develop rapidly to nearly all of the 
clinical effects of benzodiazepines, although the effect 
on anxiolytic properties is limited. Several studies have 
been performed to evaluate the mechanism of tolerance. 
Mice made tolerant to lorazepam exhibited decreased 
benzodiazepine-receptor binding and GABA, function, 
consistent with down-regulation of the receptor. Sub- 
sequent discontinuation of lorazepam was accompanied 
by increased motor activity, receptor binding, and function, 
consistent with up-regulation. Lorazepam-tolerant mice 


also had markedly reduced levels of messenger RNA 
for some subunits of the GABA,/benzodiazepine 
receptor. Tolerance to chronic lorazepam was atten- 
uated in mice, and the down-regulation of the GABA, 
receptor reversed when the benzodiazepine antagonist 
flumazenil was administered concomitantly with 
lorazepam.” Tolerance is likely due to acute uncoupling 
of the benzodiazepine effect at the GABA receptor, as 
well as changes in gene expression for certain subunits of 
the GABA receptor, particularly the œ, and Yə subunits, in 
conjunction with up-regulation of genes encoding less 
common subunits, such as o, and 05.3133 

The incidence of tolerance is unclear. In one 
retrospective study of 191 patients that received long- 
term benzodiazepine therapy, 92% had not needed to 
increase their dose of benzodiazepine, despite drug treat- 
ment for a mean of 5.6 years.” Conversely, the devel- 
opment of tolerance to these medications has limited 
their long-term utility as sedatives and anticonvulsants. 
Interventions to prevent or reduce tolerance are under 
study and consist of intermittent dosing, tapering 
schedules, use of benzodiazepine antagonists, or 
coadministration of anticonvulsants.*9 


Special Populations 
GERIATRICS 


The clinical responses of elderly patients to benzodi- 
azepines are altered as a result of age-related changes in 
both pharmacokinetics and pharmacodynamics. Aging is 
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associated with an increased volume of distribution, 
increased plasma half-life, and decreased hepatic clearance 
of some benzodiazepines. Advanced age is associated 
with diminished hepatic oxidative metabolism, serum 
protein-binding (i.e., hypoalbuminemia), and glomerular 
filtration, all of which place the elderly at increased risk 
for complications due to benzodiazepine accumulation. 
At the receptor level, positron emission tomography has 
not demonstrated a diminution in benzodiazepine- 
binding potentials in elderly persons.°! However, elderly 
men experienced increased sensitivity to the sedative, 
hypnotic, and psychomotor effects of alprazolam when 
compared with younger men, despite similar serum 
benzodiazepine concentrations.” The increased sensitivity 
to benzodiazepines may be due to a combination of age- 
related changes in the rate of acute tolerance, higher 
concentrations of drug in the brain due to altered blood- 
brain barrier permeability, enhanced benzodiazepine 
receptor binding, increased receptor functionality, or 
less homeostatic reserve to compensate for drug effect. 
Short-acting agents, which undergo less hepatic biotrans- 
formation, have few active metabolites, and have less 
capacity for bioaccumulation are the benzodiazepines of 
choice in this population. 


HEPATIC AND RENAL IMPAIRMENT 

Because benzodiazepines are primarily metabolized by 
the liver, their pharmacokinetics may be altered in 
patients with cirrhosis.*°*°°? In general, agents that 
undergo phase I biotransformation may accumulate in 
cirrhotic patients due to increased volumes of distri- 
bution, decreased protein binding, prolonged half-life, 
and decreased oxidative clearance.* Dose adjustment 
is usually unnecessary for agents, which are biotrans- 
formed by phase II glucuronidation alone. Elimination 
of benzodiazepine metabolites occurs via_ renal 
clearance. Patients with renal insufficiency may be at risk 
for the accumulation of active metabolites. 


PREGNANCY 

Benzodiazepines readily cross the placenta and may 
accumulate in the fetus, with serum concentrations that 
exceed those achieved in the mother. High doses of 
benzodiazepines administered during the immediate 
prepartum period may produce a floppy baby syndrome 
in newborn infants. This syndrome may be attributed 
to the persistence of long-acting benzodiazepine 
metabolites in neonatal serum.**°? The incidence may 
decrease when benzodiazepines, which undergo only 
phase II metabolism, are administered.”° 

Most benzodiazepines are categorized as class D in 
pregnancy by the FDA, indicating that these drugs have 
caused or are expected to cause an increased incidence 
of human fetal malformations with maternal use. The 
teratogenic potential of benzodiazepines is unknown, 
and categorization comes from early human data that 
are inconsistent. 

Fetal benzodiazepine dependence occurs, and sub- 
sequent withdrawal may be delayed up to 10 days 
postpartum due to diminished neonatal benzodiazepine 
clearance.” Benzodiazepines and their metabolites are 


excreted in breast milk in clinically significant amounts” 
and may sedate a nursing neonate. Because the meta- 
bolic capability of neonates is immature,” benzodi- 
azepines metabolized by phase I pathways may persist 
for extended periods. Breast-feeding should be avoided 
if benzodiazepines are to be administered to lactating 
women. 


OTHER 

There are ethnic-associated differences in the metabolism 
of certain benzodiazepines. For instance, East Asian 
populations exhibit slower phase I activity of the P-450 
oxidative enzyme system (particularly the CYP2C family) 
and may be more sensitive to the clinical effects of 
benzodiazepines.” Gender-specific sensitivity to 
benzodiazepine effects has been reported in association 
with concomitantly administered progesterone in post- 
menopausal women.°! This is likely a pharmacodynamic 
effect, because progesterone and its metabolites are 
steroid hormones, which modulate activity at the 
GABA(A) receptor. Finally, obese patients may have an 
increased sensitivity to benzodiazepine effects associated 
with multiple doses.” 


Drug Interactions 


Benzodiazepine drug interactions can be pharmaco- 
dynamic or pharmacokinetic; they may be associated 
with effects at the GABA,/benzodiazepine recognition 
site or associated with benzodiazepine absorption and 
hepatic metabolism. 

Benzodiazepines potentiate the CNS-depressant 
effects of ethanol and numerous other drugs. Many of 
these interactions occur at the GABA, receptor, where 
ethanol, barbiturates, propofol, some general anesthetics, 
and other sedative-hypnotics (e.g., meprobamate, zaleplon, 
zolpidem, and zopiclone) also have binding sites and act 
as positive GABA modulators. Methylxanthines and some 
antibiotics diminish benzodiazepine-induced sedation. 

Since phase I biotransformation is a primary metabolic 
pathway for many benzodiazepines (e.g., diazepam, 
alprazolam, and temazepam), drugs that induce or 
inhibit the function of the P-450 CYP3A4 and CYP2D or 
2C enzyme families can enhance or diminish the normal 
metabolism of benzodiazepines. The result may be 
shortened elimination half-life and reduced efficacy, or 
prolonged duration of action and oversedation.4” 
Phase II conjugation reactions are effected to a lesser 
degree, inhibited by probenecid and induced by oral 
contraceptive agents.*’ These alterations in conjugative 
enzyme function will not produce significant clinical 
effects as related to benzodiazepines. 

Certain drugs also inhibit renal tubular secretion of 
benzodiazepine metabolites. Probenecid inhibits the 
tubular secretion of organic bases, and has been shown 
to decrease the renal clearance of -desmethyladinazolam, 
the active metabolite of adinazolam.®* The coadminis- 
tration of probenecid with adinazolam was associated 
with a decrease in psychomotor skill performance in 
healthy volunteers, and was presumed to be secondary to 
N-desmethyladinazolam accumulation. 


TOXICOLOGY 


Clinical Manifestations 
ACUTE 


The acute clinical manifestations of benzodiazepines are 
mainly those of CNS depression. Patients with a pure 
benzodiazepine overdose display mild to moderate 
sedation, often with dysarthria and ataxia, without serious 
neurologic, cardiovascular, or respiratory impairment. 


CHRONIC 

The long-term effects of benzodiazepines on the GABA, 
receptor and GABA physiology are not known. Research 
into the neurochemical effects of chronic benzodi- 
azepine use indicates the possibility of subtle and delayed 
effects on cognitive function and memory acquisition. 
The reversibility of these effects is unclear. In one study 
of long-term benzodiazepine users who were detoxified 
from benzodiazepines, some cognitive defects persisted 
for up to 6 months. 


Adverse Effects 


Therapeutic doses of benzodiazepines cause various 
degrees of sedation, drowsiness, lightheadedness, 
lethargy, and lassitude in virtually all patients, especially 
when therapy is initiated. Dysarthria, ataxia, motor 
incoordination, impairment of cognition, and amnesia 
may also occur. Uncommonly, fatigue, headache, blurred 
vision, vertigo, nausea and vomiting, diarrhea, arthralgias, 
chest pain, and incontinence have been reported. The 
frequency and severity of side effects increase with age. 

Uncommon side effects of rapid intravenous benzodi- 
azepine administration include respiratory arrest, 
cardiac arrest, hypotension, and phlebitis at the site of 
injection. Severe adverse reactions are more common in 
the elderly, patients with severe cardiopulmonary 
disease, and those taking cardiorespiratory depressant 
medications. Other extremely rare side effects reported 
after benzodiazepine overdose include neuromuscular 
blockade; hematologic, renal, and hepatic toxicity; acute 
rhabdomyolysis; anaphylaxis; dermatitis; and acute 
respiratory distress syndrome. Postoperative exposure to 
benzodiazepines may increase the risk for delirium in 
recovering surgical patients. 

Long- and short-acting benzodiazepines have dif- 
ferent side effect profiles. Long-acting benzodiazepines 
are associated with residual sedation and daytime 
drowsiness and may cause greater respiratory depression 
in patients with pulmonary disease. In addition, long- 
and intermediate-acting benzodiazepines are considered 
to have reinforcing properties that may lead to their 
persistent use and potential for abuse.” In comparison, 
short-acting benzodiazepines (those used as hypnotics) 
are more commonly associated with daytime anxiety and 
rebound insomnia upon discontinuation. 

The anxiolytic benzodiazepines have been reported to 
unmask bizarre, uninhibited behavior in some patients, 
as well as hostility, rage, paranoia, and depression. These 
reactions occur more frequently in elderly patients or 
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those with overt or latent psychoses and organic brain 
syndrome. Such disinhibition or dyscontrol reactions are 
quite rare and usually are related to the patient’s 
preexisting expectations and pretreatment level of 
aggression and hostility. 

Rates of benzodiazepine usage increase with age, and 
elderly patients thus account for a disproportionately 
large percentage of benzodiazepine prescriptions. In 
addition, the elderly are more likely to be long-term 
users of these drugs. These facts, in combination with 
age-related differences in benzodiazepine pharmaco- 
kinetics and pharmacodynamics, place this population at 
greater risk for adverse side effects, namely, excess 
sedation, falls, and cognitive impairment. 

Multiple studies demonstrate adverse effects suffered 
by elderly benzodiazepine users.°/®? Chronic use and 
higher-than-recommended dosages are associated with 
an increased risk for accelerated decline in physical 
performance in community-dwelling elderly women.” In 
one review of 11 epidemiologic studies, at least a 50% 
increase in the risk for hip fracture secondary to falls was 
associated with benzodiazepine use, especially during 
the initiation of therapy and at higher doses.”! After 
adjustment for covariates, the risk for hip fracture was 
also increased with benzodiazepine dosage regimens 
greater than or equal to 3 mg/day of diazepam equiva- 
lents, during initiation (first 2 weeks) of benzodiazepine 
therapy, and continuous benzodiazepine use for greater 
than 1 month.” Short-acting benzodiazepines were not 
found to be safer than long-acting agents in these studies. 

Benzodiazepines, particularly long-acting agents, are 
the drug class most commonly associated with cognitive 
impairment in elderly people, often producing con- 
fusion, forgetfulness, slowing of thought processes, and 
loss of the ability to care for oneself.” In a 4-year 
longitudinal study, chronic elderly benzodiazepine users 
had a greater risk for cognitive decline, independent of 
age, sex, education, ethanol, and other psychotropic 
drug use.” A subgroup of elderly patients with neuro- 
degenerative processes, such as dementia, may be at 
greater risk for cognitive impairment.” Although a 
recent study notes the difficulty of quantifying benzodi- 
azepine exposure in relation to adverse events,’ and 
outcomes of cognitive studies depend on the battery of 
tests applied to the study patients, it is still prudent to be 
cautious when using benzodiazepines in the elderly. Low 
doses should be administered for brief periods, and 
patients should be closely monitored for the develop- 
ment of side effects. If excess sedation, confusion, 
agitation, or other signs of cognitive impairment develop 
in an elderly patient taking benzodiazepines, the drug 
should be discontinued immediately pending further 
clinical investigation. The benzodiazepine effect may be 
overlooked by family and physicians and wrongly 
attributed to senility or a worsening of an underlying 
disease process. 

Benzodiazepine use in pregnancy may be associated 
with teratogenic effects and fetal loss. A syndrome of 
benzodiazepine embryopathy was reported in the 1980s, 
consisting of growth retardation, dysmorphic features, 
and CNS dysfunction, after oxazepam exposure.* These 
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findings may be linked to potential benzodiazepine- 
induced regulation of GABA, subunit expression in the 
embryo. For example, mice, which lack B subunits, have 
an associated cleft palate. A recent review of the 
teratogenicity of benzodiazepines concluded that 
current data are insufficient to make informed decisions 
regarding benzodiazepine use in pregnancy, but suggest 
that diazepam and chlordiazepoxide, but not alprazolam, 
are safe.” These drugs, however, are still categorized as 
pregnancy class D by the FDA. 

In an animal model, fetal exposure to benzodi- 
azepines alters function and stressorinduced respon- 
siveness of the GABA, receptor in the brains of the 
exposed adult animals. It is hypothesized that the GABA 
receptor has a developmental role in integrated stress 
responses, in addition to developmental changes in non- 
neural systems. Research is ongoing into the effect of 
prenatal exposure to benzodiazepines on the devel- 
opment of both the neurologic and immunologic 
systems. Central GABA, receptors and “peripheral” 
benzodiazepine receptors may interact with exogenous 
benzodiazepines in a way that adversely affects fetal 
development of these systems. 

Fetal benzodiazepine dependence and subsequent 
neonatal withdrawal can occur. The syndrome resembles 
neonatal narcotic withdrawal; symptoms include hyper- 
tonicity, irritability, tremors, hyperreflexia, tachypnea, 
and weight loss.>’ Benzodiazepine administration to ill 
neonates may be associated with an increased risk for 
respiratory depression and hypotension.” 

Early animal data suggested that benzodiazepine use 
may influence the risk for selected cancers. However, no 
association between the use of these drugs and the 
incidence of cancers, including breast, large bowel, 
malignant melanoma, lung, endometrium, or ovarian. 
has been proven.’?*° 


Acute Overdose 


Numerous clinical reports support the relatively benign 
nature and uncomplicated course of benzodiazepine 
overdose.**°!*? In contrast to older sedative-hypnotic 
drugs, benzodiazepines have a high therapeutic index. 
Deaths attributable to benzodiazepines taken alone are 
extremely rare,'®!*? and often involve short-acting 
benzodiazepines. For instance, death has been 
associated with isolated ingestions of flunitrazepam, 
flurazepam, nitrazepam, and triazolam. 

CNS depression is the hallmark of benzodiazepine 
overdose. Patients become acutely drowsy, stuporous, 
and ataxic, or may present in low-grade coma without 
focal neurologic abnormalities. These patients can 
generally be aroused from this state with verbal or 
painful stimulation. In one series of 38 patients with 
pure benzodiazepine overdose, 16 were awake and none 
were more symptomatic than grade 0 coma (asleep but 
arousable).®* In a series of 93 cases of diazepam 
overdose, patients required only supportive therapy, and 
no patient who ingested benzodiazepines alone required 
hospital admission.** Occasionally, patients may manifest 
mild hypothermia, bradycardia, and hypotension. 


Profound and significant coma, hypotension, respi- 
ratory depression, or hypothermia is extremely un- 
common in oral overdose, unless other drugs have also 
been ingested. Although prolonged deep coma, cyclic 
coma, and focal neurologic signs” have been reported 
with benzodiazepine overdose, such clinical scenarios 
are distinctly unusual. Most acutely poisoned patients 
become easily arousable or awaken within 12 to 36 hours. 
The duration of coma, however, may be prolonged in 
elderly and nonhabituated patients. After recovery of 
consciousness, it is typical for overdosed patients to feel 
dizzy, depressed, and apathetic for an extended period 
of time. Recovery may also be prolonged for those who 
develop complications (e.g., aspiration pneumonia). 

When they do occur, deaths are almost always due to 
benzodiazepines taken in combination with other drugs. 
The risk for toxicity is substantially increased when co- 
ingested with other CNS depressants.** In this series, the 
combination of benzodiazepines and barbiturates was 
noted to be particularly dangerous, and 50% of these 
overdose patients required mechanical ventilation. 
Ethanol, identified as a co-ingestant in 38% of benzodi- 
azepine overdoses,** also enhances the CNS toxicity of 
benzodiazepines.*° These clinical outcomes are pre- 
dictable, based on the synergistic effects of these drugs 
at the GABA, /benzodiazepine receptor complex. 


DIAGNOSIS 


Laboratory Testing 


Qualitative urine screening for the presence of parent 
benzodiazepines or their metabolites provides rapid, 
useful information in the evaluation of patients with an 
unknown cause of CNS depression. Qualitative screening 
techniques, however, are fallible and should not be used 
in isolation to make clinical treatment decisions. Most 
laboratories perform initial screens for benzodiazepines 
with diagnostic immunoassays, the results of which are 
confirmed by gas or high-pressure liquid chromatog- 
raphy and/or mass spectrometry. Quantitative plasma 
measurements are not available in most hospitals, and 
provide no significant therapeutic direction to the 
treating physician.®!°+8788 Plasma concentrations of 
benzodiazepines correlate very poorly with the severity 
of toxic effects (e.g., degree of CNS depression) or 
mortality. 

Various urine immunoassay screens are available and 
are standardized against the detection of a single 
benzodiazepine compound, usually oxazepam. Other 
structurally similar benzodiazepines are subsequently 
detected through immunologic cross-reactivity with the 
compound that is used as the standard. The concen- 
tration of benzodiazepine metabolites in urine can vary 
by several orders of magnitude, depending on the 
ingested drug, drug dose, and time of sample collection 
relative to dosing. Therefore, the sensitivity for detecting 
any individual benzodiazepine may vary significantly. 

Laboratory detection of benzodiazepines depends on 
the particular toxicologic screen used. For example, the 


enzyme-multiplied immunoassay technique (EMIT) 
screen cross-reacts with chlordiazepoxide, clonazepam, 
demoxepam, desalkylflurazepam, desmethyldiazepam, 
flurazepam, lorazepam, oxazepam, prazepam, and 
temazepam.® However, several of these compounds are 
inconsistently detected unless they are present in 
extremely high concentrations. Enzymatic hydrolysis may 
improve the yield of EMIT screens.” Triazoloben- 
zodiazepine derivatives, such as alprazolam or triazolam,”' 
may be particularly difficult to detect in small but clini- 
cally significant ingestions because they possess poor 
immunologic cross-reactivity with oxazepam. The radio- 
immunoassay screening test, Abuscreen (Roche Diagnostic 
Systems, Inc., Somerville, NJ), identifies alprazolam, 
chlordiazepoxide, demoxepam, clorazepate, diazepam, 
temazepam, desmethyldiazepam, desalkylflurazepam, 
halazepam, lorazepam, midazolam, and prazepam but 
does not detect clonazepam or flurazepam.” 

Various urine screens have been compared in their 
ability to accurately detect benzodiazepines.**** The 
metabolites that most commonly produce false-negative 
results were lorazepam and 7-aminoclonazepam. None 
of the screens were able to detect o-hydroxytriazolam 
or O-hydroxyalprazolam. Although some urine screens 
have sensitivities of 90% to 98%, as compared with gas 
chromatography/mass spectrophotometry, the range in 
sensitivities is 80% to 100%.” In summary, the cross- 
reactivity lists quoted by screen manufacturers may be 
incomplete, and it is important to realize that some 
commonly used screens may produce negative results 
despite a clinically significant benzodiazepine ingestion. 
In addition, positive screens for benzodiazepines 
may not correlate with clinical toxicity and may 
reflect the presence of an inactive metabolite (e.g., N- 
desmethyldiazepam) that cross-reacts with the screen. 

False-positive benzodiazepine screens have been 
reported in the urine of patients using the nonsteroidal 
anti-inflammatory agent oxaprozin.?®” Its urinary 
metabolite is probably responsible for these results. 
Similar false-positive results have been reported for 
etodolac, naproxen sodium, fenoprofen calcium, and 
tolmetin sodium.”* False-positive screens have also been 
reported in the presence of sertraline.”* °° In this era of 
drug screening for legal and management decisions in 
the workplace, it is important to be aware of the 
limitations of some screening technologies. 

Although some research toxicology laboratories have 
the capacity to measure quantitative benzodiazepine 
levels, their measurement is not useful in the manage- 
ment of acute overdose. Therapeutic diazepam levels 
range between 0.5 and 2.0 Ug/mL, while levels of 5 to 
20 ug/mL are generally regarded as toxic. Yet, many 
patients with “toxic” levels may exhibit no or only mild 
clinical toxicity. Quantitative measurement of serum 
benzodiazepines and their metabolites may be useful for 
differentiating acute from chronic ingestions or for 
medicolegal or forensic cases. 

Other sources of tissue used for benzodiazepine 
detection include hair!!! and oral fluids.” Both 
sources may yield false-negative results and lack the 
sensitivity to be used as screening tests. Forensic studies 
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have also examined benzodiazepine detection in post- 
mortem samples of bile and bone, with fairly good 
yields" 


Other Diagnostic Testing 


Other diagnostic testing should be performed as 
necessary to identify or exclude coexisting conditions, 
which may also require treatment. Such testing often 
includes, but is not limited to, computed tomography of 
the head, laboratory testing for ethanol and other 
toxicants for which qualitative or quantitative testing may 
be beneficial, measurements of serum electrolytes and 
glucose, as well as electroencephalography for sub- 
clinical status epilepticus. Arterial blood gas analysis and 
capnography may be performed to assess the adequacy 
of respiration in those patients with CNS depression. 


Differential Diagnosis 


Patients with a pure benzodiazepine overdose display 
mild to moderate sedation, often with dysarthria and 
ataxia, without serious focal neurologic, cardiovascular, 
or respiratory derangement. There are no specific 
diagnostic clinical features unique to benzodiazepine 
overdose. Toxicity from benzodiazepines produces signs 
and symptoms that are similar to many toxicologic and 
nontoxicologic entities. ‘The CNS depressant effects may 
be similar to effects produced by alcohols, antiepileptics, 
antipsychotics, barbiturates, carbon monoxide and other 
gases, lithium, opiates, other sedative-hypnotics, and 
skeletal muscle relaxants. CNS infection, traumatic head 
injury, cerebrovascular accidents, and metabolic 
disturbances should be considered and ruled out with 
appropriate testing. 


MANAGEMENT 


Supportive Measures and Laboratory 
Testing 


Treatment for benzodiazepine overdose is primarily 
supportive. Patients with significant CNS or respiratory 
depression should have their airways protected, breathing 
assisted, and cardiovascular support provided supportive 
as necessary. All patients should have continuous cardiac 
monitoring, an intravenous line established, and electro- 
cardiography performed. Supplemental oxygen, con- 
tinuous pulse oximetry, and parenteral thiamine, dextrose 
(or rapid fingerstick glucose determination), and 
naloxone should be considered for patients with altered 
mental status or seizures. Semi-comatose patients should 
be placed in the left lateral, head-down position to 
minimize the risk for aspiration. Frequent vital sign and 
neurologic evaluations are necessary. Routine laboratory 
analysis should include a complete blood count and 
measurement of electrolytes, blood urea nitrogen, crea- 
tinine, glucose concentrations, and pregnancy testing for 
women of childbearing age. Serum acetaminophen and 
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salicylate concentrations should be performed for all 
intentional overdose patients. Co-ingestion of other toxic 
substances, concurrent trauma, or other underlying 
medical conditions significantly alter the diagnostic and 
therapeutic approach. Urine screening may confirm the 
presence of benzodiazepines or their metabolites. 
Negative screening does not rule out the presence of 
certain benzodiazepines, as mentioned above. 


Decontamination and Enhanced 
Elimination Techniques 


Single-dose administration of activated charcoal (1 g/kg 
orally or by nasogastric tube) is the preferred method of 
gastrointestinal decontamination and may be beneficial 
if administered within 1 hour of drug ingestion. 
Orogastric lavage is not recommended for isolated 
benzodiazepine overdose since the risk for death is very 
low in this patient population. The clinical benefit 
of activated charcoal administration beyond 1 hour 
following benzodiazepine ingestion is likely low. 


Antidotes 


Flumazenil (Romazicon [Roche Pharmaceuticals of 
Hoffman-La Roche, Inc., Nutley, NJ]) was synthesized 
in 1979 and is the benzodiazepine antagonist available 
in the United States. It is a 1,4i1midazobenzodiazepine, 
a derivative of the antibiotic anthramycin,'% which 
contains a diazepine ring that binds at the benzo- 
diazepine receptor complex (Fig. 35-5). 

Flumazenil is administered intravenously. It has also 
been studied as a potential reversal agent after sub- 
cutaneous,’ sublingual, intramuscular, rectal,!°° submu- 
cosal,!"’ intranasal,!°? and endotracheal administration.!” 
Orally administered flumazenil has been studied in the 
treatment of epilepsy!!*'!? and hepatic encephalopathy.''® 

Flumazenil has a volume of distribution of 1.1 L/kg, is 
40% to 50% protein bound, and is highly lipid soluble.'™ 
It has a distribution half-life of 5 minutes and rapidly 
crosses the blood-brain barrier to reverse benzodi- 
azepine-induced sedation within 1 to 2 minutes after 
intravenous administration. The mean half-life of 
flumazenil is 57 minutes; therefore, resedation may 
occur within | to 2 hours after administration, requiring 
subsequent doses. Flumazenil is hepatically metabolized 
by conjugation, and the metabolite is renally excreted. 
In oral dosage form, flumazenil is rapidly absorbed 
but has low bioavailability secondary to significant 
first pass metabolism in the liver. 

The dose of flumazenil is 0.2 IV per dose, to a total of 
3 mg, in adults and 0.01 mg/kg IV per dose, to a total of 
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FIGURE 35-5 The chemical structure of flumazenil (Ro 15-1788), 
a specific benzodiazepine antagonist. 


0.05 mg/kg or 1 mg, in children. A continuous infusion 
of flumasenil has been used in both children!!* and 
adults.'!° The adult dose of flumazenil is 0.2 mg intra- 
venously over 30 seconds, followed by 0.3 and 0.5 mg at 
l-minute intervals to a maximum dose of 3 mg. 
Alternatively, flumazenil may be administered in 0.2-mg 
aliquots intravenously every 30 to 60 seconds until a dose 
of 3 mg is reached. Flumazenil rapidly reverses the 
sedative, anxiolytic, anticonvulsant, ataxic, anesthetic, and 
muscle relaxant effects of benzodiazepines in animals 
and humans.!!® It restores an electroencephalogram to 
the baseline waking state in patients who have been 
administered benzodiazepines,!!”!'8 and is an effective 
antidote for benzodiazepine overdose.''” 

Patients with benzodiazepine-induced coma respond 
dramatically within 1 to 5 minutes after flumazenil 
administration.'*?'*!_ A number of benzodiazepine 
effects have been reversed by flumazenil, which include 
respiratory depression,!** midazolam-induced laryn- 
gospasm,'*° first-degree atrioventricular block in alprazo- 
lam overdose,'** lorazepam-induced acute delirium,'”° 
and midazolam-associated myoclonic movements in full- 
term newborns. !*° 

Incomplete or partial antagonism of benzodiazepine- 
induced sedation has been reported'*! but may be 
secondary to co-ingestion of other sedative-hypnotics or 
concomitant medical causes of depressed consciousness. 
In addition, residual memory deficits may persist. Finally, 
orally administered flumazenil may only partially reverse 
the effects of benzodiazepines. !?” 

Flumazenil acts as an antagonist, competitively 
removing both positive and negative GABA modulators 
from the benzodiazepine recognition site. It binds at the 
same QY interface on the GABA(A) complex where 
benzodiazepines bind and interacts with amino acid 
residues that are not associated with benzodiazepine 
binding. At high doses, it is reported to have agonist-like 
anticonvulsant activity. However, it is also reported to 
have weak inverse agonist properties.'** Based on its 
mechanism of action, flumazenil has been used to 
reverse sedation in cases of hepatic encephalopathy.'”9 
Anecdotal reports also describe partial reversal of 
ethanol- and carbamazepine-induced CNS depression. 

When administered to normal volunteers, flumazenil 
has produced dizziness, facial erythema, anxiety, and 
headache. Symptoms are often mild and disappear within 
several minutes. Flumazenil has been shown to further 
increase intracranial pressure when administered to 
head-injured patients with elevated intracranial pressure. 
Reports of ventricular dysrhythmias have been associated 
with its administration.''* Additionally, flumazenil has 
been noted to precipitate seizures in epileptic patients 
who take benzodiazepines for seizure control and in 
patients who have co-ingested drugs that lower the 
seizure threshold.!*"!%! Older case series demonstrated 
an increased risk for seizures after flumazenil adminis- 
tration to patients who had ingested cyclic anti- 
depressants. A more recent study, however, did not show 
such serious complications occurring in this setting. The 
lack of seizure precipitation in this latter study may have 
been due to slow incremental flumazenil dosing or 
smaller total doses of the antagonist.'** Flumazenil has 


also precipitated acute benzodiazepine withdrawal and 
seizures in dependent persons. For these reasons, the 
role of flumazenil in patients who present with suspected 
benzodiazepine overdose and CNS depression or 
undifferentiated drug coma is controversial. 

Flumazenil has been used in the pediatric population 
for both reversal of sedation and for empiric treatment 
in the unconscious patient. Pediatric case reports of 
flumazenilassociated seizures have also been reported,'®* 
one in the setting of iatrogenic apnea induced by 
diazepam and treated with flumazenil after an infant 
presented with febrile seizures.” The Flumazenil 
Pediatric Study Group suggests flumazenil dosing of 
0.01 mg/kg infusion (max 0.2 mg) each minute to a 
maximum of 0.05 mg/kg (or 1 mg) for reversal of 
sedation.!* 

As mentioned, flumazenil has the potential to pre- 
cipitate withdrawal symptoms in benzodiazepine- 
dependent individuals.'°° In animal studies, the severity 
of withdrawal depends on the specific benzodiazepine 
used, the dose and duration of treatment, and the 
dose of flumazenil administered.'®’ Abrupt withdrawal 
symptoms are usually more severe when induced by 
flumazenil administration. 

Although the potential toxicity of benzodiazepines is 
relatively low and aggressive therapy for pure overdose 
is rarely required, flumazenil offers several important 
potential uses in clinical medicine. Its use can help to 
confirm a suspected diagnosis of benzodiazepine over- 
dose and obviate the need for other diagnostic testing 
(e.g., cranial computed tomography and lumbar punc- 
ture). Flumazenil may reverse overdose of zolpidem and 
zopiclone, and may be indicated for benzodiazepine- 
associated respiratory depression, particularly if intuba- 
tion and mechanical ventilation would otherwise be 
indicated. Flumazenil may be useful postoperatively to 
reverse the effects of preoperative sedation or to reverse 
iatrogenic overdose when benzodiazepines are used for 
conscious sedation. Flumazenil may be used in select 
circumstances with experienced practitioners in these 
settings. The use of flumazenil for undifferentiated 
coma, even when administered slowly, is dangerous and 
not recommended. Despite its potential usefulness, 
flumazenil should not become “routine” antidote in the 
treatment of coma secondary to overdose. 


Elimination 


There are no practical ways to significantly enhance the 
elimination of benzodiazepines. Forced diuresis is of no 
value. Extracorporeal removal techniques are not 
recommended as part of treatment for benzodiazepine 
poisoning since these agents have large volumes of 
distribution and high plasma protein binding. 


Disposition 


Most patients with isolated benzodiazepine overdose 
develop minimal to mild toxicity and are medically safe 
after an observation period of 4 to 6 hours in the 
emergency department. Patients who are able to 
safely ambulate after observation may be discharged 
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after appropriate psychiatric consultation. Patients 
who develop more significant CNS depression or 
have continued evidence of mild toxicity at 6 hours 
should be admitted to a monitored bed for continued 
observation. 
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3 6 Barbiturates 


RICHARD LYNTON, MD 


At a Glance... 


m = The barbiturates are a family of sedative-hypnotics. Their clinical 
use has fallen dramatically over the past 3 decades as 
benzodiazepines and other safer sedative-hypnotics have been 
created. 

m Barbiturates are associated with significant morbidity and 
mortality, the result of their ability to produce profound central 
nervous system and myocardial depression. 

m= There are nine barbiturates in clinical use, each having a unique 
pharmacokinetic profile. 

m Barbiturate use is associated with a number of significant drug 
interactions. 

m = Tolerance and dependence with barbiturates can lead to significant 
addiction as well as an abstinence syndrome (withdrawal) with 
acute discontinuation. 

m Barbiturate overdose produces a syndrome of central nervous 
system depression; severe intoxication may lead to hemodynamic 
instability. Other manifestations, for example, skin changes 
(“barb blisters"), are less common. 

m Treatment of barbiturate overdose begins with supportive care 
that includes airway and blood pressure support 

m= The elimination of phenobarbital can be enhanced through three 
measures: multiple-dose activated charcoal, urine alkaliniza- 
tion, and hemodialysis. Hemodialysis and other extracorporeal 
drug removal techniques are generally reserved for patients 
with severe phenobarbital toxicity (serum concentration > 100 
ug/L). These elimination techniques are not effective with other 
barbiturates. 


Over the past 30 years, barbiturates as a class have slowly 
been replaced by safer sedative-hypnotics such as 
benzodiazepines. Their role to toxicologists as drugs in 
overdose settings are therefore significantly less, as 
shown in cumulative data from poison centers in North 
America (Fig. 36-1). Barbiturate overdose now results in 
less morbidity and mortality when compared with more 
commonly used benzodiazepines. However, barbiturates 
continue to be important in sedation, anesthesia, and 
seizure control, and as an adjunct in headache treatment. 
With such widespread use, the barbiturates continue to 
have overdose potential. 


HISTORY 


In 1864, research assistant Adolph von Baeyer in Ghent, 
Belgium, produced barbituric acid, a cyclic diureide, from 
the condensation of malonic acid and urea.! Barbituric 
acid itself does not possess any central nervous system 
(CNS) properties. The hypnotic and CNS-depressant 
effects of its congeners were discovered after various 
substitutions were made to it. 


In 1903, Fisher and von Mehring introduced diethyl- 
barbituric acid or barbital as the first barbiturate to enter 
medicine, under the trade name Veronal. In 1912, phe- 
nobarbital, under the trade name Luminal, was independ- 
ently and simultaneously brought to medicine by Loewe, 
Juliusburger, and Impens.'® 

In the mid-20th century, barbiturates became the most 
popular class of sedative-hypnotics. During this time they 
also became popular substances of abuse, along with 
other sedative-hypnotics of that era; collectively these 
agents were known as “downers.” Sold on the street with 
such names as “red devils,” barbiturates were taken either 
alone or with ethanol to produce a pleasurable feeling of 
intoxication. The death of actress Marilyn Monroe was 
attributed to barbiturates; an empty bottle of Nembutal 
was found at her side. As safer sedative-hypnotics for 
those with insomnia or other sleep disturbances were 
created, use of barbiturates declined quickly; they are 
rarely used for these purposes any longer. Finally, among 
advocates of euthanasia and suicide, barbiturates remain 
one of the most commonly recommended drugs. 


PHARMACOLOGY AND 
PHARMACOKINETICS 


Table 36-1 shows the general formula of barbituric acid 
and where the substitutions occur that give each chemical 
its characteristics. Most barbiturates carry oxygen at carbon 
position 2 on the ring and hence are called oxybar- 
biturates. Barbiturates where sulfur replaces oxygen are 
called thiobarbiturates; of these, only thiopental is 
currently in use in the United States. 
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FIGURE 36-1 Toxic Exposure Surveillance System (TESS) Data. 
(Data from references 65 through 69.) 
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GENERAL FORMULA AND SUBSTITUTED DERIVATIVES 
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DURATION PLASMA 

OF ACTION HALF-LIFE 
BARBITURATE TRADE NAME pKa (hr) (hr) Rsa Rsp R; 
Short-Acting Barbiturates 
ULTRASHORT 
Thiopental Pentothal 7.6 0.3 6—46 Ethyl 1-Methylbutyl H 
Methohexital Brevital 79 0.3 Allyl 1-Methyl-2-pentynyl CH; 
SHORT 
Pentobarbital Nembutal 7.96 3.0 21—42 Ethyl 1-Methylbutyl H 
Secobarbital Seconal 7.90 3.0 20-28 Allyl 1-Methylbutyl H 
INTERMEDIATE 
Amobarbital Amytal 7.75 3-6 15-40 Ethyl Isopentyl H 
Butabarbital Butisol 7.74 3-6 34-42 Ethyl sec-Butyl H 
Long-Acting Barbiturates 
Barbital Veronal 7.74 6-12 48 Ethyl Ethyl H 
Mephobarbital Mebaral 8.5 6-12 48-52 Ethyl Phenyl CH, 
Phenobarbital Luminal 7.24 6-12 48-144 Ethyl Phenyl H 
Primidone Mysoline — 6-12 6-22 Ethyl Phenyl H 


*S= Substitution for O= in thiopental, H, substitution for O= in primidone. 





Lipid solubility is important in barbiturate pharmaco- 
kinetics. In general, increased lipid solubility decreases 
drug latency of onset and duration of action, and increases 
metabolic degradation rate and hypnotic potency. 
Methylation of one or both of the nitrogens increases 
drug affinity for lipids and hence decreases duration of 
action; methohexital is an example of such a drug. Other 
methylated barbiturates are demethylated in the body, 
producing long-acting compounds; mephobarbital 
conversion to phenobarbital is such an example. Sulfur 
in general makes thiobarbiturates more lipid soluble 
than oxybarbiturates; this explains thiopental’s rapid 
onset and short duration. The anticonvulsant activity 
of barbiturates is produced by discrete moieties such 
as a phenyl group at carbon 5 or alkyl groups on both 
nitrogen atoms.'* 

Barbiturates are well absorbed orally as sodium salts. 
Other routes of administration include rectal (particu- 
larly in children) and intravenous. 

Barbiturates distribute throughout all body compart- 
ments, including the blood-brain barrier, and can cross 
the placenta, depending on their lipid solubility, protein 
binding, and extent of ionization. 

Barbiturates are metabolized by either oxidation at 
carbon 5, n-dealkylation, cleavage of the barbituric acid 


ring, or desulfuration as in the case of thiobarbiturates. 
Of these, oxidation is the most important, yielding polar 
compounds that appear in urine as free compounds or 
glucoronide conjugates. Barbital, because of its low lipid 
solubility, is one of the few barbiturates that rely almost 
exclusively on renal elimination for removal of drug 
from the body.! 

Primidone is unique in that it is oxidized to pheno- 
barbital and phenylethylmalonamide, the latter having 
no anticonvulsant activity. In neonates the halflife of 
phenobarbital is very long (45 to 409 hours) but decreases 
with age. Primidone conversion to its active metabolites 
generally does not occurs with neonates.° 


THERAPEUTIC USES OF BARBITURATES 


Table 36-2 displays some of the currently used barbi- 
turates and their indications. Barbiturates continue to 
play an important role in seizure treatment. Pheno- 
barbital is used as maintenance therapy for patients with 
seizure disorders. It is useful for both generalized tonic- 
clonic seizures and simple partial seizures. Several, 
including phenobarbital and pentobarbital, are useful 
for treating status epilepticus in the intensive care unit 
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Common Barbiturates and Their Uses 


PREPARATIONS 


250, 400, and 500 mg intectable 
1, 2.5, 5 g injectable 


500 mg, 2.5 g, 5 g injectable 


BARBITURATE SCHEDULE INDICATION 
Thiopental III Anesthetic 
Pediatric sedation 
ICP management 
Status epilepticus 
Methohexital IV Anesthetic 
Secobarbital Il Insomnia 


100 mg capsule 


Status epilepticus 


500 mg injectable 
50 mg capsules 


Schizophrenia aid 


Sedation, anxiety 


30 mg/5 mL elixir 
30 and 50 mg tablets 


32, 50 and 100 mg tablets 


Seizure prophylaxis 


Amobarbital II Insomnia 
Narcoanalysis 
Butabarbital Il (secobarbital/phenobarbital 
combination) 

IlI 
Mephobarbital IV Sedation 
Pentobarbital II Insomnia 

Ill (suppositories) 
Phenobarbital IV 
Primidone 


Status epilepticus 

Barbiturate withdrawal 

Coma induction 

Seizure prophylaxis 

Barbiturate withdrawal 
Sedation, anxiety 

Psychomotor seizure prophylaxis 


18.2 mg/5 mL elixir 

50, 100 mg capsules 

50 mg/mL injectable 30, 60, 120, 
200 mg suppositories 

20 mg/5 mL elixir 15, 16, 30, 32, 60 
65, and 100 mg tablets 

30, 60, 65, and 130 mg/mL 


Refractory tonic-clonic seizures 


ICP, intracranial pressure. 


Adapted from McEvoy G (ed): AHFS Drug Information 2004. Bethesda, MD, American Society of Health-System Pharmacists, 2004. 





where a “barbiturate coma” can be employed in attempts 
to treat refractory seizures. Pentobarbital as a second-tier 
agent for the treatment of refractory intracranial hyper- 
tension is also commonly used.”8 However, a recent 
Cochrane review found no evidence of improved 
outcome when barbiturates were used to treat increased 
intracranial pressure in severely head-injured patients.” 

Several over-the-counter (OTC) and prescription 
medications contain barbiturates (e.g., butalbital in 
combination with acetaminophen, codeine, aspirin, or 
caffeine) that are used to treat migraine headaches. 
Barbiturates are also used to treat insomnia and anxiety 
States; as hypnotics, they are also used to provide general 
anesthesia as in the case of thiopental and methohexital. 

Less well known uses for barbiturates include 
primidone for the treatment of essential hand tremor’? 
and phenobarbital for cyclic vomiting,'' to prevent and 
treat hyperbilirubinemia in neonates,’* or as an inter- 
vention for chronic anovulation.'® There is anecdotal 
evidence that pentobarbital may be useful for treating 
y-hydroxybutyrate (GHB) and y-butyrolactone with- 
drawal.'*"° 

Phenobarbital, thiopental, and methohexital have all 
been useful for sedation and immobilization in young 
children and can be given by different routes. Barbiturate 
use is contraindicated in patients with porphyrias.'® 


TOLERANCE, ABUSE, AND DEPENDENCE 


The abuse potential of barbiturates results from pharma- 
cologic characteristics such as rapid onset and lipid 
solubility that facilitates entry across the blood-brain 


barrier. Barbiturates bind to yYaminobutyric acid A 
[GABA,] through an ionotropic or ligand gated 
mechanism that mediates fast synaptic transmission, 
causing a conformational change in the GABA, channel 
and an influx of chloride that goes on to activate 
proteins essential in producing CNS-depressant effects.!7 
In the presence of a depressant such as a barbiturate, 
stimulatory effects will increase neurologically to keep 
the body in homeostasis. Over time, if that drug becomes 
unavailable due to abrupt cessation in use, unfavorable 
neuroexcitation symptoms predominate, such as tremors, 
anxiety, insomnia, tachycardia, hypertension, and even 
seizures. These symptoms usually resolve once the drug 
is reintroduced, creating an environment for depend- 
ence potential. 

Tolerance also manifests because of pharmacokinetic 
and pharmocodynamic properties of barbiturates. Because 
they are microsomal inducers, enhanced metabolism 
and resulting decreased drug at the site of action can 
produce tolerance within days. A reduced response in 
the face of unchanged or higher drug concentration 
through cellular adaptive changes can develop over 
weeks to months.!8 

Patients who use medications with butalbital for 
treatment of migraines are particularly at risk for abuse. 
Care should be taken when treating these patients and 
in consideration of withdrawal from the medication. 
There is anecdotal evidence that withdrawal seizures, 
personality changes, and psychotic behavior can occur.'9 
A syndrome of a rebound headache commonly occurs in 
these patients, which worsens as the dose of butalbital is 
increased to prevent headache induction. This syndrome 
has been treated with a long-acting barbiturate such 
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as phenobarbital. Patients generally require inpatient 
monitoring until they are symptom free.*”?' There is an 
ongoing debate whether butalbital should be removed 
from the U.S. formulary, given its relative lack of 
therapeutic value.***° 


DRUG INTERACTIONS AND ADVERSE 
DRUG REACTIONS 


One of the potential common drug interactions with 
barbiturates occurs when they are given in conjunction 
with other sedative-hypnotics. Benzodiazepines, alcohol, 
anesthetics such as propofol and etomidate, glutethimide, 
and zolpidem, to name a few, all can have a synergistic 
effect with serious consequences if dosage adjustments 
are not made. 

Certain herbs used in conjunction with phenobarbital 
appear to lower seizure threshold. These include thujone- 
containing herbs such as wormwood and sage, and 
gamolenic acid-containing herbs such as evening 
primrose oil and borage.** Table 36-3 lists some important 
drug-herb interactions. 

Anticonvulsant hypersensitivity syndrome (AHS) is a 
rare life-threatening adverse drug reaction seen with 
phenobarbital and primidone use. The syndrome usually 
occurs | to 8 weeks after initiation of the drug and may 
present with fever, cervical adenopathy, pharyngitis, skin 
findings ranging from skin eruption to Stevens-Johnson 
syndrome, and systemic injury. There is anecdotal 
evidence suggesting that severe cases of AHS may 
respond to steroids and immunoglobulin therapy.”°*° 
Other findings seen with barbiturate hypersensitivity 
include urticaria, erythema multiforme, leukocytoclastic 
vasculitis, bullous eruption, and fixed drug eruptions.?’ 
At therapeutic doses, barbiturates have also been impli- 
cated in toxic epidermal necrolysis, and when abused by 
injection through skin-popping, tender erythematous 
plaques can lead to deep ulcers caused by the alkalinity 
of barbiturates.*® 

Tubular interstitial nephritis has been seen with 
phenobarbital therapy.” Barbiturates are known to cause 


the syndrome of inappropriate antidiuretic hormone as 
well.°° 

Barbiturates have been implicated in cytochrome P-450 
interactions. Phenobarbital is known to be a potent 
inducer of CYPIA2, 2A6, 2C8, 2C9, 2C19, and 3A4. 
Phenobarbital is also a known substrate for CYP2E1; it 
may be a substrate for CYP2C9 and 2C19 as well. 
Vulnerable populations such as children, pregnant 
women, the elderly, and patients with genetic polymor- 
phisms can be adversely affected. Care must also be 
taken when using phenobarbital as an anticonvulsant in 
combination with other anticonvulsants.*! Phenobarbital 
increases oral contraceptive, warfarin, theophylline, and 
corticosteroid metabolism. Valproate is known to increase 
serum phenobarbital concentrations by inhibiting 
p-hydroxylation and n-glucosidation, significantly reducing 
its clearance.*” 

Primidone and phenobarbital are known to cause 
hypocalcemia; however, primidone has been shown to 
shorten the QT interval.*? Thiopental has been implicated 
in treatment-resistant hypokalemia, with severe rebound 
hyperkalemia occurring in patients treated with barbi- 
turate coma for traumatic brain injury and subarachnoid 
hemorrhage.** 

There are also data implicating them in gingival 
hyperplasia and various embryonic malformations in 
mothers receiving long-standing therapy for epilepsy”; 
this may result from folate antagonism.*’ Adverse drug 
reactions can occur in infants whose mothers are breast- 
feeding while taking phenobarbital or primidone. 
Although no clear consensus exists for recommendations 
to this specific subpopulation of anticonvulsant users, 
lactation should be regarded as potentially unsafe, and 
such mothers should observe infants for sedation or 
poor suckling.** To those who must be maintained on 
antiseizure medication such as phenobarbital, monthly 
levels are recommended.” 

Primidone has been implicated in the development of 
rare cases of hyperammonemia.” Another rare reported 
effect includes shoulder-hand syndrome.*!* 

Phenobarbital and primidone have also been impli- 
cated in the development of bone disorders. Patients 
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HERB USE 


Kava Relaxation beverage 


Uterine relaxation 


Valerian Anxiety, insomnia 
St. John’s Wort Depression 
Cayenne Food additive 


Local irritant (mace) 
Nervous restlessness, insomnia 
Treat asthma 


Passion flower 
Tylophora indica 


Eucalyptus Rubefacient 
URI treatment 
Catnip Treat muscle spasms, asthma, newborn colic, 
sedative 
Calamus Sedative, pain relief, vasodilator 


CNS, central nervous system; URI, upper respiratory infection. 


EFFECT ON BARBITURATE 


Synergistic CNS depression in animal studies 

Increased CNS depression 

Decreased efficacy of barbiturates 

Increased or decreased effect of barbiturates 

Increased CNS depression 

Increased sedation 

Decreased sedative and depressant effects 

Increased CNS depression and psychomotor retardation 


Increased sedation, potentiates the hypnotic effect of barbiturates 


Adapted from Thomson MICROMEDEX: MICROMEDEX Healthcare Series, |. Greenwood Village, CO, Thomson MICROMEDEX, 2007. 





taking these medications chronically demonstrate a drop 
in bone mineral density. Although low 25-hydroxyvitamin 
levels have been noted, the exact etiology of osteopenia 
is unclear. At-risk patients include postmenopausal women, 
older men, children, and institutionalized patients.*** 


CLINICAL PRESENTATION 
OF BARBITURATE OVERDOSE 


Barbiturates are sedatives and as such their physiologic 
effects are depressive. The differential diagnosis of barbi- 
turate overdose includes other drugs and toxins that 
produce CNS and cardiovascular depression, such as other 
sedative-hypnotics, toxic alcohols, cellular asphyxiants, 
and other psychotropic agents. Medical conditions such 
as hypoglycemia must always be ruled out in any patient 
presenting with an altered level of consciousness. 

Manifestations of acute barbiturate toxicity can be 
divided into (1) mild intoxication (victims are somno- 
lent but arousable with slurred speech, unsteady gait, 
and nystagmus); (2) moderate intoxication (victims have 
depressed level of consciousness, decreased deep tendon 
reflexes, and slowed respirations), and (3) severe intoxi- 
cation (victims are unresponsive to painful stimuli; respi- 
ratory, cardiovascular, and neurologic collapse occur) .*° 

Four grades of coma from barbiturate overdose are 
shown in Table 36-4.*° 

Cardiovascular effects most commonly include hypo- 
tension, but cardiovascular collapse and cardiac arrest 
are also possible. In severe overdoses, respiratory depres- 
sion and apnea may occur. Hypothermia is commonly 
seen after barbiturate overdose.*” Along with clonidine, 
guanfacine, GHB and its congenors, and narcotics, 
barbiturates are among the few drugs associated with 
significant hypothermia. Barbiturate overdose victims 
can also present with renal failure due to acute tubular 
necrosis. Several case reports describe massive crystalluria 
from primidone overdose”; however, this has also been 
seen during maintenance therapy.” 
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Stages of Coma in Barbiturate Overdose 


GRADE FEATURES 





| Patient is comatose, the patient withdraws from 
painful stimuli, and the reflexes are intact. 

lI Patient is comatose and fails to respond to painful 
stimuli, but the reflexes are intact and the vital 
signs are stable. 

IIl Patient is comatose and fails to respond to painful 
stimuli, deep tendon reflexes are absent, but 
vital signs are stable. 

IV Patient is comatose and fails to respond to painful 
stimuli, deep tendon reflexes are absent, and 
vital signs are unstable, with respiratory and 
cardiovascular depression. 





Muscle necrosis and calcification associated with acute 
renal failure have also been described.”’ 

Barbiturate blisters, also known as coma blisters, 
although not specific for barbiturate overdose, have been 
seen. They are noted in patients profoundly poisoned 
with associated neurologic sequale such as loss of con- 
sciousness, hence the latter name. They typically appear 
as blanchable erythematous patches at pressure points 
of normal skin within 24 hours of coma. A biopsy of the 
lesion shows intraepidermal or subepidermal blisters 
with characteristic necrosis of sweat glands. Over the 
next 2 to 3 days these patches become blisters or 
erosions, but they usually heal spontaneously over 1 to 
2 weeks” (Fig. 36-2). 


EVALUATION AND MANAGEMENT 


As with most drug overdoses, the mainstay of treatment 
and good outcome is attention to supportive care 
principles. Since respiratory and CNS depression are the 
most common findings, attention to the airway and 
prevention of hypoxia are of the utmost importance. 


FIGURE 36-2 Coma blisters. (From Bolognia J, Jorizzo 
JL, Rapini RP [eds]: Dermatology, Vol 1. St. Louis, Mosby, 
2003.) 
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Given the risk for cardiovascular compromise and hypo- 
thermia, attention should be directed to vital signs as soon 
as possible. Also, ruling out hypoglycemia is essential; 
missing this diagnosis can have grave consequences. 

Activated charcoal should be given in a dose of 50 to 
60 g (1 g/kg in children). For patients who have a 
compromised airway, endotracheal intubation is advised 
prior to giving charcoal. With very large overdoses, 
antecedent gastric lavage may be considered; however, it 
should be performed cautiously, given the morbidity 
associated with this procedure. 

Laboratory evaluation should include basic electro- 
lytes and glucose. Screening assays employing semi- 
quantitative immunoassays of serum and urine are 
readily available. Serum barbiturate levels can be useful 
in gauging the clinical course or therapy. In patients who 
have taken primidone, it is important to measure serum 
concentrations of phenobarbital, its active metabolite. 

The therapeutic range for phenobarbital is generally 
considered 15 to 40 ug/mL. Toxic effects from pheno- 
barbital can be seen at 50 ug/mL.** Parenthetically, 
cross-reaction among various barbiturates and nonbar- 
biturates have been reported, requiring special con- 
sideration of a false-positive result.”556 

Urine alkalinization is of theoretical value in the 
treatment of phenobarbital overdose but not overdose of 
other barbiturates. According to the theory of ion 
trapping, phenobarbital, as a weak acid, will be poorly 
reabsorbed by the renal tubules if it can be ionized in the 
milieu of an alkaline urine. The administration of 
sodium bicarbonate is therefore typically recommended 
to produce such an alkaline environment. However, 
having a pKa of 7.4, phenobarbital is difficult to ionize 
without producing profound changes in urine pH; such 
alkalinization is rarely achieved in clinical practice 
without the unwanted effects of metabolic alkalosis or 
hypernatremia. Given the risks versus benefits, routine 
urinary alkalinization in barbiturate overdose is no 
longer recommended.*” 

Multiple-dose activated charcoal (MDAC) has been 
shown to be more effective in decreasing phenobarbital 
half-life, increasing its total body clearance in adults and 
neonates.” Working by the principle of “gastro- 
intestinal dialysis,” MDAC reduces the elimination half- 
life of phenobarbital by more than 50%; this effect 
occurs even when the drug has been administered 
intravenously. However, while MDAC greatly accelerates 
phenobarbital elimination, its clinical value in the treat- 
ment of phenobarbital overdose has been questioned. In 
a seminal study by Pond and colleagues, MDAC, while 
greatly reducing the elimination half-life of pheno- 
barbital in a cohort of severely poisoned patients, was 
ineffective in reducing length of intensive care unit stay 
and other measures of therapeutic benefit.*' In a more 
recent study of 30 patients equally divided into three 
groups who received MDAC only, urine alkalinization 
alone, or both, clinical parameters, including the duration 
of assisted ventilation, intubation, and coma, were all 
appreciably reduced the greatest in the group that only 
received MDAC. 


Extracorporeal removal by hemodialysis or hemo- 
perfusion is also effective in removing the barbiturates, 
although they are reserved for the most severe cases. 
Hemoperfusion is thought to be more effective in 
barbiturate clearance; however, it has a high rate of 
adverse effects, is less available than hemodialysis, and, in 
the era of the high-flux hemodialysis apparatus, does not 
produce substantially greater clearance rates. As a 
result, hemodialysis has become the extracorporeal treat- 
ment of choice for severe phenobarbital overdose. It is 
important to note that while phenobarbital is readily 
removed by hemodialysis, other barbiturates are not. 
Exchange transfusion has been reported to be useful 
in an underweight newborn with phenobarbital 
intoxication.” 

Indications for hemodialysis after phenobarbital have 
not been clearly established. Prevailing recommen- 
dations call for the procedure in all patients with serum 
phenobarbital concentrations of 100 Ug/mL or greater. 
This recommendation is based on the clinical obser- 
vation that as serum phenobarbital concentrations reach 
and exceed this range, victims are more likely to develop 
signs of life-threatening intoxication, including severe 
hypotension and, in the face of fluid support, pulmonary 
edema. Unfortunately, victims with serum phenobarbital 
concentrations in this range are often too hypotensive to 
become ideal hemodialysis candidates. Given the ease 
and efficacy of hemodialysis in patients with severe barbi- 
turate overdose, its early use should always be considered. 

All patients with a barbiturate overdose will need to be 
admitted. Disposition will depend on clinical affects. 
Patients with severe mental status depression will need 
intensive care unit admission, possible intubation with 
mechanical ventilation, and close monitoring. Less 
poisoned patients must also be watched closely, in an 
inpatient setting. In all intentional overdose patients, 
disposition should include a psychiatric evaluation. 
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3 / Muscle Relaxants 


MATTHEW D. SZTAJNKRYCER, MD, PHD 


At a Glance... 


m The skeletal muscle relaxants comprise a structurally and 
pharmacologically heterogeneous group of compounds, all of 
which are purported to decrease skeletal muscle tone. 

m Central nervous system depression is the predominant finding 
in acute toxicity. 

m Cardiac conduction abnormalities and dysrhythmias are rare, 
with the exception of orphenadrine. 

m Management is primarily supportive, focusing on central 
nervous system and cardiopulmonary support. 


Muscle tone reflects a complex interplay among the 
central nervous system, spinal cord, and musculoskeletal 
system. Skeletal muscle relaxants comprise a structurally 
and pharmacologically heterogeneous group of com- 
pounds, all of which are purported to decrease skeletal 
muscle tone. Mechanistically, this may occur at the level 
of the central nervous system, spinal cord, or musculo- 
skeletal system. These agents are prescribed for acute 
post-traumatic muscle spasm (e.g., acute lumbar strain) 
or the management of spasticity associated with chronic 
neuropathologic processes (e.g., multiple sclerosis, 
cerebral palsy, spinal cord injury). Dantrolene is also 
used in the treatment of severe muscle hypertonia due 
to malignant hyperthermia, neuroleptic malignant syn- 
drome (NMS), and tetanus. 

Significant abuse potential exists for several of these 
agents.'* Carisoprodol has additionally been used to 
modify the effects of other abused drugs, including ben- 
zodiazepines, alcohol, and cocaine.’ 

In addition to the benzodiazepines (see Chapter 35), 
10 skeletal muscle relaxants have clinical and toxicologic 
significance (Table 37-1). An 11th agent, chlormeza- 
none, was voluntarily recalled from worldwide markets in 
1996 due to severe hypersensitivity reactions. 

According to the American Association of Poison 
Control Centers, 21,793 exposures were reported in 
2003. Of these, 4084 resulted in moderate toxicity, 1024 
resulted in major toxicity, and 59 resulted in death. A 
total of 2490 exposures occurred in children 5 years old 
or younger, and 14,019 occurred in patients over the 
age of 19. 


STRUCTURE 


Baclofen (Lioresal, para-chlorophenyl-y-aminobutyric 
acid; Novartis, East Hanover, NJ) differs from GABA 
(Yaminobutyric acid) solely due to the presence of an 
additional phenylchloride group. Carisoprodol (Rela 


[Schering-Plough, Kenilworth, NJ], Soma [Wallace, 
Somerset, NJ], n-isopropyl-meprobamate) is structurally 
similar to the sedative-hypnotic agent meprobamate 
(see Chapter 34). Cyclobenzaprine (Flexeril, McNeil, 
Chattanooga, TN) is a tricyclic amine, structurally related 
to amitriptyline (see Chapter 27), while orphenadrine 
(Norflex, 3M Pharmaceuticals, St. Paul, MN) is struc- 
turally related to diphenhydramine (see Chapter 39). 
Dantrolene (Dantrium, Procter & Gamble, Cincinnati, 
OH) and metaxalone (Skelaxin, Mallinckrodt, Hazelwood, 
MO) are structurally related to phenytoin (see Chapter 
40), while tizanidine (Zanaflex, Acorda Therapeutics, 
Hawthorn, NY) is an imidazoline derivative similar to 
clonidine (see Chapter 62). Chlorzoxazone (Parafon 
Forte, Ortho-McNeil Pharmaceutical, Raritan, NJ), 
methocarbamol (Robaxin, Wyeth-Ayerst, Collegeville, 
PA), and the chemically related chlorphenesin (Maolate, 
Upjohn, Pfizer, Inc., New York, NY) are unrelated to 
other agents. 


PHARMACOLOGY 


With the exception of dantrolene, the skeletal muscle 
relaxants act centrally, in part through central nervous 
system (CNS) modulation of interneurons, modifying 
pain perception without affecting pain threshold.’ 

Baclofen, a GABA, agonist, acts predominantly at 
presynaptic sites, as well as by decreasing spinal y motor 
neuron activity.” Carisoprodol acts pharmacologically 
through its primary metabolite meprobamate, increasing 
chloride ion flux through the GABA, receptor complex. 
At high concentrations, meprobamate is capable of 
blocking Mmethyl-bD-aspartate (NMDA)-receptor medi- 
ated calcium currents.° Cyclobenzaprine possesses anti- 
muscarinic, antihistaminic, and sedative properties with 
(in contrast to the tricyclic antidepressants) only weak 
inhibition of presynaptic norepinephrine and serotonin 
reuptake. Skeletal muscle activity is attributed to 
brainstem-mediated inhibition of & and y motor neurons.’ 
Although orphenadrine demonstrates peripheral 
antimuscarinic properties, NMDA receptor blockade, 
and sodium channel blockade, its skeletal muscle 
relaxant properties appear to be centrally mediated.’ 
Orphenadrine-mediated dopamine release may be partly 
responsible for its abuse potential.’ Tizanidine, a 
centrally acting OQ» agonist, is believed to reduce spasticity 
by increasing presynaptic inhibition of motor neurons. ° 
Dantrolene is unique among the muscle relaxants, acting 
directly on skeletal muscle. It functions by inhibiting 
calcium release from the sarcoplasmic reticulum, 
decreasing the force of skeletal muscle contraction 
without affecting cardiac or smooth muscle."! 


695 








"UOIING!I}SIP 40 BWINJOA ‘pA 





ulojAuayud Adualdijynsul d1,eday (LVE-LOZ-SG) v ƏHJOqQePN 
‘SOAI}A9DCI}UOD JLIO ‘ADUDIDIFJNSU! JEUdY (LLL-00Z-SQ) € BUJOQe I L'v-L'Z GL Yz QUIPIUeZIL 
ə}Ľepnfuo> pide 
d13a9eAxoupAyzZuag|Ayjaw-CO 
ə}epnfuo> jospAYZuaq|AYyjawW-C 
əpıxo-Ņy-Əupeuəydio 
eAyddod əulpeuəydıo jÁyzəwəpouow-NŅ vl v-Z obey dULIPeusUdIO 
a}eweqed-|-jolpsuedoud z’, 
-(AxouaydAxoyjyaw 7-AxoupAu-v)-€ 
a}eweqed-|-jolpsuedoid-7 
‘,-(AxouaydAxoipAu-Z)-¢ 77 CL L 7-1 JOWeGIEOU/\I 
COR C EPEE əuo0ļjexXe}ƏN 
aul|||AYdoouL SISOJO]DS |es1a}e] D1UdosjOAWY 
WNIUOINID/ sieak sg < aby 
sjsiuobe}ue USWOM 
jauueyD winidje> AduUadIDIJ NSU! BAT] (D14}e1pad) 
9uajos}Uep-AxoupAu-¢ OL-8 9-7 YSO əuəjoızueq 
auldezuaqoyjdAd-AxoipAu-¢ 
auljAydisqyuou-AxoupAyip-| | 
‘OL-SIq ‘AUIUdeZUdQO|DADION 
jopewedy əpıxo-Ņ-ƏudezuəqopÁ) 
əuipıy}əuend ə}epnfuo> apiuoundn|5 7/-vZ 9-1 9 auludezuaqoy)A> 
WeIIFASIG 
pIzZeluos| elAudiod əuozexozIojy2-ÁxoIpAy-9 VL v-€ Jews QUOZEXOZIO|YD 
(QUIZEIJIE} 0} 
Auepuodas) s>i}WeU}sy 
‘AuaIDIJJNSul dI}eday 
> 'uəDizynsu! jeuəy E 6'l Lal uisəuəydı0|yD 
am əzeweqoıdəwÁxoIpÁH 
i Adualdijynsul d13eday |OpoidosiedAxoupAy 
Wn ‘ADUAIDIFANSU! JeEUdY ‘ayeweqoidal/| 9-S'| Y- L jopoidosiie> 
5 edoponə] 
O SGIVSN Adualdijynsul jeuay soVOge}oW pəzeuiweəq 9-2 Z EL uəjopeg 
> 
oc 
> SNOILIVUALNI SNOILV1NdOd 1VID4dS S3LTOAYLIN NOILVNIIAITA (44) 13431 (65/1) 1N39Y 
z7 nud MW4d OL JWIL PA 
= s}uexejəy ƏPSNWN JO Saljadoig DHojodeweUd POPS 
í 
U 


tO 
0) 
tO 





PHARMACOKINETICS 


The heterogeneous nature of the muscle relaxants 
results in a wide range of pharmacokinetic properties 
(see Table 37-1). Baclofen is rapidly and completely 
absorbed from the gastrointestinal tract with therapeutic 
dosing. Absorption is both decreased and prolonged 
as ingested dose increases. Although penetration of 
the blood-brain barrier is limited at therapeutic doses, 
baclofen demonstrates central effects at higher doses.” 
Carisoprodol is rapidly absorbed after ingestion.’® 
Cyclobenzaprine is slowly but completely absorbed after 
ingestion, while 70% of an ingested dantrolene dose is 
absorbed. Orphenadrine is readily absorbed after ingestion, 
demonstrating 100% bioavailability. Peak orphenadrine 
plasma levels may be delayed in overdose.* 

Metabolism of the muscle relaxants is primarily 
hepatic, and elimination is primarily renal. Less than 1% 
of ingested carisoprodol and chlorzoxazone are elimi- 
nated unchanged in the urine, while 85% of baclofen 
is excreted unchanged. After extensive first pass hepatic 
metabolism, 50% of an ingested cyclobenzaprine dose is 
excreted in the urine. Substantial enterohepatic recir- 
culation occurs, with 15% excreted in the bile unchanged.” 
Orphenadrine and tizanidine also demonstrate significant 
enterohepatic recirculation. The elimination half-life of 
cyclobenzaprine is 1 to 3 days, substantially longer than 
that of the other muscle relaxants. Approximately 60% 
of an ingested orphenadrine dose is excreted in the 
urine, with up to 30% excreted unchanged in the setting 
of urinary acidification. 


Selected At-Risk Patient Populations 


With the exception of cyclobenzaprine, safety in preg- 
nancy is uncertain (category C). Cyclobenzaprine is 
presumed safe in pregnancy (category B). Carisoprodol 
is concentrated in breast milk and is considered unsafe 
in lactation. Methocarbamol is considered safe in 
lactation, and the safety of the remaining agents is 
unknown. Baclofen and tizanidine should be used 
cautiously in patients with renal insufficiency.'® 
Tizanidine and dantrolene are contraindicated in the 
setting of liver disease. Dantrolene should also be used 
cautiously in women and individuals over the age of 35 
due to an increased risk for idiosyncratic hepatotoxicity 
(see Adverse Effects with Therapeutic Use), and in 
patients with amyotrophic lateral sclerosis due to 
potential worsening of neuromuscular weakness.!’ 
Orphenadrine and carisoprodol are associated with 
acute porphyria and are contraindicated in patients with 
porphyria. 


Adverse Drug Interactions 


All skeletal muscle relaxants have the potential for 
adverse drug interactions with other CNS depressants. 
Concomitant baclofen and levodopa administration 
has resulted in hallucinations and worsening of 
parkinsonian symptoms.!® Chlorzoxazone metabolism is 
decreased with concomitant disulfiram administration 
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and in slow acetylators on isoniazid.'*.*° Due to structural 
similarities with the tricyclic antidepressants, potential 
adverse interactions have been suggested for cyclo- 
benzaprine and guanethidine or tramadol. Animal 
studies have demonstrated potentially lethal interactions 
between dantrolene and verapamil or theophylline.*!? 
In the former, dantrolene administration to verapamil- 
pretreated swine resulted in profound myocardial 
depression, hyperkalemia (8.0 + 0.7 mEq/L), and 
cardiac arrest preceded by complete heart block in 50% 
of the experimental group. In the latter, rat studies 
demonstrated increased theophylline mortality from 
concomitant therapeutic dantrolene doses in the 
absence of increased seizure frequency. Dantrolene pro- 
longed neuromuscular blockade in a patient receiving 
vecuronium.” Oral contraceptive use has been associated 
with decreased tizanidine clearance, while tizanidine use 
is associated with decreased phenytoin clearance.” 


TOXICOLOGY 


Adverse Effects with Therapeutic Use 


Numerous adverse effects have been associated with 
therapeutic use of the muscle relaxants (Table 37-2). 
CNS depression has been noted with all the agents, 
although it is less commonly associated with dantrolene. 
Additional CNS findings associated with baclofen 
therapy include movement disorders, memory impair- 
ment, muscle weakness, flapping tremor, nystagmus, 
diplopia, and dysarthria. Increased seizure activity, 
including status epilepticus, has been observed in 
patients with preexisting seizure disorders. Chlorzoxa- 
zone use is associated with opisthotonus and torticollis, 
while visual blurring and sensorineural hearing loss have 
been described with therapeutic use of intravenous and 
oral dantrolene, respectively. Neuropsychiatric effects, 
including mania, depression, psychosis, confusion, and 
amnesia, have been described with all skeletal muscle 
relaxants. 

Cardiovascular complaints associated with baclofen 
administration include palpitations, flushing, brady- 
cardia, hypotension, and hypertension. Facial flushing 
and orthostatic hypotension have been reported with 
carisoprodol use. Cyclobenzaprine, methocarbamol, and 
chlorphenesin are associated with hypotension, palpita- 
tions, and syncope. Although possessing only 2% to 10% 
of clonidine’s antihypertensive potency, mild hypotension, 
symptomatic orthostatic hypotension, and syncope have 
been described with tizanidine use. Pericarditis, pleural 
effusions, and pleural fibrosis have been described with 
chronic therapeutic dantrolene use.” 

Gastrointestinal complaints typically include nausea, 
vomiting, abdominal pain, and diarrhea or constipation. 
Idiosyncratic, potentially fatal hepatotoxicity is asso- 
ciated with chronic chlorzoxazone and dantrolene use. 
Onset of chlorzoxazone-associated hepatotoxicity is 
variable, typically occurring within weeks of initiation 
of therapy, but occasionally occurring after 5 or more 
months. Although reversible, centrilobular hepatotoxi- 
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Clinical Toxicity of the Muscle Relaxants 


AGENT CHRONIC EXPOSURE 


Baclofen 


Carisoprodol 
reactions, physical dependence 
Chlorphenesin 
reactions 
Chlorzoxazone 


Neuropsychiatric dysfunction, GI upset, uinary retention, 

morbilliform rash, palpitations, physical dependence 
Sedation, nausea, vomiting, orthostatic hypotension, allergic 
CNS depression, neuropsychiatric dysfunction, allergic 


CNS depression, amnesia, parasthesias, opisthotonis, torticollis, 


ACUTE INTOXICATION 


Coma, respiratory depression, seizures, 
hypothermia 

Coma, nystagmus, seizures, cardiovascular 
instability 

CNS depression 


Coma, GI distress, hypotonia, hypotension 


urticaria, nausea/vomiting, idiosyncratic hepatitis 


Cyclobenzaprine 
palpitations, syncope 


Dantrolene CNS depression, neuropsychiatric dysfunction, idiosyncratic 
heptotoxicity, pericarditis, pleural effusions, muscle weakness 

Metaxalone CNS depression, neuropsychiatric dysfunction, syncope 

Methocarbamol CNS depression, neuropsychiatric dysfunction, syncope, 


hypotension, hypersensitivity reactions 


Orphenadrine Antimuscarinic syndrome 


Tizanidine 
hypotension 


CNS, central nervous system; GI, gastrointestinal. 


CNS depression, antimuscarinic syndrome, hypotension, 


CNS depression, syncope, urinary retention, orthostatic 


Antimuscarinic syndrome, coma 


Severe muscle weakness, CNS depression, 
hypotension 

CNS depression, nephrotoxicity, seizures, 
muscular rigidity 

CNS depression, seizures 


Antimuscarinic syndrome, coma, seizures, 
cardiac conduction abnormalities, ventricular 
dysrhythmias, hypoglycemia, pulmonary 
hemorrhage 

Coma, hypotonia, miosis, bradycardia, apnea, 
hypothermia 





city has recurred upon rechallenge to chlorzoxazone.*° 
Risk factors for fatal hepatic necrosis after dantrolene 
use include age greater than 30 years, chronic use 
greater than 2 months, female gender, doses greater 
than 300 mg/day, high bilirubin levels, and concomitant 
illness.?”?8 

Urinary retention has been associated with baclofen, 
cyclobenzaprine, orphenadrine, and tizanidine. Dantro- 
lene and baclofen use is associated with acneiform and 
morbilliform rashes, respectively. Cyclobenzaprine and 
orphenadrine are associated with central and peripheral 
antimuscarinic symptoms. Profound muscle weakness 
can occur with dantrolene use, resulting in diminished 
protective airway reflexes.” Severe allergic reactions 
have been reported with carisoprodol and chlor- 
phenesin, associated with the additives sodium meta- 
bisulfite and tartrazine, respectively. 


Acute Intoxication 


Severe baclofen poisoning is characterized by coma, 
respiratory depression, bradycardia, and hypotension. 
Other CNS findings include hyporeflexia and encepha- 
lopathy.?®’! Seizure activity has been observed after oral 
and intrathecal overdose, including generalized 
tonic-clonic activity, focal motor seizures, and status 
epilepticus. Two of eight patients in a case series of 
recreational abuse and 5 patients in a series of 12 
overdoses developed seizures.*!** Seizure activity is 
believed secondary to the inhibitory effects of baclofen at 
presynaptic GABA, receptors and resultant inhibition of 
presynaptic GABA release, and may be delayed as long as 
12 hours after acute ingestion. Cardiovascular findings 
are typically limited to bradycardia and hypotension, al- 
though cardiac conduction disturbances including first- 


and second-degree AV block and QTc prolongation 
have rarely been reported in overdose. Mechanical 
ventilation was required in 10 of 12 patients after acute 
baclofen overdose in one case series.*! Accidental 
intrathecal bolus administration of 10 mg resulted in 
coma and respiratory arrest within 80 minutes.” Mild 
hypothermia is common in overdose. Minimum adult 
oral lethal doses in case reports range from 1000 to 
2500 mg, while acute ingestions of 300 to 970 mg 
have resulted in severe poisoning. In overdose, 
elimination half-life increases to 8.6 hours, with one 
report suggesting an elimination half-life of 34.5 hours.*4 

Acute carisoprodol toxicity presents similarly to 
meprobamate, with potentially abrupt onset of coma, 
cardiovascular instability, and death. Coma may persist 
for several days, and cerebral and pulmonary edema 
have been noted in severe overdose. Sixteen of 50 
patients in a case series of meprobamate intoxications 
required mechanical ventilation.’ Hypotension is likely 
multifactorial, related to CNS depression, direct effects 
on the CNS vasomotor center, and myocardial de- 
pression.*° Ingestion of 700 mg by a toddler was 
associated with severe toxicity, and ingestion of 3.5 g bya 
5-year-old resulted in death.37*® 

Antimuscarinic findings predominate in acute cyclo- 
benzaprine poisoning. CNS findings range from agitated 
delirium to coma. Symptoms typically occur within 4 
hours of ingestion, although they may be delayed up to 
12 hours. In one case series, sinus tachycardia occurred 
in one third of patients and CNS depression in 54%.” 
Three percent of patients required mechanical ventila- 
tion. Despite chemical similarity to the tricyclic anti- 
depressants, impaired cardiac conduction, ventricular 
dysrhythmias, and seizures have only rarely been 
reported. Less than 1% of patients manifested 


dysrhythmias other than sinus tachycardia, none of 
which were life threatening. While one case report 
suggested a minimum lethal adult dose of 100 mg, a 
case series suggested that adult ingestions of less than 
100 mg were asymptomatic, and no deaths were reported 
after ingestions of up to 1000 mg.*9*° 

Severe orphenadrine intoxication is associated with 
respiratory and CNS depression, ranging from lethargy 
to coma. Antimuscarinic findings are noted in overdose, 
including mydriasis and sinus tachycardia, and may 
predominate in milder toxicity. Unlike cyclobenzaprine, 
orphenadrine poisoning is associated with seizures 
(including status epilepticus), cardiac conduction 
abnormalities, ventricular dysrhythmias, and cardiac 
arrest.*!* Life-threatening symptoms may appear pre- 
cipitously, necessitating prompt, aggressive manage- 
ment. Additional manifestations of severe toxicity 
include hypoglycemia (especially in children), hypoka- 
lemia, hypothermia, pulmonary hemorrhage, and dissem- 
inated intravascular coagulation (DIC).** A 3-year-old 
child died after ingestion of 400 mg of orphenadrine, 
and a 23-month-old child developed severe toxicity after 
ingestion of 300 mg.***° 

Acute tizanidine toxicity presents similarly to clo- 
nidine, with decreased level of consciousness, hypotonia, 
hyporeflexia, hypotension, bradycardia, miosis, respira- 
tory depression, apnea, and hypothermia (see Chapter 
62). A 3-year retrospective review of 45 cases demon- 
strated lethargy in 38 patients (84%), bradycardia in 
14 (31%), hypotension in 8 (18%), agitation in 7 (16%), 
and coma in 2 (4%).*” The minimum adult ingested 
doses associated with hypotension and coma were 28 and 
120 mg, respectively. 

In acute overdose, chlorzoxazone toxicity presents as 
varying degrees of CNS depression, gastrointestinal 
distress, and hypotonia. Coma, flacidity, hyporeflexia, 
and subsequent secondary respiratory failure have been 
described. With the exception of hypotension, cardio- 
vascular toxicity has not been described. Acute dan- 
trolene overdose is not well described in the liter- 
ature.*°*” Severe muscle weakness may occur, with CNS 
depression occurring less frequently. Hypotension has 
been reported. Metaxalone overdose manifests pre- 
dominantly as CNS depression, ranging from sedation to 
coma. Seizures may rarely occur, as may nephrotoxicity, 
and elevated hepatic transaminases. In one case report, 
severe muscular rigidity with subsequent prolonged 
weakness required placement in an extended care 
facility. Findings in acute methocarbamol and chlor- 
phenesin overdose are similar to metaxalone, with CNS 
depression and rare seizures noted. Cardiotoxicity is 
extremely rare in isolated ingestions. 


Withdrawal 


Chronic carisoprodol use is associated with tolerance, 
dependence, and a withdrawal syndrome, attributed to 
the metabolite meprobamate.*? Symptoms are analogous 
to those seen with withdrawal from other sedative- 
hypnotic agents, with death reported after sudden with- 
drawal.” After long-term baclofen use, a withdrawal syn- 
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drome has been described, manifesting as hallucina- 
tions, agitated delirium, and seizures, typically within 12 
to 96 hours of discontinuation.?!°? Withdrawal may last 
as long as 8 days. This syndrome is particularly severe 
after abrupt discontinuation of intrathecal infusion, 
manifesting as an NMS-like syndrome. Severe dysautono- 
mia, spasticity and rigidity, marked hyperthermia (43°C), 
tachycardia, rhabdomyolysis, agitated delirium, seizures, 
and DIC have been reported. In one case, an infant born 
to a paraplegic mother receiving chronic baclofen thera- 
py developed status epilepticus resistant to multiple anti- 
epileptic agents 7 days postdelivery. The seizures abated 
within 30 minutes of receiving baclofen.” 


DIAGNOSIS 


Diagnosis of skeletal muscle relaxant poisoning is based 
on history and clinical examination. Although analytic 
laboratory monitoring methods exist to confirm ex- 
posure to these agents, they are not routinely available, 
nor do specific levels correlate with outcome. Baclofen 
may be detected in serum using either high-performance 
liquid chromatography or gas chromatography/mass 
spectrometry technology. Therapeutic serum concen- 
trations range from 80 to 395 ng/mL. Postmortem levels 
of 17 ug/mL have been reported 12 hours after in- 
gestion.” Cyclobenzaprine has been reported to cross- 
react with the Syva EMIT (Dade-Behring, Deerfield, IL) 
technique and Abbott Adx tricyclic antidepressant (TCA) 
immunoassay (Abbott Laboratories, North Chicago, IL), 
and migrates similarly to amitriptyline on the Toxilab 
thin layer chromatography (TLC) system (Varian, Inc., 
Palo Alto, CA).°° Therapeutic blood concentrations range 
from 10 to 40 ng/mL, with postmortem levels of 260 to 
300 ng/mL reported.” Therapeutic blood levels of 
orphenadrine are less than 0.2 Ug/mL, while moderate 
effects have been described at levels of 5.1 Ug/mL and 
severe effects at 12.3 Ug/mL. Postmortem levels have 
ranged from 7 to 33 ug/mL.#57 Therapeutic serum 
levels for carisoprodol range from 4 to 7 mg/L, while 
coma has been reported with a serum level of 13.4 mg/L 
19 hours after ingestion, and death has been reported 
with a level of 36 mg/L 4.5 hours after ingestion.®® 

No specific laboratory analyses are routinely in- 
dicated, and clinical investigations are directed toward 
identification of end-organ toxicity. Creatine phos- 
phokinase, electrolytes, and urine output should be 
monitored in patients with prolonged seizures or coma. 
Serum glucose should be rapidly determined in patients 
presenting with altered mental status. Coagulation 
studies and hepatic transaminase levels are indicated 
in orphenadrine intoxication, while hepatic and renal 
studies are indicated in metaxalone toxicity. Acetamino- 
phen levels may be indicated in patients presenting after 
acute intentional ingestion. Electrocardiographic moni- 
toring should be considered to detect the presence of 
conduction abnormalities and dysrhythmias. Computed 
tomography of the head and electroencephalographic 
assessment may be indicated to evaluate altered mental 
status, prolonged coma, and status epilepticus. 
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Ye) acy DIFFERENTI, 
RELAXANT IN 


Antidepressants 
Antihistamines 
Antiepileptic agents 
Barbiturates 
Benzodiazepines 
Buspirone 

Carbon monoxide 
Cyanide 

Ethanol 

Ethylene glycol 
y-hydroxybutyrate (GHB) 
Ketamine 

Lithium 

Hydrogen sulfide 
Imidazolines 

Isoniazid 

Isopropanol 
Organophosphate and carbamate pesticides 
Phencyclidine 
Sedative-hypnotic agents 
Solvents 

Zolpidem 





Differential Diagnosis 


Signs and symptoms of skeletal muscle relaxant poiso- 
ning are nonspecific, reflecting the CNS depressant 
effects of the agents (Box 37-1). The differential 
diagnosis for cyclobenzaprine and orphenadrine also 
includes sympathomimetic agents, antihistamines, anti- 
psychotic agents, antispasmodic agents, cyclic anti- 
depressants, and antimuscarinic plants and preparations. 
Toxicologic causes of altered mental status and seizures 
include cyanide, carbon monoxide, organophosphates 
and carbamates, buproprion, camphor, isoniazid, lithium, 
meperidine, propoxyphene, phencyclidine, oral hypogly- 
cemics, phenothiazines, venlafaxine, and cyclic antide- 
pressants. Toxicologic causes of cardiac conduction 
abnormalities include antidysrhythmics, antidepressants, 
antihistamines, antimuscarinic agents, B-adrenergic antag- 
onists, propoxyphene, phenothiazines, and cocaine. The 
differential diagnosis for tizanidine intoxication includes 
opiates and opioids, clonidine and imidazolines, 
organophosphates and carbamates, and olanzapine. 


MANAGEMENT 


Management of skeletal muscle relaxant toxicity is 
primarily supportive, focusing on respiratory, CNS, and 
cardiovascular monitoring and support. 

Given the potential for profound CNS and respiratory 
depression, early aggressive airway management is para- 
mount in patient management. Cardiovascular toxicity 
predominantly presents as hypotension, bradycardia, or 


tachycardia. Hypotension should initially be treated with 
intravenous crystalloid boluses, provided no contrain- 
dication exists. Inotropic support is indicated for 
patients failing to respond to fluid boluses. Atropine is 
the first-line agent for symptomatic bradycardia. Cardiac 
dysrhythmias are treated according to standard guide- 
lines, except as noted below. Benzodiazepines are first- 
line agents for patients with psychomotor agitation or 
seizures. Benzodiazepine-resistant seizures may be 
treated with barbiturates. Administration of oral or intra- 
thecal baclofen may be required for seizures associated 
with baclofen withdrawal.” Core body temperature 
should be monitored due to the potential for hypo- 
thermia (baclofen) or hyperthermia (agitation, seizures, 
antimuscarinic syndrome, or sedative-hypnotic with- 
drawal syndrome). 

Activated charcoal administration may be considered 
for patients presenting within | hour from time of inges- 
tion, in accordance with the published guidelines of the 
American Academy of Clinical Toxicology and European 
Association of Poisons Centres and Clinical Toxico- 
logists. Agents with delayed gastric emptying secondary 
to anticholinergic properties may benefit from activated 
charcoal beyond this time frame, although data are 
sparse. Whole bowel irrigation may be considered after 
ingestion of sustained-release preparations. Hemodialy- 
sis is not beneficial in the management of skeletal muscle 
relaxant toxicity. 


Agent-Specific Management Strategies 


Physostigmine has reversed baclofen-induced coma 
and orphenadrine-associated CNS toxicity, but is not 
universally effective, and has been associated with 
cardiac arrest’ (Table 37-3). As a result, physostigmine 
use is limited to severe toxicity unresponsive to meti- 
culous supportive care. Although flumazenil has suc- 
cessfully reversed coma and stupor in chlorzoxazone and 
carisoprodol intoxications, respectively, routine use can- 
not be recommended due to concern of flumazenil- 
induced seizures.>64 Given similarities to clonidine, 
naloxone may have a role in the management of 
tizanidine-associated CNS depression, bradycardia, and 
hypotension.” Cyproheptadine has been used in the 
management of intrathecal baclofen withdrawal.” 

Atropine appears beneficial in the management of 
baclofen-associated bradycardia and hypotension.” QRS 
prolongation associated with orphenadrine and cyclo- 
benzaprine toxicity is initially managed with sodium bi- 
carbonate, analogous to tricyclic antidepressant toxicity 
(see Chapter 27). Ventricular dysrhythmias unre- 
sponsive to sodium bicarbonate therapy are treated with 
lidocaine. Physostigmine has reversed orphenadrine- 
associated ventricular tachycardia.® Quinidine, diso- 
pyramide, and procainamide are contraindicated due 
to their effects on sodium channels. 

Multidose activated charcoal may be beneficial in the 
management of cyclobenzaprine and orphenadrine, 
which demonstrate enterohepatic recirculation, al- 
though outcome data are lacking. Hemoperfusion 
may be of benefit in carisoprodol toxicity, due to its 
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Specialized Treatment Recommendation for Muscle Relaxant Toxicity 





ANTIDOTAL AGENT MUSCLE RELAXANT INDICATION 


Atropine Baclofen 
Tizanidine 
Physostigmine Baclofen 


Cyclobenzaprine 
Orphenadrine 


Flumazenil Carisoprodol CNS depression 
Chlorzoxazone 

Naloxone Tizanidine CNS depression 

Cyprohepatidine Baclofen Withdrawal 


CNS, central nervous system; IV, intravenously; PO, orally. 


Bradycardia and hypotension 


Severe antimuscarinic syndrome 


DOSE 


Adult: 0.5-1 mg IV every 5 min 
(maximum dose 3 mg) 
Pediatrics: 0.02 mg/kg every 5 min 
minimum 0.1 mg, maximum dose 
1 mg in children, 2 mg in adolescents) 
Adult: 1-2 mg IV over 5 min (may repeat once) 
Pediatrics: 0.02 mg/kg IV 
(maximum dose 0.5 mg) 
Adult: 0.2 mg IV over 30s every 1 min 
(maximum dose 5 mg) 
Pediatrics: 0.01 mg/kg IV over 30 s every 1 min 
(maximum dose 1 mg) 
Adult: 0.4-2 mg IV (maximum dose 10 mg) 
Pediatrics < 20 kg: 0.01 mg/kg, then 0.1 mg/kg 
if needed 
Pediatrics > 20 kg: 0.4-2 mg IV (maximum 
dose 10 mg) 
Adult: 4-8 mg PO every 1-4 hr until 
therapeutic response (maximum dose 
32 mg/day) 
Pediatrics: 0.25 mg/kg/day PO divided 
every 6 hr (maximum dose 12 mg/day) 





ability to effectively remove the primary metabolite, 
meprobamate.®” Brisk diuresis may increase the elim- 
ination of baclofen, which is predominantly excreted in 
an unchanged form. 


Patient Disposition 


Asymptomatic or mildly symptomatic patients presenting 
after ingestion of a non-sustained-release preparation 
may be medically cleared after a 6-hour observation 
period. In the case of cyclobenzaprine and orphen- 
adrine, an observation period of 6 to 12 hours has been 
suggested. Due to the potential for CNS and respiratory 
depression, significantly intoxicated patients should be 
admitted to a monitored setting. Hemodynamically un- 
stable patients require continuous cardiopulmonary 
monitoring in an intensive care setting. Patients may be 
medically cleared for hospital discharge after signs and 
symptoms of toxicity have resolved. 
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At a Glance... 


m The toxic effects of antipsychotic agents are often an 
amplification of their pharmacologic effects; overdose findings 
can be predicted by knowledge of relative receptor binding 
affinities. 

m The presence of central nervous system or respiratory depression, 
miosis, sinus tachycardia, anticholinergic findings, and extra- 
pyramidal signs should suggest antipsychotic agent poisoning. 

Æ Clinical effects occur within 1 to 4 hours following antipsychotic 
agent overdose. 

m Timely supportive care should ensure a good outcome for the 
vast majority of patients with antipsychotic poisoning. 

m= The optimal treatment of neuroleptic malignant syndrome requires 
prompt recognition, immediate withdrawal of antipsychotic 
agents, and the provision of good supportive care. 


INTRODUCTION AND RELEVANT 
HISTORY 


Prior to 1952, drug therapy for schizophrenia was inef- 
fective and often involved the nonspecific use of sedative- 
hypnotics (e.g., barbiturates) to calm patients during 
periods of agitation. The discovery of the traditional 
antipsychotics (e.g., chlorpromazine and haloperidol) 
in the early 1950s revolutionized the treatment of 
schizophrenia. These agents provided specific and 
effective therapy for the positive signs and symptoms 
(e.g., delusions, disorganized behavior, hallucinations) 
of psychosis. Subsequent to their introduction, however, 
it was realized that traditional agents were associated 
with disabling extrapyramidal motor and neuroen- 
docrine (e.g., hyperprolactinemia) side effects, and 
were dangerous in overdose (significant cardiac and 
neurotoxicity). In addition, it became apparent that 
these agents were not effective for the negative signs and 
symptoms (e.g., alogia, avolition, and social withdrawal) 
and neurocognitive deficits of schizophrenia. This led 
to the development of second-generation or atypical 
antipsychotic agents in the 1990s. Atypical agents 
produce minimal extrapyramidal side effects (EPS) at 
clinically effective antipsychotic doses and are effective 
for the negative signs and symptoms and neurocognitive 
deficits of schizophrenia. Atypical agents, however, are 
also associated with a variety of adverse effects (e.g., 
glucose intolerance, weight gain, prolonged QTc interval) 
that limit efficacy and patient compliance. In 2002, 
further advance in drug therapy for schizophrenia 
was marked by the release of the third-generation 
antipsychotic aripiprazole. It is anticipated that this novel 
antipsychotic and the class it represents will provide 


equal or greater antipsychotic efficacy combined with a 
lower incidence and severity of side effects. 


Terminology 


The term antipsychotic is somewhat of a misnomer 
because these agents are often used for purposes other 
than treating psychoses: They are also used as pre- 
anesthetics and for the treatment of the manic phase of 
bipolar disorder, agitated behavior, drug-induced hallu- 
cinations, nausea and vomiting, migraine and tension 
headaches, hiccups, pruritus, Tourette’s syndrome, and 
various extrapyramidal movement disorders (e.g., tics, 
chorea, and hemiballismus).' Historically, this class of 
agents was termed major tranquilizers due to their ability 
to calm agitated patients. To think of these agents 
as simple sedatives, however, is overly simplistic. Until 
recently, the term neuroleptic was synonymous with and 
preferred to antipsychotic, because all traditional 
antipsychotics produce EPS at therapeutic doses. The 
introduction of agents that produce minimal EPS, or 
atypical antipsychotics, has allowed separation of anti- 
psychotic from neuroleptic effects, and prevents the 
ready interchange of terms. Consequently, the term 
antipsychotic is more commonly used. 


Epidemiology 


Toxicity from the antipsychotic drugs may be dose 
related and occur following unintentional or intentional 
overdose, or may be idiosyncratic and occur as unan- 
ticipated adverse effects during therapeutic adminis- 
tration. Dose-related toxicity will vary according to agent, 
patient age and habituation, and comorbid conditions. 
Toxic effects are often an overextension of an agent’s 
pharmacologic effects. Because of a large toxic-to- 
therapeutic ratio, fatalities rarely occur. Death, when it 
occurs, is usually a consequence of polysubstance 
overdose. The agents with the greatest individual toxicity 
or highest fatal toxicity index (most deaths caused per 
prescription written) are the low-potency traditional 
agents, such as chlorpromazine, loxapine, mesoridazine, 
and thioridazine.2* These agents, however, are now 
implicated in fewer deaths from antipsychotic agents in 
the United States due to their lower frequency of usage. 
In 2004, there were 42,833 antipsychotic agent exposures 
reported to U.S. poison centers, of which 38,315 (89%) 
were due to atypical antipsychotics and 4518 (11%) 
were due to phenothiazines.’ Major toxicity and death 
occurred in 5.5% and 0.2% of atypical agent exposures 
and 4.1% and 0.4% of phenothiazine exposures, 
respectively. While antipsychotic drugs often have a wide 
margin of safety, these drugs are commonly used, have a 
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large number of adverse effects, and can produce 
significant toxicity in the nonhabituated host or those at 
the extremes of age. 


CLASSIFICATION AND STRUCTURE- 
ACTIVITY RELATIONSHIPS 


Antipsychotics can be classified by structure, pharma- 
cologic profile, and whether they are typical (traditional 
or conventional) or atypical (novel, second and third 
generation). Classification by structure is challenging 
since antipsychotics are a structurally diverse group 
of heterocyclic compounds. Currently more than 50 
neuroleptics are available worldwide, with numerous 
others in various stages of development.! Chemical 
classes include benzamide, benzepine, butyrophenone 
(phenylbutylpiperidine), diphenylbutylpiperidine, indole, 
phenothiazine, quinolinone, rauwolfia alkaloid, and 
thioxanthene derivatives (Table 38-1).! The pheno- 
thiazines and thioxanthenes are traditional tricyclic 
antipsychotic agents for which structure predicts 
function. These agents have two benzene rings linked by 
a sulfur atom and either a nitrogen (phenothiazines) or 
carbon (thioxanthenes) atom double bonded to the side 
chain at position 10 of the central ring (Fig. 38-1).! The 
presence of an electron-withdrawing group at position 2 
increases antipsychotic efficacy and potency. Pheno- 
thiazines and thioxanthenes are subdivided into three 
groups (aliphatic, piperidine, and piperazine), based on 
the side chain substitution at position 10 on the central 
ring (see Fig. 38-1). The nature of the substitution 
influences pharmacologic activity. The aliphatic and 
piperidine subclasses have a higher antipsychotic 
potency and incidence of EPS, but a lower incidence of 
sedation, hypotension, and anticholinergic effects than 
do the piperazine class.! In general, the antihistaminergic 
and anticholinergic properties of the phenothiazines 
and thioxanthenes are derived from the presence of a 
tertiary amino group in the side chain connected by two 
or three carbons to position 10 of the central ring (see 
Fig. 38-1 and Chapter 39).! Aside from the pheno- 
thiazine and thioxanthene classes, structure-activity 
relationships have not been well characterized for most 
antipsychotics. Therefore, classification based on chemical 
structure has limited clinical utility for most agents. 

A more clinically useful method of antipsychotic 
agent classification is to identify agents by their relative 
receptor-binding profiles (Table 38-2). Because clinical 
toxicity of antipsychotics results from exaggerated 
pharmacologic activity, knowledge of the agent’s binding 
affinity at various receptors allows one to predict adverse 
effects in both therapeutic and overdose situations.°* 

The most commonly used method of classifying 
antipsychotics is to identify them as typical or atypical. This 
classification is clinically based. Agents are considered 
atypical if they (1) produce minimal EPS at clinically 
effective antipsychotic doses; (2) have a low propensity to 
cause tardive dyskinesia (TD) with long-term treatment; 
and (3) are effective for treating both the positive and 
negative signs and symptoms of schizophrenia.®! 
Interestingly, this clinically determined classification 


system is rooted in receptor binding. Drug atypia is 
defined by unique, relative receptor-binding profiles (see 
Pharmacology section). In the preclinical area, knowledge 
of an agent’s relative receptor-binding affinities can be 
used to predict whether it will be atypical or typical. 


PHARMACOLOGY 


All antipsychotic agents bind and block presynaptic 
(autoreceptors) and postsynaptic Də receptors in the 
central nervous system (CNS).! Initially, this receptor 
antagonism stimulates increased presynaptic production 
and release of dopamine. With continued antipsychotic 
treatment, however, depolarization inactivation occurs at 
the synapse, and decreased production and release occurs 
simultaneous with continued postsynaptic receptor 
blockade. Partial receptor agonists and agents with lower 
receptor affinity (e.g., atypical agents) are less likely to 
lead to depolarization inactivation at the synapse. 

Antipsychotic agents block D.-subtype receptors in 
nigrostriatal (basal ganglia), tuberoinfundibular (hypo- 
thalamus to pituitary), mesocortical, and mesolimbic 
pathways of the brain.'°* These agents also antagonize 
Ds receptors in the medulla oblongata and the anterior 
hypothalamus. Blockade of the D, receptors in the area 
postrema (chemotactic trigger zone) is responsible for 
the antiemetic activity of antipsychotics. Antipsychotic 
efficacy is mediated by a drug’s ability to block 
mesocortical and mesolimbic Ds receptors; all antipsy- 
chotics share this property. For most neuroleptics, 
there is a strong correlation between the affinity 
(potency) at Dy receptors and daily dose necessary to 
treat the positive symptoms of schizophrenia (see ‘Tables 
38-1 and 38-2).1%!! Based on in vivo studies utilizing 
positron emission tomography, the therapeutic effects of 
neuroleptics correlate with 70% or greater Dy receptor 
occupancy in the mesolimbic pathway." 

Antagonism of the Ds receptors in other brain regions, 
however, accounts for many of the undesired side effects 
of antipsychotics. For example, antagonism of the Ds 
receptors in the tuberoinfundibular pathway in the 
pituitary gland causes hyperprolactinemia, which can 
result in galactorrhea, gynecomastia, menstrual changes, 
and sexual dysfunction.) Antagonism of the nigro- 
striatal Də receptors produces EPS (e.g., acute dystonia, 
parkinsonism, akathisia). Agents with higher D, receptor 
affinity (e.g., fluphenazine, haloperidol, and thiothixene) 
have a high likelihood for producing EPS.° In contrast, 
agents with minimal D, receptor affinity (1.e., clozapine, 
quetiapine) or those that selectively inhibit the limbic Ds 
receptors over the nigrostriatal D receptors (e.g., 
sulpiride, remoxipride) are less likely to produce EPS.°7! 
Unfortunately, for most traditional antipsychotics, basal 
ganglia Do receptor blockade occurs in the same dose 
range necessary for limbic D, blockage.!* This produces 
a high incidence of EPS at therapeutic doses for 
traditional antipsychotics.'° 

Regulation of core body temperature involves 
dopamine. D, receptor blockade by antipsychotics in the 
anterior hypothalamus (preoptic area) can alter the core 
temperature set point, block thermosensitive neuronal 
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Classification and Dosing of Antipsychotic Agents 


STRUCTURAL CLASS 


Typical Agents 


Butyrophenone 
(phenylbutylpiperidine) 


Diphenylbutylpiperidine 
Indole 


Phenothiazine 
Aliphatic 


Piperazine 


Piperidine 


Thioxanthene 


Atypical Agents 
Benzamides 


Benzepine 
Dibenzodiazepine 
Dibenzooxazepine 
Thienobenzodiazepine 
Dibenzothiazepine 
Dibenzothiazepine 


Indole 
Benzisoxazole 
Imidazolidinone 
Benzisothiazole 


Quinolinone 


GENERIC NAME 
(TRADE NAME) 


DAILY DOSE RANGE (mg) 


Droperidol (Inapsine) 1.25-30 

Haloperidol (Haldol) 1-30 
Other: benperidol, bromperidol, 

melperone, pipamperone, trifluperidol 
Pimozide (Orap) 1-20 
Other: fluspirilene, penfluridol 

Molindone (Moban) 15-225 
Other: oxypertine 
Chlorpromazine (Thorazine) 25-2000 
Promazine (Sparine) 50-1000 
Promethazine (Phenergan) 25-150 
Triflupromazine (Vesprin) 5-90 
Acetophenazine (Tindal) 40-400 
Fluphenazine (Prolixin) 0.5-30 
Perphenazine (Trilafon) 4-64 
Prochlorperazine (Compazine) 10-150 
Trifluoperazine (Stelazine) 2—40 
Thiethylperazine (Torecan) 10-30 
Mesoridazine (Serentil) 30-400 
Thioridazine (Mellaril, Millazine) 20-800 
Other: diethazine, ethopropazine, 

levomepromazine, perazine, 

pipotiazine thiopropazate, 

thioproperazine, pericyazine 
Chlorprothixene (Taractan) 30-600 
Clopenthixol = 
Flupenthixol 4 
Thiothixene (Navane) 6-60 
Zuclopenthixol (Cisordinal, Clopixol) 10-50 
Amisulpiride 100—1200 
Raclopride 5-8 
Remoxipride 150-600 
Sulpiride 100-1600 
Sultopride 100-1200 
Other: epidepride, eticlopride 

levosulpiride, nemonapride, tiapride 
Clozapine (Clozaril, Leponex) 150-900 
Loxapine (Loxitane) 20-250 
Olanzapine (Zyprexa) 5-20 
Quetiapine (Seroquel) 300-600 
Zotepine 100-300 
Other: butaclamol, fluperlapine, 

clothiapine, metiapine, savoxepine 
Risperidone (Risperdal) 2-16 
Sertindole (Serlect) 12-24 
Ziprasidone (Zeldox) 40-160 
Other: iloperidone 
Aripiprazole (Abilify, Abitat) 10-30 





inputs, and inhibit centrally mediated thermoregulatory 
responses. ! Thus, either hypothermia or hyperthermia 
can occur from antipsychotic therapy. Də receptor 
antagonism in the hypothalamus and the nigrostriatum 
mediates the neuroleptic malignant syndrome (NMS), a 
fulminant hyperthermic adverse reaction associated with 
antipsychotic therapy. Decreased tolerance to heat and 
fatal heat stroke have been described in patients who 


take phenothiazines.’ Antipsychotics have also been used 
successfully to treat hyperthermia associated with 
cocaine and amphetamines.'° 

In addition to their Dy receptor antagonism, most 
antipsychotics are competitive antagonists at a wide 
variety of other neuroreceptors. Since the Dy receptor 
binding affinity determines the daily (therapeutic) 
dose, the relative binding affinity at other neuroreceptor 
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FIGURE 38-1 Phenothiazine structure. 


sites compared with that at Dy receptors predicts the 
likelihood of producing clinical effects from other 
neuroreceptors (see Table 38-2).°!° Knowledge of 
relative binding affinities can be used to predict clinical 
effects at both therapeutic doses and overdoses.®!* For 
instance, high relative antagonism at the H,-histamine 
receptor (e.g., aliphatic and piperidine phenothiazines, 
clozapine, loxapine, olanzapine, and quetiapine) results 
in sedation, hypotension, and appetite stimulation. !61314 
Significant blockade of the M,-muscarinic receptor (e.g., 
aliphatic and piperidine phenothiazines, clozapine, and 
olanzapine) produces anticholinergic effects (e.g., 
agitation, hallucinations, delirium, blurred vision, dry skin 


and mucous membranes, hyperpyrexia, ileus, mydriasis, 
tachycardia, and urinary retention). Sialorrhea, a feature 
unique to clozapine, is likely mediated by its partial 
agonism at M, and M, receptors.° Significant antagonism 
of the ,-adrenergic receptor (e.g., aliphatic and piperi- 
dine phenothiazines, clozapine, risperidone, ziprasidone, 
olanzapine, and sertindole) results in orthostatic hypo- 
tension, reflex tachycardia, nasal congestion, and 
miosis.! Blockade of the O»-adrenergic receptor by 
certain agents (e.g., clozapine and risperidone) may 
produce sympathomimetic effects (e.g., tachycardia). 
The ability of certain agents (e.g., loxapine, clozapine) 
to block neuronal reuptake of norepinephrine and 
antagonize GABA, receptors partly accounts for the high 
prevalence of seizures with these drugs. High relative 
binding affinities at M, and 5-HT,,- and 5-HT9p- 
serotonin receptors are inversely related to the like- 
lihood of producing EPS.!13-15-16 

Although drug atypia is defined clinically, it also appears 
to be determined by one or more of several different 
pharmacologic mechanisms. Atypical agents belong to 
one of four distinct receptor-binding groups: (1) Ds 
and Ds receptor antagonists (e.g., amisulpiride, 
remoxipride, raclopride, sulpiride); (2) De, 4, and 5- 


Relative Neuroreceptor Affinities for Antipsychotics* 





NEUROLEPTIC AGENT D,' H, Oy 
Typical Agents 

Chlorpromazine 2+ 2+ 3+ 
Fluphenazine 3+ 0 0 
Haloperidol 2+ 0 1+ 
Loxapine 1+ 3+ 3+ 
Mesoridazine 2+ 3+ 3+ 
Molindone 1+ 0 0 
Perphenazine 3+ 1+ 1+ 
Pimozide 2+ 0 1+ 
Prochlorperazine 2+ 1+ 1+ 
Thioridazine 2+ 2+ 3+ 
Thiothixene 3+ 0 0 
Trifluoperazine 3+ 0 1+ 
Atypical Agents 

(Ami)sulpiride 2+ 0 0 
Aripiprazole 3+? 2+ 2+ 
Clozapine 1+ 3+ 3+ 
Olanzapine 2+ 2+ 2+ 
Quetiapine 1+ 3+ 3+ 
Remoxipride 1+ 0 0 
Risperidone 3+ 0 2+ 
Sertindole 3+ 0 1+ 
Ziprasidone 3+ 0 3+ 
Zotepine 2+ 2+ 0 


Q 


O OOO 


1+ 


2+ 


RECEPTOR 
M, 5-HT2, OTHER RECEPTOR BINDING 
1+ 3+ D4,3,4 
0 0 
0 1+ Di 4,0 
2+ 3+ D,, blocks NE reuptake 
1+ 
0 0 
0 
0 1+ 
0 0 
3+ 2+ 
0 0 
0 1+ 
0 0 D; 
0 3+ D3 4, 5-HT14,2c,7 
blocks 5-HT reuptake 
3+ 3+ Di4 M25, 5HT2c,2D,3,6,77 
blocks NE reuptake 
3+ St D1,3,4 Mas, SHT1¢,3,.6 
3+ 1+ 5-HT,,, D; 
0 0 fe) 
0 3+ D14 
0 3+ 5HT44,1c,10,2c D1 blocks 
NE, 5-HT reuptake 
0 3+ D134, D-HT2c, blocks 


NE reuptake 


*Relative neuroreceptor affinity is the neuroreceptor affinity at receptor X/dopamine D, receptor affinity. 
tBinding affinity (potency) at D, receptor correlates inversely with the daily dose of antipsychotic agent. 


*High binding affinity but partial agonist at receptor. 


0, minimal to none; 1+, low; 2+, moderate; 3+, high; 4+, very high. NE, norepinephrine. 


Data from references 1, 6-8, 57, 58, and 181. 





HT, receptor antagonists (e.g., ziprasidone, sertindole, 
risperidone), also known as the serotonin-dopamine 
antagonists; (3) broad-spectrum, multireceptor antag- 
onists (e.g., clozapine, olanzapine, quetiapine); and (4) D» 
and 5-HT\, receptor partial agonists (e.g., aripiprazole), 
also known as dopamine and serotonin system stabiliz- 
ers.’ Characteristics associated with drug atypia include 
low Ds receptor potency (high milligram drug dosing); 
low D, receptor occupancy (less than 70%) in the 
mesolimbic and nigrostriatal areas at therapeutic doses; 
partial agonist activity at D, receptors; high affinities for 
Mı, Dy, Ds, Ol, 5-HTj,, and 5-HT,, receptors relative 
to the D, receptor; multiple neuroreceptor antagonism; 
and a low likelihood of raising serum prolactin concen- 
trations, 8:10.12.14.16 

CNS serotonin antagonism is now recognized as an 
important mechanism of antipsychotic action and 
minimizing the likelihood of EPS.'!*!8 Normally, sero- 
tonergic fibers inhibit dopamine release in the 
nigrostriatum and prefrontal cortex. Thus, blockade of 
the 5-HT., receptors in the CNS increases dopamine 
release in the striatum and prefrontal cortex. 
Antipsychotics that have high relative 5-HT,, receptor 
antagonism (5-HT.,/D, binding ratio greater than 1) 
(e.g., amperozide, clozapine, risperidone, sertindole, 
ziprasidone) have enhanced efficacy for treating the 
negative signs and symptoms of schizophrenia and 
provide a lower EPS liability.'°'® Agents with partial 
agonist activity at 5-HT,, autoreceptors (e.g., 
ziprasidone, aripiprazole) have similar beneficial effects. 


Pathophysiology 


CARDIAC EFFECTS 

The aliphatic and piperidine phenothiazines (e.g., 
chlorpromazine, thioridazine, and mesoridazine) have 
direct negative inotropic and quinidine-like (type IA) 
antiarrhythmic effects on cardiac myocytes.’ These agents 
block voltage-gated fast sodium channels; blockade is 
enhanced at less negative membrane potentials and 
faster heart rates.!!¥ Thus, conduction disturbances will 
be augmented for drugs that also produce tachycardia 
(e.g., those with anticholinergic properties) or tissue 
acidemia (e.g., as a result of drug-associated seizure or 
Shock). In addition, certain antipsychotic agents 
antagonize delayed-rectifier, voltage-gated potassium 
channels (encoded by the HERG gene) responsible for 
membrane repolarization during phase 3 of the action 
potential.!°?! Potassium channel antagonism is concen- 
tration, voltage, and reverse frequency dependent; block 
is augmented at higher drug tissue concentrations, less 
negative membrane potentials, and slower heart rates.*°*! 
Potassium channel blockade may induce early after 
depolarization and triggered ventricular activity (e.g., 
torsades de pointes [TdP]). Some neuroleptics, (e.g., 
haloperidol, mesoridazine, pimozide, and thioridazine) 
are also calcium channel antagonists.** The cardiac 
channel effects of antipsychotics produce a depressed 
rate of phase 0 depolarization, decreased amplitude and 
duration of phase 2, and prolongation of phase 3. In 
addition, early after-depolarizations that result from the 
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blockade of the rectifying potassium channels can 
trigger ventricular arrhythmias (e.g., TdP). 


CARDIOVASCULAR 

Hypotension results from O,-adrenergic antagonism 
and loss of peripheral vasomotor tone, Q»-adrenergic 
antagonism and loss of central vasomotor tone, and 
direct membrane-depressant cardiac effects. Membrane- 
depressant effects result in impaired cardiac conduction 
and contractility. Cardiovascular effects are dose related. 
Tachycardia occurs as a vasomotor reflex to hypotension 
or from anticholinergic drug effects. 


SEIZURES 

All antipsychotic agents appear to lower the seizure 
threshold and produce dose-related electroencephalo- 
graphic (EEG) abnormalities that are similar to dis- 
charge patterns observed in epileptic patients.1?°*” The 
degree of EEG changes and incidence of seizures are 
greatest with certain agents (e.g., clozapine, loxapine, 
and aliphatic and piperidine phenothiazines) .'***9 The 
mechanisms of seizure production are not well elucidated 
but appear to involve GABA, receptor antagonism, 
norepinephrine reuptake inhibition, and disrupted ionic 
flow through neuronal membrane channels. 


EXTRAPYRAMIDAL SIDE EFFECTS 

All EPS result from D, receptor blockade by anti- 
psychotics in basal ganglia nuclei.'°!*4°°?! This leads to 
a disruption of neurotransmission in numerous basal 
ganglia and thalamocortical pathways critical for 
coordinated movement. These pathways utilize acetyl- 
choline, serotonin, glutamate, y-aminobutyric acid (GABA), 
and various neuropeptides for communication.!®!”*? 
Drug-induced parkinsonism is a result of decreased 
nigrostriatal dopaminergic activity with resultant striatal 
cholinergic excess.'°°0! Akathisia is likely produced by 
Ds receptor blockade in mesocortical pathways.'°°?! 
The pathophysiology of acute dystonic reactions (ADRs) 
is still unknown. One attractive theory posits that 
dystonia is the manifestation of an acute compensatory 
response to nigrostriatal Do receptor blockade produced 
by antipsychotics. The acute administration of anti- 
psychotics provokes increased dopamine synthesis and 
release from nigrostriatal neurons and postsynaptic 
receptor up-regulation.°?!94 As brain concentrations 
of the neuroleptic decline hours to days after a dose, a 
state of dopamine excess develops and hyperkinesis or 
dystonia results. TD is likely secondary to an increased 
number and up-regulated dopamine receptor as a 
compensatory response to chronic Do receptor blockade 
by antipsychotics in the nigrostriatum.'°°03!3934 TD 
signifies a state of dopaminergic supersensitivity and 
cholinergic underactivity in the basal ganglia. 

NMS appears to involve dopaminergic hypoactivity 
in the CNS. Blockade of D, receptors in the striatum 
and hypothalamus results in muscular rigidity (similar 
to parkinsonism) and altered thermoregulation, 
respectively.*°°’ Fever occurs largely from increased heat 
production from muscular rigidity but is also due to 
impaired heat dissipation and an altered set point of 
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core temperature in the hypothalamus. !*37 Blockade of 
Ds receptors in the mesolimbic and mesocortical regions 
produces altered mentation. Blockade of D, receptors 
in peripheral sympathetic nerve terminals and the 
vasculature may cause autonomic disturbances.***” The 
pathophysiology of NMS may involve iron. Iron is a 
positive modulator of dopamine receptor activity, and 
low serum iron levels often displayed in those with NMS 
may lead to a decreased number of dopamine receptors 
in the brain.*°7! 


PHARMACOKINETICS 


Although most classes of antipsychotics have similar 
pharmacokinetics, there is substantial interindividual 
variability. Following oral administration, absorption is 
generally rapid and nearly complete. Because of 
extensive first-pass hepatic and intestinal metabolism, 
however, bioavailability is erratic and unpredictable 
(range 10% to 70%).'**-*° Peak plasma concentrations 
occur within 1 to 6 hours after oral administration. 
Intramuscular (IM) administration increases bioavail- 
ability by a factor of 4 to 10.' Peak plasma concentrations 
occur within 30 to 60 minutes after IM administration 
of immediate-release preparations but are delayed up 
to 24 hours following IM administration of depot 
preparations.'**-*° Following an oral overdose, absorp- 
tion occurs more rapidly but peak plasma concentrations 
are delayed; clinical effects may occur earlier and 
last longer. The depot (sustained-release) injectable 
preparations are created by esterifying the hydroxyl 
group of the antipsychotic with a long-chain fatty acid 
(e.g., enanthate or decanoate) and dissolving it in a 
sesame oil vehicle.! 

Most antipsychotics are highly protein bound (75% to 
99%) and lipophilic. These drugs have large volumes of 
distribution (usual range 10 to 40 L/kg) and tend to 
accumulate in brain and other tissues.!***? Removal of 
these agents by hemodialysis or hemoperfusion is 
impossible. 

Antipsychotic agents are largely and extensively 
eliminated by hepatic metabolism. Less than 1% of an 
ingested dose is excreted unchanged by the kidney. 
Hepatic metabolism occurs via _ flavin-containing 
monooxygenase or cytochrome P-450 mixed-function 
oxidase systems or by hydroxylation, sulfoxidation, 
Ndealkylation, and conjugation.**** Hepatic metabolites 
are not easily measured but often remain pharma- 
cologically active and will extend the parent drug’s 
effects after therapeutic doses or overdose. Thus, there is 
often a poor correlation between serum concentration 
and clinical effects.**** Metabolites are variably excreted 
in the urine and stool after conjugation and entero- 
hepatic circulation, respectively. Elimination half-lives 
of most antipsychotic agents range from 20 to 40 hours 
after oral dosing. Depot IM preparations have elimi- 
nation half-lives of 7 to 21 days.'** With newer sustained- 
release preparations (e.g., Risperdal Consta, Janssen, LP, 
Titusville, NJ), steady-state plasma concentrations are 
maintained for 4 to 6 weeks after the last IM injection.” 


Risperdal Contra contains an aqueous suspension of 
risperidone mixed with a biodegradable copolymer. The 
pharmacokinetic profile of common neuroleptic drugs is 
presented in Table 38-3. 


Special Populations 


PREGNANCY AND BREAST-FEEDING 

Due to their high lipophilicity, most antipsychotics 
readily enter the fetal circulation across the placenta and 
are readily secreted into breast milk.! Data that establish 
the safety of antipsychotics during pregnancy are 
lacking, and these drugs are thus considered pregnancy 
class C; their use in pregnant women is warranted only 
if the benefits to the mother justify the potential risks 
to the fetus. While most manufacturers recommend 
against the use of antipsychotics during breast feeding, 
toxic effects and impaired development have not been 
demonstrated to date in infants who have been breast- 
fed by women regularly taking antipsychotics.*° 


RENAL IMPAIRMENT 

Most of the antipsychotics are metabolized almost 
exclusively in the liver before excretion and are not 
significantly affected by alterations in renal function. 
Risperidone and the benzamide derivatives (e.g., 
sulpiride and remoxipride), however, require dosage 
alterations for patients in renal failure because large 
amounts of these drugs are excreted unchanged by the 
kidneys.*° 


HEPATIC IMPAIRMENT 

Patients with advanced hepatic disease (e.g., cirrhosis) 
and conditions that impair hepatic blood flow (e.g., 
congestive heart failure) have diminished clearance of 
antipsychotic agents. Thus, dose reduction is recom- 
mended for this group of patients during chronic 
therapy. The presence of hepatic disease, however, is 
unlikely to affect clinical outcome following acute 
overdose in this group of patients. 


AGE 

Infants and geriatric patients have reduced capacity to 
metabolize and eliminate antipsychotic agents, whereas 
children tend to metabolize these drugs more rapidly 
than adults.’ In general, however, elderly and pediatric 
patients are more sensitive to the effects of neuroleptics 
than are young adults. Thus, patients at the extremes of 
age have a greater tendency to develop anticholinergic 
stigmata, EPS, sedation, confusion, and postural hypo- 
tension. The safety and efficacy of many antipsychotics 
have not been adequately studied in pediatric patients. 


GENETIC POLYMORPHISMS 

There is large interindividual variation in the hepatic 
biotransformation of antipsychotic agents, which largely 
reflects CYP enzyme polymorphisms. For instance, 5% 
to 10% of white individuals are CYP2D6 “poor metab- 
olizers,” which may result in certain antipsychotic drug 
concentrations (e.g., risperidone, haloperidol, thiorid- 
azine) that are up to 10-fold higher than those in 
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Pharmacokinetics of Various Antipsychotics 


TIME TO 
PEAK AFTER 
ORAL DOSING (hr) 


ELIMINATION 


ANTIPSYCHOTIC AGENT HALF-LIFE (hr) 


Typical Agents 

Chlorpromazine 2-4 8-35 
Haloperidol 1-6 17-36 
Fluphenazine 2-5 5-27 
Loxapine 1-6 2-8 
Perphenazine 2-6 8-21 
Prochlorperazine 1.5-5 17-27 
Promethazine 3.3 9-16 
Pimozide 6-8 28-214 
Thioridazine 2-4 9-36 
Thiothixene 1-3 12-36 
Atypical Agents 

Aripiprazole 3-5 75 
Clozapine 1-4 10-105 
lloperidone 2-3.5 5-14 
Olanzapine 5-6 20-70 
Quetiapine 1-2 4-10 
Remoxipride 1-2 4-7 
Risperidone 1-1.5 3-24 
Sertindole 10 24-200 
Sulpiride 3-6 5-14 
Ziprasidone 5 4—10 


NA, data not available. 
Pharmacokinetic data obtained from references 1, 8, 10, 42—44, and 182. 


PROTEIN 

BINDING Vd ROUTE OF ACTIVE 

(%) (L/KG) METABOLISM METABOLITE 

90-95 7-20 CYP2D6 Yes 

92 10-35 CYP2D6 Yes 
CYP3A4 

90-95 220 Hepatic Yes 

91-99 NA CYP1A2 Yes 
CYP2D6 
CYP3A4 

90-95 10-35 CYP2D6 No 

>90 13-32 Hepatic No 

93 9-19 Hepatic Yes 

99 11-62 CYP3A4 Yes 
CYP1A2 

99 18 CYP2D6 Yes 

90-95 NA Hepatic No 

99 4.9 CYP3A4 Yes 
CYP2D6 

92-96 2-5 CYP1A2 Yes 
CYP3A4 

93 NA Hepatic 

93 10-20 CYP1A2 No 
CYP2D6 

83 10 CYP3A4 Yes 

80 0.7 Hepatic, renal No 

90 1-1.5 CYP2D6 Yes 

>99 20—40 CYP3A4 Yes 
CYP2D6 

40 2.7 Hepatic, renal No 

>99 2 CYP3A4 No 





“normal” CYP2D6 individuals.*’*8 Dose adjustment for 
these patients is unknown. Theoretically, these patients 
are at greater risk for adverse drug interactions. 


Drug Interactions 


The coadministration of antipsychotics with other drugs 
has the potential for numerous clinically significant 
pharmacodynamic and pharmacokinetic interactions.“ 
The CNS and respiratory depressant effects of neu- 
roleptics are potentiated when co-ingested with alcohols, 
antihistamines, opiates, other psychotropics, and sedative- 
hypnotics. Fatal cardiopulmonary arrest has occurred 
when therapeutic doses of clozapine have been taken 
with lorazepam.” Exaggerated anticholinergic effects 
could occur when certain antipsychotics are coadmin- 
istered with tricyclic antidepressants, antihistamines, 
antiparkinson agents, and some skeletal muscle relaxants 
(e.g., cyclobenzaprine). Hypotension could occur 
when antipsychotics with Oj-adrenergic antagonistic 
effects are co-ingested with antihypertensives with similar 
properties (e.g., prazosin, hydralazine). QT prolonga- 
tion may occur when cardioactive agents are coadmin- 
istered with certain antipsychotics (e.g., droperidol, 


haloperidol, thioridazine). The combination of lithium 
and neuroleptic agents can produce a syndrome similar 
to NMS.°!°2 

Since many neuroleptics are metabolized by the 
CYP2D6, CYP1A2, and CYP3A4 enzymes, their clearance 
can be significantly altered when coadministered with 
inhibitors or inducers of these enzymes (see Table 38-3). 
A thorough knowledge of the neuroleptic’s unique 
receptor-binding profile and hepatic metabolism will 
facilitate recognition and treatment of clinically 
significant drug interactions. 


TOXICOLOGY 


Clinical Manifestations Following 
Overdose 


Isolated antipsychotic agent overdose is rarely fatal; most 
patients who overdose on these agents will remain 
asymptomatic or develop only mild toxicity.’ Ingested 
doses that produce acute toxicity and lethality are highly 
variable; many patients have survived ingestions reported 
to be lethal in others.°® Toxicity largely depends on age, 
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habituation, and comorbid illness of the patient, agent 
identity, and time to treatment. Tolerance develops to 
the sedative effects of antipsychotics over a period of days 
to weeks.! Thus, nonhabituated adults and young 
children (rarely prescribed these agents) are more 
sensitive to the toxic effects of antipsychotics than those 
who have ingested the drug chronically. The ingestion of 
a single tablet of chlorpromazine, clozapine, loxapine, 
mesoridazine, olanzapine, quetiapine, or thioridazine 
may cause CNS and respiratory depression in young 
children.°*°8 Multireceptor, low-potency agents (e.g., 
clozapine, loxapine, chlorpromazine, thioridazine, and 
mesidorazine) are more toxic than more selective, high- 
potency agents (e.g., fluphenazine, haloperidol).'® 
When death occurs, it usually results from respiratory 
arrest (prior to medical intervention), arrhythmias, or 
aspiration-induced respiratory failure.* 

Clinical effects begin within 30 to 90 minutes and 
peak within 2 to 6 hours of ingestion. Delayed onset and 
peak toxicity are possible after ingestion of drugs that 
slow gastrointestinal motility (e.g., anticholinergic 
drugs). Resolution of serious toxicity usually occurs by 
24 to 48 hours. The toxic effects are similar in adults 
and children. 

CNS depression is the most common finding 
following overdose.*°*** CNS effects range from lethargy, 
slurred speech, ataxia, and confusion in mild intoxi- 
cation, to mild coma with respiratory depression in 
moderate intoxication, to deep coma with apnea and loss 
of brainstem and deep tendon reflexes in severe 
intoxication. Paradoxical agitation and delirium may 
occur with mixed overdoses and those involving anti- 
psychotic agents with anticholinergic properties (e.g., 
chlorpromazine, clozapine, mesidorazine, olanzapine, 
and thioridazine). Respiratory depression that neces- 
sitates endotracheal intubation is uncommon but occurs 
with greater frequency in children, polydrug overdoses, 
and sedating, multireceptor, low-potency antipsychotics 
(e.g., aliphatic and piperidine phenothiazines, clozapine, 
olanzapine, and quetiapine). Apnea and sudden infant 
death syndrome have been associated with the use of 
antipsychotic agents. Pulmonary edema can rarely 
occur.°° 

Seizures are uncommon in overdose, reported in 
about 1% of patients in large series.?°’ Seizures, however, 
appear to occur with greater frequency after ingestion of 
chlorpromazine, clozapine, loxapine, mesoridazine, and 
thioridazine. A seizure incidence of 60% and 10% have 
been reported following loxapine and clozapine 
overdose, respectively.7°°”° Loxapine-induced seizures 
can be recurrent and severe, resulting in rhabdomyolysis, 
myoglobinuria, and acute renal failure.*® 

Anticholinergic manifestations (peripheral and 
central) are frequent following overdoses of thioridazine, 
mesoridazine, chlorpromazine, clozapine, and olanzapine. 
These effects include dry, flushed skin; dry mucous 
membranes; mydriasis; sinus tachycardia; decreased 
bowel sounds; urinary retention; myoclonic jerking and 
tremulousness; hyperthermia; agitation; delirium; and 
coma. Both hyperthermia and hypothermia have been 
described following antipsychotic overdose. Neuro- 


muscular hyperactivity, seizures, the inability to sweat, 
and cutaneous vasodilation at high ambient temperature 
increase the likelihood of drug-associated hyperthermia. 
Coma, hypotension, suppressed shivering capability, and 
cutaneous vasodilation at low ambient temperatures 
increase the likelihood of drug-associated hypothermia. 
Miosis or mydriasis may occur with antipsychotic overdose. 
Miosis is more likely to occur in seriously poisoned 
patients with both atypical and typical agents; it has been 
described in 75% of adults and 72% of children after 
phenothiazine overdose.5%60-61,63,67 

The most common cardiovascular manifestations 
of antipsychotic overdose are sinus tachycardia and 
orthostatic hypotension.°”°? 68 Other cardiovascular 
effects occur uncommonly and include hypertension, 
sinus bradycardia, conduction abnormalities, and 
supraventricular and ventricular tachyarrhythmias. 
Electrocardiographic (ECG) abnormalities include 
prolongation of the PR, QRS, and QT intervals, non- 
specific SI-I wave changes, depressed ST segments, T 
wave abnormalities (widening, flattening, notching, and 
inversion), increased U wave amplitude, rightward shift 
of the terminal 40 milliseconds of the QRS (i.e., the 
presence of R in aVR), atrioventricular, bundle branch, 
fascicular, and intraventricular blocks, and supraven- 
tricular and ventricular arrhythmias.*°*” Other than 
sinus tachycardia, repolarization abnormalities are the 
earliest and most common ECG abnormalities.®*”? 
Serious cardiotoxicity is more common with the aliphatic 
and piperidine phenothiazines and less common with 
atypical agents.°°’ TdP ventricular tachycardia has been 
reported after overdose of droperidol, haloperidol, 
mesoridazine, pimozide, and thioridazine.’*”” Cardio- 
vascular and ECG abnormalities should be apparent 
within several hours of an acute overdose. 

Although EPS are often idiosyncratic reactions that 
follow therapeutic neuroleptic doses, these effects may 
also be dose related, and have occurred following 
overdose with many neuroleptics.°*°?°* EPS can be the 
presenting manifestation in a child following accidental 
neuroleptic poisoning.”*6478 


Adverse Effects 


All antipsychotics, typical or atypical, are associated with 
numerous adverse effects. Adverse effects may be 
idiosyncratic or dose related, can occur early or late in the 
course of therapy, and are often the result of receptor 
antagonism.! Neurologic and cardiovascular side effects 
occur most commonly. 


EXTRAPYRAMIDAL SIDE EFFECTS 

EPS are a group of sustained movement disorders that 
can occur in approximately 30% of patients treated with 
antipsychotic agents and often lead to medication non- 
compliance in those with psychosis.!”? All antipsychotics 
can produce EPS, but the incidence is significantly 
reduced for newer generation, atypical agents. The 
incidence of EPS is similar to that with placebo during 
chronic therapy with clozapine, olanzapine, quetiapine, 
ziprasidone, and aripiprazole.!4347981 There are six EPS 


syndromes. They can be divided into the reversible 
syndromes that occur within hours to days (e.g., acute 
dystonia, akathisia) or days to weeks (e.g., parkinsonism, 
NMS) and the potentially irreversible syndromes that 
occur after months to years of therapy (e.g., TD, focal 
perioral tremor).! 

Acute dystonia is a hyperkinetic movement disorder 
characterized by intermittent, uncoordinated, spasmodic, 
or sustained involuntary contractions of muscles of 
the face, tongue, neck, trunk, and extremities. Clinical 
manifestations include facial grimacing, trismus, 
blepharospasm, oculogyric crisis, tongue protrusion, 
buccolingual crisis, retrocollis, torticollis, opisthotonus, 
abnormal postures and gait, tortipelvis, and respiratory 
difficulty. ADRs, although distressing to patients, are 
rarely life threatening. Pharyngeal and laryngeal muscle 
spasm has produced respiratory distress and asphyxia. 

ADRs usually occur soon after initiation of anti- 
psychotic therapy or after an increase in dose. Fifty 
percent occur within 48 hours and 90% within the first 
5 days of treatment.®*** The peak incidence occurs when 
antipsychotic concentrations are declining in the serum. 
In one study of pediatric patients, ADRs occurred 5 to 
50 hours (mean 23 hours) after the first therapeutic dose 
and | to 20 hours (mean 5 hours) after single accidental 
ingestion of phenothiazines.” The incidence of ADRs 
varies according to the agent’s identity, dose, route of 
administration, and duration of therapy, and the 
presence of individual risk factors. The incidence is 
lowest with agents that have low Dy receptor potency 
and/or high relative potency at 5-HT>, 5-HT,,, Mı, Oo, 
or D, receptors (atypical agents). Incidence rates of 
25%, 16%, 8.3%, 3.5%, and less than 1% have been 
described for IM fluphenazine decanoate, haloperidol, 
thiothixene, chlorpromazine, and atypical agents, 
respectively.?*8384 Individual risk factors include male 
gender, young age (peak range 5 to 45 years), a family 
history or personal history of ADRs, or a recent history of 
cocaine or alcohol use.2383:548687 

Akathisia is a condition of subjective unease and 
motor restlessness that occurs within minutes to days of 
initiation or increase of antipsychotic drug dosing.'**! 
It is usually observed within the first 3 months of 
treatment.' Akathisia may be misinterpreted as anxiety 
or agitation related to an underlying psychiatric 
condition. Akathisia is characterized by the inability to 
sit still and the overwhelming need to continuously 
move the legs or get up and walk or pace. Patients are 
frequently anxious, agitated, or unable to concentrate. 
About 30% of patients ingesting traditional agents 
develop akathisia.'*'°'*8! The incidence is less with 
atypical agents, with an incidence range of 5% to 15%.°8°9 
Akathisia is more likely to occur with the use of higher- 
potency D, antagonists, larger doses, rapid dose escalation, 
and parenteral antipsychotic administration.!481-88 

Parkinsonism is a reversible, intermediate-stage EPS 
that typically occurs gradually over days to weeks and is 
evident by 2 to 3 months of therapy.’ Parkinsonism 
is characterized by muscle rigidity (cogwheel type), 
bradykinesia or akinesia, mask facies, shuffling gait, 
tremor (e.g., pill rolling), and cognitive impairment. 
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Antipsychotic-induced parkinsonism occurs in 13% of 
patients who take antipsychotic agents chronically.°! 
Antipsychotic-induced parkinsonism occurs in all age 
groups but occurs with greater frequency in the elderly. 
Other risk factors for its occurrence include female sex, 
the presence of organic brain injury, use of high-potency 
agents, and long duration of therapy.'®'**! The rabbit 
syndrome is an uncommon reversible late-onset EPS 
characterized by perioral lip tremor. It usually occurs 
after months or years of antipsychotic treatment and is 
considered a variant of parkinsonism. ! 

TD is a hyperkinetic, late-onset EPS that typically 
occurs after 2 years of antipsychotic therapy and only 
rarely before 6 months.''**! It is characterized by 
involuntary, painless, stereotyped, repetitive movements 
of orofacial structures and, occasionally, the trunk and 
arms. These movements include chewing; tongue 
protrusion; lip smacking, sucking, and pursing; facial 
erimacing; grunting; rapid eye blinking; and occasionally 
choreoathetosis of the trunk and limbs. TD is associated 
with all antipsychotic agents, but the incidence is 
significantly lower with atypical agents, particularly 
clozapine. TD develops in 15% to 25% of patients on 
long-term antipsychotic therapy. An annual incidence of 
3% to 5% is described with traditional antipsychotics, 
whereas atypical agents have an annual incidence of less 
than 2%.°° TD occurs in patients of all ages (including 
children) but occurs more commonly in women older 
than 50 years.*! TD is frequently elicited in patients who 
have their drug discontinued or dose lowered after years 
of therapy.!"! 

NMS is an uncommon but potentially fatal idio- 
syncratic complication of antipsychotic drug therapy. 
NMS is often considered an extreme, severe form of 
EPS**-%° (see also Chapter 10A). NMS usually occurs early 
in the course of treatment or soon after a change in 
dose but may appear at any time during therapy. It is 
estimated that NMS occurs in 2 out of every 1000 
patients treated with neuroleptics.” While NMS has been 
associated with all antipsychotic agents, most cases have 
been secondary to the high-potency agents haloperidol 
and fluphenazine, particularly their depot formulations. 
NMS is not a result of overdose and usually occurs with 
antipsychotic serum concentrations in the therapeutic 
range. Potential risk factors for development of NMS 
include rapid initiation of antipsychotic therapy; use of 
high-potency agents and depot preparations; dehydration; 
severe patient agitation or catatonia; requirement of 
restraints or patient seclusion; preexisting organic brain 
disease, mental retardation, or affective disorder; a 
history of NMS or electroconvulsive therapy (ECT); 
poorly controlled EPS; and concomitant use of 
predisposing drugs, namely lithium, anticholinergic 
agents, and antiparkinson agents.’*"® NMS occurs more 
commonly in men (2:1 male:female ratio), with a mean 
age of 40 years.”*"® 

NMS typically develops over a period of 24 to 72 hours 
and is commonly characterized by the tetrad of altered 
consciousness, fever (temperature greater than 38° C), 
muscular rigidity, and autonomic dysfunction.’*”* Altered 
mental status includes lethargy, agitation, mutism, 
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stupor, and coma. Muscular rigidity is lead pipe and 
cogwheel type, similar to parkinsonism.! Autonomic 
dysfunction includes fever, tachycardia, tachypnea, 
hypertension or hypotension, diaphoresis, sialorrhea, 
pallor, flushing, urinary incontinence, and cardiac 
arrhythmias. Other common findings include EPS (e.g., 
tremor, bradykinesia, akinesia, festinating gait, chorea, 
dystonia, dysphagia, dysarthria, aphonia), mutism, 
seizures, abnormal reflexes, dyspnea, and hypoxemia. 
Laboratory abnormalities include elevated serum 
creatine phosphokinase (greater than three times 
normal) in up to 97% of cases, leukocytosis, elevated 
levels of hepatic transaminases, hyper- or hyponatremia, 
metabolic acidosis, myoglobinuria, elevated serum blood 
urea nitrogen and creatinine, and decreased serum iron 
levels.4°419299 Medical complications of NMS include 
rhabdomyolysis, myoglobinuric renal failure, aspiration 
pneumonitis, pulmonary edema, pulmonary embolism, 
respiratory failure, sepsis, coagulopathy, disseminated 
intravascular coagulation, seizures, myocardial infarction, 
cardiac arrhythmias, peripheral neuropathy, necrotizing 
enterocolitis, and periarticular ossification.’?*99 

The presence of fever and muscle rigidity is usually 
required for diagnosis, but their absence has been 
associated with certain NMS variants. NMS is best 
considered a heterogeneous syndrome with variable 
signs, symptoms, and severity.” Most cases of NMS 
seem to follow a sequence of development. Mental status 
changes and muscular rigidity precede autonomic 
dysfunction and fever in over 80% of cases.!® Early 
recognition of confusion, catatonia, or worsening EPS 
may facilitate timely treatment and halt progression to 
the fulminant syndrome. 1°? 

Once antipsychotics are discontinued, the signs and 
symptoms of NMS resolve over a period of | to 61 days, 
with a mean duration of approximately 10 days.°*°’ The 
clinical course is nearly twice as long in patients who 
have received IM depot preparations.**®’” NMS was 
initially characterized as malignant due to its frequent 
fatal outcome. Mortality rate, once estimated to range 
from 17% to 28%, now ranges from 0 to 11.6%.97!™ 


SEIZURES 

Seizures are usually generalized and major motor type. 
Risk factors for seizures include a history of organic 
brain disease, epilepsy, drug-associated seizures, or ECT, 
an abnormal baseline EEG, polypharmacy, initiation of 
antipsychotic therapy, rapid dose titration and/or use 
of large antipsychotic doses, and the use of certain 
antipsychotic agents.***" Seizures occur most commonly 
with chlorpromazine, clozapine, and loxapine; the risk is 
dose dependent with these agents.*°757957 A 0.5% 
incidence of seizures has been reported with low to 
moderate doses of chlorpromazine (30 to 900 mg/day) 
and 9% incidence with daily doses greater than 1 g.” A 
seizure incidence of 1.8% has been reported with 
moderate doses of clozapine (300 to 600 mg/day), 
whereas those taking greater than 600 mg/day have an 
incidence of 4.4%.24?/?9 Seizures are unlikely to occur 
during therapeutic dosing with other antipsychotics; 


the incidence is comparable with that of placebo (less 
than 1%).*4 


CARDIOVASCULAR 

Although repolarization abnormalities (e.g., prolon- 
gation of the QT interval) and arrhythmias are dose 
dependent and have been reported most frequently with 
antipsychotic overdose, these findings can also occur 
with therapeutic doses of these agents. QT prolongation 
has been associated with therapeutic dosing and 
overdose of aliphatic and piperidine phenothiazines, 
droperidol, haloperidol, loxapine, pimozide, quetiapine, 
risperidone, sertindole, and ziprasidone.?786877,103117 
The U.S. manufacturer of sertindole (Abbott Laboratories, 
North Chicago, IL) withdrew its new drug application for 
consideration by the Food and Drug Administration 
(FDA) due to concern that therapeutic dosing would be 
associated with TdP and sudden death. The rare 
association of ventricular arrhythmia (e.g., TdP) with 
therapeutic doses of droperidol (typically large doses) 
caused the FDA to issue a “black box” warning to U.S. 
health care practitioners in December 2001.!'° Sudden 
unexplained death has been described in otherwise 
healthy patients taking therapeutic doses of many 
antipsychotic drugs.!°4!!5"!7 These deaths are presumed 
to be the result of malignant ventricular arrhythmias 
(e.g., TdP).!6!!7 In one series of sudden death from 
antipsychotics, more than half were associated with 
thioridazine.!"* 

Myocarditis and cardiomyopathy have rarely been 
associated with the therapeutic use of antipsychotic 
agents. Ten cases of myocarditis, some with eosinophilic 
cellular infiltrates, have been described in association 
with clozapine; this adverse effect is rare, idiosyncratic, 
often occurs within 1 to 2 weeks of starting therapy, 
is likely the result of acute hypersensitivity, and may 
be fatale"? 


METABOLIC 

Recently, the therapeutic use of the benzepines (e.g., 
clozapine, olanzapine, and quetiapine) and aripiprazole 
has been associated with an increased risk for developing 
type 2 diabetes mellitus or diabetic ketoacidosis 
(DKA).!2°'*4 Numerous cases of fatal DKA or hyper- 
glycemic hyperosmolar nonketotic coma have been 
reported in patients taking either clozapine or 
olanzapine.'**!*9 African Americans appear to be affected 
disproportionately as compared with other races.'%° 
Hypertriglyceridemia has also been reported in patients 
taking olanzapine, clozapine, and quetiapine.'*!'°4 
Nonalcoholic steatohepatitis has been associated with 
the therapeutic use of olanzapine and risperidone, and 
pancreatitis has been associated with the use of 
clozapine.!?5136 Asymptomatic elevations of hepatic 
transaminases (both cholestatic and hepatitic pattern) 
have been reported with most neuroleptics.'87!°? These 
elevations are usually idiosyncratic, self-limiting, and 
typically occur during the first 3 months of therapy. Most 
atypical antipsychotics produce increased appetite and 
weight gain; these side effects occur most commonly 


with benzepine agents and are likely associated with the 
increased risk for acquired diabetes mellitus.!!4+°7 
Priapism, allergic dermatitis, photosensitivity, cholestatic 
jaundice, and pigmentation of the skin, cornea, lens, 
and retina have been associated with therapeutic 
phenothiazine use.' 


HEMATOLOGIC TOXICITY 

Agranulocytosis (absolute neutrophil count of less than 
500 per cubic millimeter) is a life-threatening idio- 
syncratic reaction that can rarely occur with phenothi- 
azine and clozapine therapy. Agranulocytosis occurs in 
approximately 1 in 10,000 patients taking chlorpromazine 
and 1 in 100 patients taking clozapine.'*°'* Early 
recognition (by regular white blood cell monitoring) 
and treatment (use of granulocyte colony-stimulating 
factor [G-CSF]) of clozapine-associated agranulocytosis 
has reduced its mortality to 3% to 4%.'°° Prompt 
treatment with the use of G-CSF and granulocyte- 
macrophage colony-stimulating factor (GM-CSF) has 
reduced the duration of granulocytopenia from a mean 
of 16 days to 8 days.'** Agranulocytosis has also been 
reported with the use of olanzapine, quetiapine, and 
risperidone.!**!*” Clozapine has been associated with an 
increased risk for thromboembolic disease.!** 


DIAGNOSIS 


The diagnosis of antipsychotic poisoning is based on a 
positive history of ingestion, suggestive physical findings, 
and supporting evidence from the ECG, laboratory, and 
other adjunctive tests. Physical findings that suggest 
antipsychotic agent toxicity include CNS and/or 
respiratory depression, anticholinergic stigmata, miosis, 
hypotension, and EPS. The presence of sinus tachycardia 
and/or repolarization abnormalities on ECG supports a 
history of antipsychotic agent poisoning. Phenothiazines 
and butyrophenones are radiopaque and often visible 
on abdominal radiographs. The use of abdominal 
radiography as a diagnostic aid is not recommended, 
however, since a normal radiograph does not rule out 
significant ingestion of these or other antipsychotic 
agents. Similarly, although the Forrest, ferric chloride, 
and Phenistix colorimetric urine tests can be positive in 
the setting of phenothiazine ingestion, the tests are both 
insensitive and nonspecific.'*? Thus, they should not be 
used to confirm or rule out ingestion of either 
phenothiazine or nonphenothiazine antipsychotics. 
Comprehensive screening of urine (using gas chro- 
matography and mass spectrometry) may be used to 
qualitatively confirm the presence of most antipsy- 
chotics. Comprehensive testing, however, is not routinely 
available at most hospitals, and results are often delayed 
beyond 4 to 6 hours. In addition, comprehensive tests 
have other limitations. False-negative results may occur 
with newer atypical agents or if testing is performed too 
early or late following exposure. For instance, a false- 
negative screen is likely to occur for a patient who 
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presents with EPS more than 24 hours after ingestion of 
a single antipsychotic tablet. Quantitative drug concen- 
trations can also be performed for most antipsychotic 
agents (usually from the drug manufacturer). Serum 
drug concentrations, however, will not guide therapy; 
they do not correlate well with clinical toxicity and are 
not readily available. It should be recognized that certain 
antipsychotics (e.g., chlorpromazine, mesoridazine, 
quetiapine, and thioridazine) will often produce false- 
positive results for tricyclic antidepressants on many 
commercial immunoassay screens for drugs of abuse.!”° 
The diagnosis of NMS is clinical and based on a 
positive history of antipsychotic exposure and suggestive 
physical findings. The adoption and use of standardized 
criteria to make the diagnosis is recommended 
(Box 38-1).9°%.!511>2 Fever and muscular rigidity should 
be present to make the diagnosis of NMS, and the 
diagnosis should not be made before other medical 
illnesses (e.g., CNS infection) have been excluded. 


Differential Diagnosis 


Toxicity from antipsychotic agents produces signs and 
symptoms that are similar to many toxicologic and 
nontoxicologic entities. The CNS and cardiovascular 
manifestations of antipsychotic overdose may be similar 
to effects produced by alcohols, antiarrhythmics, anti- 
cholinergics, antiepileptics, antihistamines, barbiturates, 
cyclic antidepressants, lithium, opiates, sedative-hypnotics, 
and skeletal muscle relaxants. Toxicity from chlorpro- 
mazine, loxapine, mesoridazine and thioridazine can 
be clinically indistinguishable from that of cyclic anti- 
depressants. CNS infection, traumatic head injury, 
cerebrovascular accidents, and metabolic disturbances 
should be considered and ruled out with appropriate 
testing. ADRs must be differentiated from anticholin- 
ergic, antiepileptic, and strychnine poisoning, CNS or 
oropharyngeal infections, hypocalcemia, hypomagnesemia, 
temporomandibular joint dislocations, cerebrovascular 
accidents, and conversion disorders. Akathisia may be 
mistaken for acute anxiety or agitation associated with 
underlying psychosis.' NMS must be differentiated from 
the anticholinergic, serotonin, and sedative-hypnotic 
withdrawal syndromes; poisoning by hallucinogens, 
lithium, monoamine oxidase inhibitors, strychnine, and 
sympathomimetics; and intracranial hemorrhage, thyro- 
toxicosis, heat stroke, pheochromocytoma, malignant 
hyperthermia, and lethal catatonia. 

Malignant hyperthermia should not be confused with 
NMS. Malignant hyperthermia is a rare, inherited disorder 
of skeletal muscle calcium metabolism. Exposure to certain 
anesthetic agents (e.g., succinylcholine, halothane) or 
stress precipitates enhanced release and impaired 
reuptake of calcium from the sarcoplasmic reticulum in 
skeletal muscle cells. The result is excessive excitation- 
contraction coupling and a syndrome of muscle rigidity 
and fever that may appear clinically similar to NMS. 
Unlike NMS, malignant hyperthermia is associated with 
general anesthesia and not antipsychotics. 
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BOX 38-1 


Criterion 3* 


A. Development of muscle rigidity and fever 
associated with the use of neuroleptics 


Criterion 2t 


A. Major: 
1. Fever 
2. Rigidity 
3. Elevated CPK 
concentration 
B. Minor: 
1. Tachycardia 
2. Abnormal arterial blood 
pressure 
. Tachypnea 
. Altered mental status 
. Diaphoresis 
. Leukocytosis 


Criterion 1* 


A. Treatment with neuroleptic agents within 
7 days of symptom onset (2—4 weeks for depot 
agents) 


B. Fever > 38° C B. At least two of the following: 
Change in level of consciousness 
Mutism 
Tachycardia 
Hypertension or labile blood pressure 
Diaphoresis 
Dysphagia 
Tremor 


C. Muscle rigidity 


D. Five of the following: 

. Change in mental status 

. Tachycardia 

. Hypertension or hypotension 
. Tachypnea or hypoxia 

. Diaphoresis or sialorrhea 

. Tremor 

. Incontinence 

. Increased CPK or myoglobinuria 
. Leukocytosis 

. Metabolic acidosis 


— 
OMOON DUBWN = 


CPK, creatine phosphokinase. 
*Data from reference 95. 

t Data from reference 152. 

+ Data from reference 151. 


MANAGEMENT 


Overdose 
OVERVIEW 


Treatment for antipsychotic agent poisoning is mainly 
supportive.°® Patients with significant CNS or respiratory 
depression should have their airway protected, breathing 
assisted, and cardiovascular support provided as 
necessary. All patients should have continuous cardiac 
monitoring, an intravenous (IV) line established, and an 
ECG performed. Supplemental oxygen, continuous 
pulse oximetry, and parenteral thiamine, dextrose (or 
rapid fingerstick glucose determination), and naloxone 
should be considered for patients with altered mental 
status or seizures. Semicomatose patients should be placed 
in the left lateral, head-down position to minimize the 
risk for aspiration. Frequent vital sign and neurologic 
evaluations are necessary. Routine laboratory analysis 
should include a complete blood count and measure- 


C. The presence of all three major 
criteria, or two major and three 
minor criteria indicate a high 
likelihood of NMS 

D. Symptoms are supported by 
an appropriate clinical history 


Incontinence 
Leukocytosis 
Laboratory evidence of muscle injury 
(e.g., elevated CPK) 

. Symptoms in A and B are not due to 
another substance or to a neurologic or 
general medical condition 


D. Symptoms in A and B are not better 
accounted for by a mental disorder 





ment of electrolytes, blood urea nitrogen, creatinine, 
glucose concentrations, and pregnancy testing for 
women of childbearing age. Serum acetaminophen and 
salicylate concentrations should be performed for all 
intentional overdose patients. For patients with seizures 
or hyperthermia, laboratory evaluation should also 
include an arterial blood gas, urinalysis, and measure- 
ment of serum creatine phosphokinase, calcium, and 
magnesium concentrations. A complete blood count 
should also be obtained on any patient who presents with 
a fever while taking clozapine or chlorpromazine. 


SEIZURES 

Seizures are often self-limited and may not require 
specific treatment. If prolonged or recurrent, seizures 
should be treated with benzodiazepines (e.g., lorazepam 
0.05 to 0.1 mg/kg IV). Barbiturates (e.g., phenobarbital 
10 to 20 mg/kg IV) are reserved for seizures refractory 
to benzodiazepine therapy. Pentobarbital coma may 
rarely be necessary for patients with status epilepticus 


associated with certain antipsychotics (e.g., loxapine). 
The efficacy and safety of phenytoin treatment for 
antipsychotic-associated seizures is unknown. Measure- 
ments of blood glucose concentration and core 
temperature are imperative for those with seizures. 


CARDIOVASCULAR 

Hypotension is treated initially by placing the patient in 
the Trendelenberg position and administering IV 
crystalloid boluses (10 to 40 mL/kg). o-Adrenergic 
agonists (e.g., norepinephrine, phenylephrine) are the 
preferred vasopressors for treatment of refractory 
hypotension. Dopamine, an indirect-acting vasopressor, 
may be ineffective and is not recommended as a first-line 
agent for hypotension. Central venous, peripheral arterial, 
or pulmonary arterial catheter monitoring is recom- 
mended for patients requiring prolonged vasopressor 
therapy. Intraventricular conduction delay (e.g., 
prolonged QRS on ECG) and ventricular arrhythmias 
should be treated with sodium bicarbonate (1 to 
2 mEq/kg IV bolus followed by intermittent boluses 
or continuous infusion).'°? Lidocaine (1 to 1.5 mg/kg 
IV) is an acceptable alternative or second-line agent for 
ventricular arrhythmias.'°* Types Ia (e.g., quinidine, 
procainamide), Ic (e.g., propafenone), II, MI (e.g., 
amiodarone), and IV antiarrhythmic agents should be 
avoided in patients with cardiac conduction disturbances 
and/or ventricular arrhythmias. Their use may 
potentiate such cardiotoxicity.!°* TdP ventricular 
tachycardia should be treated in the standard fashion 
(e.g., IV magnesium and/or lidocaine, overdrive pacing 
with isoproterenol or electrical pacing, correction of 
electrolyte disturbances).!°°!°8 Sinus tachycardia asso- 
ciated with antipsychotic poisoning does not require 
specific treatment. 


ANTICHOLINERGIC SYNDROME 

Physostigmine may be used to control agitation and 
reverse delirium in patients with the anticholinergic 
syndrome (ACS) from certain antipsychotics (see 
Chapter 39). It has been used successfully for patients 
with ACS associated with chlorpromazine, clozapine, 
olanzapine, and _thioridazine.°”°!59!6 Physostigmine 
is safe provided that the ECG does not demonstrate 
cardiac conduction disturbances (e.g., prolonged PR or 
ORS intervals) .'°’ Physostigmine should be given slowly 
IV (0.02 mg/kg in children, or 2 mg in adults) over 
3 minutes. Because the clinical duration of action of 
physostigmine is short (20 to 90 minutes) compared with 
that of antipsychotic agents, resolution of the anti- 
cholinergic stigmata after physostigmine administration 
should not alter patient disposition. Agitation associated 
with the ACS from antipsychotics may also be treated 
with benzodiazepines. 


DECONTAMINATION AND ENHANCED 

ELIMINATION 

Gastrointestinal decontamination should be initiated 
rapidly after patient stabilization. Single-dose adminis- 
tration of activated charcoal (1 g/kg orally or by naso- 
gastric tube) is the preferred method of gastrointestinal 
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decontamination. Orogastric lavage is not routinely 
recommended since the risk for death following acute 
neuroleptic overdose is very low. If performed, gastric 
lavage should be followed by the administration of 
activated charcoal. Due to slowed gut motility and delayed 
drug absorption produced by the anticholinergic effects 
of many antipsychotics, activated charcoal administration 
is still recommended when patients present several 
hours after an overdose. The clinical benefit of this 
recommendation, however, is likely minimal. Forced 
emesis, use of cathartics, whole bowel irrigation, and 
multiple-dose activated charcoal are not recommended 
for antipsychotic poisoning due to their low likelihood 
to provide clinical benefit. Extracorporeal removal 
techniques are not recommended as part of treatment for 
antipsychotic poisoning since these agents have large 
volumes of distribution and high plasma protein binding. 


Extrapyramidal Side Effects 
ADRS 


Treatment of ADRs may rarely require supplemental oxy- 
gen and assisted ventilation for patients with respiratory 
difficulty from laryngeal and pharyngeal dystonia. The 
usual treatment is parenteral administration of either 
diphenhydramine (1 mg/kg IV or IM) or benztropine 
(1 to 2 mg IV or IM in adults, or 0.02 to 0.05 mg/kg 
in pediatric patients). ADRs typically respond within 
5 to 10 minutes of IV anticholinergic administration, but 
repeat dosing may be necessary for its complete reso- 
lution. If dystonia does not respond to anticholinergic 
therapy, diazepam (0.1 mg/kg IV) or lorazepam (0.05 
to 1.0 mg/kg IV) may be effective. Following parenteral 
therapy, an oral anticholinergic agent should be 
administered for the next 48 to 72 hours to prevent 
dystonia recurrence.!°! 


AKATHISIA 

No treatment for akathisia is uniformly effective.*® 
Anticholinergic drugs significantly reduce the incidence 
of akathisia when administered prior to or concomitant 
with antipsychotic agents.’ Although recommended as 
first-line treatment for established akathisia, anticholin- 
ergic therapy often fails to provide consistent and 
adequate symptom relief.8!!° Alternatively, benzodi- 
azepines may provide effective symptom relief.®* Patients 
who develop akathisia but require chronic antipsychotic 
treatment may benefit from reduction of the anti- 
psychotic dose, substitution with another atypical agent, 
administration of propranolol (10 mg orally three times 
per day), clonidine (0.1 mg orally three times per day), 
cyproheptadine (16 mg/day), anticholinergic agents 
(e.g., benztropine or diphenhydramine), or benzodi- 
azepines (e.g., diazepam) .88-164167 


PARKINSONISM 

Drug-induced parkinsonism may be minimized by using 
low doses of traditional antipsychotics, changing to an 
atypical agent, or adding either an anticholinergic agent 
(e.g., benztropine or diphenhydramine) or one that 
enhances dopaminergic activity (e.g., amantadine) .*! 
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TARDIVE DYSKINESIA 

Once tardive dyskinesia (TD) develops, it is difficult to 
treat and may be irreversible. The best treatment is to 
minimize its risk for occurrence.'® Antipsychotic drugs 
should be administered at the lowest possible effective 
doses, and periodic reevaluation should be performed to 
determine the continued need for antipsychotic therapy 
and evaluate for the earliest signs of TD.*!'°8 Because TD 
is a progressively irreversible disorder, early detection 
and prompt antipsychotic withdrawal will increase the 
likelihood of complete recovery. Atypical agents should 
preferentially be used for long-term therapy since 
they have a lower propensity for producing TD. 
Anticholinergic agents will exacerbate TD and should 
not be used.! While higher doses of antipsychotic agents 
will temporarily relieve the symptoms of TD, this 
treatment is discouraged because it will further enhance 
dopamine receptor dysfunction and lead to worsening 
dyskinesia. 181-168 


NEUROLEPTIC MALIGNANT SYNDROME 
Successful treatment of neuroleptic malignant syndrome 
(NMS) requires prompt recognition, immediate with- 
drawal of antipsychotic and NMS-potentiating drugs 
(e.g., lithium or anticholinergics), exclusion of other 
medical conditions that could simulate or complicate 
NMS, and the provision of good supportive care. Good 
supportive care necessitates the provision of adequate 
ventilation and oxygenation, rehydration, aggressive 
temperature reduction, nutritional support, low-dose 
heparin to prevent thromboembolic disease, antibiotics 
to treat concurrent infection, and treatment of 
cardiopulmonary, metabolic, and renal complications.” 
Gastrointestinal decontamination is not necessary since 
NMS is associated with therapeutic dosing of anti- 
psychotic agents. Empirical antibiotic administration is 
prudent due to the difficulty in differentiating NMS from 
a systemic infectious process and the high incidence of 
concurrent infection. Prophylactic intubation should be 
strongly considered for patients with excessive sialorrhea, 
swallowing dysfunction, coma, hypoxia, acidosis, or 
muscular rigidity associated with their hyperthermia. 

The role of specific pharmacotherapies for NMS is 
controversial since most data on individual agent efficacy 
comes from retrospective studies and case reports. 
Although each therapy has been reported effective 
anecdotally in the management of NMS, none has been 
consistently beneficial or clearly superior to supportive 
care alone.9**?9'© Specific treatment measures include 
dantrolene, nondepolarizing neuromuscular paralysis, 
benzodiazepines, bromocriptine, amantadine, levodopa/ 
carbidopa, nifedipine, nitroprusside, and ECT. 

Anticholinergic agents are not recommended for 
treatment of NMS; they are considered ineffective and 
may worsen hyperthermia.3™4% One retrospective study 
in children and adolescents with NMS, however, noted a 
reduction in the duration of illness associated with the 
use of anticholinergic agents.” 

Dantrolene is a hydantoin derivative that inhibits 
the release of ionized calcium from the sarcoplasmic 
reticulum. It causes direct muscle relaxation by 


uncoupling excitation-contraction in the skeletal muscle. 
It is used to control NMS-associated rigidity and 
hyperthermia. It can be administered orally or intra- 
venously. While the initial dosing is 1 to 2.5 mg/kg every 
6 hours, doses up to 10 mg/kg/day are considered 
safe.949517.171 Dantrolene should be continued until the 
signs and symptoms of NMS resolve. 

Bromocriptine, a dopamine receptor agonist, is given 
orally three times daily (2.5 to 10 mg/dose).9*%°9 
Amantadine, which enhances presynaptic dopamine 
release, is given orally two times per day (100 to 200 mg 
per dose).°*°°°9 Levodopa/carbidopa, which increases 
presynaptic dopamine stores, is given orally three to four 
times daily (25/250 mg per dose). Dopamine agonists 
are given alone or in conjunction with dantrolene or 
other muscle relaxants. For both dantrolene and 
dopamine agonist therapy, it is recommended that 
treatment be tapered over a period of days.°?! Signs of 
NMS have returned when pharmacotherapies have been 
abruptly discontinued.!” 

In one retrospective analysis of 67 cases of NMS, 
dantrolene or bromocriptine reduced mean times to 
improvement and complete resolution of toxicity as 
compared with supportive care alone.'”4 Mean response 
time to clinical improvement was 1.0 day for 
bromocriptine, 1.7 days for dantrolene, and 6.8 days for 
supportive care alone. Mean time to complete resolution 
was 9.0 days for dantrolene, 9.8 days for bromocriptine, 
and 15.8 days for supportive care alone. A prospective 
nonrandomized study of 20 patients with NMS, however, 
demonstrated a more prolonged illness and greater 
complication rates with bromocriptine or dantrolene 
treatment as compared with supportive care alone.!” 
The mean duration of illness was 9.9 days for patients 
receiving bromocriptine/dantrolene versus 6.8 days for 
patients receiving supportive care. In retrospective 
analyses, dopamine agonists have been reported to 
reduce NMS mortality rates significantly, from 21% to 
9.2% 17177 The addition of dantrolene to bromocriptine 
treatment does not offer additional survival advantage. 

ECT has been employed successfully for NMS. In one 
review of 29 patients, a positive response occurred in 
83% of patients.!”8 Some suggest that the mortality rate 
of NMS patients treated with ECT is lower than that of 
patients treated supportively.'”* ECT should be reserved 
for severely affected patients since this therapy has been 
associated with cardiac arrhythmias, cerebral edema, and 
death.” 

Prompt reduction of NMS-associated muscle rigidity 
and hyperthermia can be expected to minimize the risk 
for rhabdomyolysis, renal failure, pneumonia, respi- 
ratory failure, disseminated intravascular coagulation, 
and cardiovascular collapse. These complications are 
responsible for most NMS-associated deaths, and, thus, 
their prevention is paramount. Since NMS-associated 
hyperthermia occurs primarily from muscular rigidity, 
rapid peripheral muscle relaxation is imperative. 
Dantrolene and bromocriptine take a day or more to 
achieve fever reduction. Nondepolarizing neuromuscular 
paralysis will provide rapid, predictable, and effective 
resolution of rigidity and fever and should be the first- 


line treatment for patients who have severe hyper- 
thermia (e.g., core temperature greater than or equal to 
40° C). Pancuronium administration has been effective 
for the rapid control of fever and rigidity in patients with 
severe NMS.!”° 

For patients with less severe NMS, a logical first 
approach to the management of fever and rigidity is the 
administration of benzodiazepines (e.g., diazepam 0.1 to 
0.4 mg/kg or lorazepam 0.05 to 0.1 mg/kg IV) coupled 
with antipyretics, evaporative cooling, ice packs, and 
cooled IV fluids.'®° The addition of dopamine agonist 
therapy and dantrolene may be helpful. If muscle rigidity 
persists and core temperature reaches 40° C despite 
these therapies, neuromuscular paralysis with a 
nondepolarizing paralytic agent is recommended. The 
level of intervention depends on the severity of illness. 


Disposition 


Most patients with pure neuroleptic overdose develop 
only mild toxicity and are medically safe for psychiatric 
evaluation and disposition after an observation period 
of 4 to 6 hours in the emergency department. Patients 
who have continued evidence of mild toxicity (e.g., sinus 
tachycardia, mild CNS depression, QTc prolongation) 
at 6 hours should be admitted to a monitored bed 
for continued observation. Patients with evidence of 
moderate or severe toxicity at any time (e.g., significant 
CNS and/or respiratory depression, cardiac arrhythmias 
or conduction disturbances, acidosis, prolonged 
hypotension, seizures, ACS) should be admitted to the 
intensive care unit for supportive care. Due to its 
significant associated morbidity, all patients suspected of 
having NMS should be admitted initially to the intensive 
care unit. 
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3 9 Anticholinergics and Antihistamines 


MARK A. KIRK, MD m ALEXANDER B. BAER, MD 


At a Glance... 


m = Anticholinergic and sedating antihistamine agent poisoning is 
common and should be included in the differential diagnosis of 
any patient with an altered mental status and sinus tachycardia, 
particularly those with agitated delirium. 

m = The diagnosis of the anticholinergic syndrome is based on the 
clinical examination; the absence of patient sweating is a key 
physical finding. 

m The majority of patients with anticholinergic poisoning have a 
good outcome with supportive care. 

m Treatment with physostigmine is indicated for select patients 
with agitated delirium and the absence of conduction 
disturbances on the electrocardiogram. 


INTRODUCTION AND RELEVANT 
HISTORY 


Anticholinergic drugs and plants have a distinct place in 
world history. Marc Anthony’s military troops were neu- 
tralized and defeated after ingesting hallucinogenic 
anticholinergic plants. In 1676, a witness wrote of British 
soldiers’ antics after they had consumed salad containing 
Datura stramonium. His account is a vivid description of 
anticholinergic poisoning’: 


. some of them eat plentiful of it [James-town 
weed], the Effect of which was a very pleasant 
Comedy; for they turn’d natural Fools upon it for 
several Days: One would blow up a Feather in the Air: 
another wou'd dart Straws at it with much Fury; and 
another stark naked was sitting up in a Corner, like a 
Monkey, grinning and making Mows at them; a 
Fourth would fondly kiss, and paw his Companions, 
and snear in their faces .. . and after Eleven Days 
return’d to themselves again, not remembring any 
thing that had pass’d. 


In the world of crime, scopolamine has been “truth 
serum, “date-rape drug,” and “knockout drops” for 
great detective novels. In the real world, it has produced 
temporary psychosis so that victims could be robbed. 
Analgesia for broken bones and cure for the common 
cold are only a few of the historical uses of anticholin- 
ergic drugs. These drugs continue to contribute to mod- 
ern medicine. 

Today, many classes of prescription and over-the- 
counter medications have anticholinergic properties. 
Anticholinergic effects are the desired therapeutic 
actions for some medications but may occur as unin- 
tended or exaggerated adverse drug effects for others. In 
addition to medications, a number of plants and mush- 


rooms contain anticholinergic alkaloids. Some may 
be ingested deliberately for their mind-altering effects. 
Others may be added to illicit drugs to enhance the 
drug experience but produce inadvertent effects. For 
instance, scopolamine-tainted heroin*® and atropine- 
adulterated cocaine? has led to hospitalizations for anti- 
cholinergic poisoning. Anticholinergic toxicity has also 
been associated with the use of herbal supplements.° 
Antihistamines are a diverse group of medications, most 
with potent anticholinergic effects and numerous other 
pharmacologic activities. 

The clinical syndrome of anticholinergic poisoning 
is one of the most common and readily recognized 
toxidromes. The ability to identify the signs and symp- 
toms of this syndrome and differentiate it from other 
drug intoxications and medical illnesses is a basic skill 
that is necessary for all health care practitioners that care 
for poisoned patients. 


CLASSIFICATION AND STRUCTURE 


Anticholinergics 


Anticholinergic (antimuscarinic) agents may be classified 
by their source (natural, semisynthetic, or synthetic) or 
structure (tertiary amine or quaternary ammonium com- 
pounds). The naturally occurring agents, atropine (d,-+ 
hyoscyamine) and scopolamine (thyoscine), are tropane 
alkaloids of the belladonna (family Solanaceae) plants.® 
Specifically, atropine and scopolamine are esters of tropic 
acid (aromatic acid) and tropine and scopine (organic 
bases), respectively (Fig. 39-1). Semisynthetic derivatives 
are created by the addition of a different organic base to 
tropic acid or a methyl group to the base’s nitrogen. 
Synthetic derivatives have a wide variety of structures but 
maintain the ester bond in close proximity to a nitrogen 
to preserve anticholinergic activity. In general, anti- 
cholinergic activity requires the presence of a tertiary or 
quaternary amino group linked by two or three carbons 
to an ester, ether, or nitrogen and one or more aromatic 
rings (see Fig. 39-1). Embedded in each anticholinergic 
compound is a portion that resembles the structure of 
acetylcholine, which allows for competitive binding at 
muscarinic receptors. The most potent antimuscarinic 
agents have an ester and -OH group in close proximity to 
the amino group. 

Antimuscarinic compounds contain a tertiary amine 
or quaternary ammonium structure. The tertiary amines 
are readily absorbed from the gastrointestinal (GI) tract 
and freely cross the blood-brain barrier (BBB). Quater- 
nary ammonium compounds, however, have a charge on 
their nitrogen and are, thus, not well absorbed from the 
GI tract and penetrate the BBB poorly. Quaternary deriv- 
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atives, however, have more potency at both muscarinic 
and nicotinic receptors. The charge, like that of acetyl- 
choline, enables greater attraction to the anionic active 
site of target receptors. 


Antihistamines 


H,-receptor antagonists are typically divided into six 
structural classes. They include ethanolamines (diphen- 
hydramine), ethylenediamines (pyrilamine), alkylamines 
(chlorpheniramine), piperazines (hydroxyzine), pheno- 
thiazines (promethazine), and piperidines (loratadine, 
acrivastine, cetirizine, and fexofenadine). Although 
potent antihistamines, doxepin (a dibenzoxepine) and 
other tricyclic antidepressants (TCAs) are classified by 
their other drug effects and considered separately (see 
Chapter 27). Except for the novel class of piperidines, all 
first-generation agents readily cross the BBB and are 
often referred to as sedating antihistamines. 

First-generation H,-receptor antagonists have a tertiary 
amino group connected by two or three carbons to a 
nitrogen or ether link and then two to three aromatic 
rings (Fig. 39-2).’ Like histamine, antihistamines have a 
B-aminoethyl side chain. Unlike histamine, antihistamines 
have substitutions on their amino group and more than 
a single aromatic ring. As shown in Figures 39-1 and 
39-2, sedating antihistamines possess the structural 
characteristics necessary to bind and competitively antag- 
onize muscarinic receptors (tertiary amine linked by an 
ethyl group to an aromatic ring). This large overlap of 
structure accounts for a large overlap in pharmacologic 
and toxic effects and is why these agents are considered 
together. 


Agents That Produce the 
Anticholinergic Syndrome 
Both pharmaceutical agents and plants may cause 


significant anticholinergic toxicity (Box 39-1). For many 
medications, such as the GI antispasmodics or the local 


(Ar is aryl, X is an ester, ether, 
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mydriatics, the anticholinergic properties produce the 
desired therapeutic effect for the drug. Hence, many 
of the primary pharmacologic effects are not considered 
toxic. The desired therapeutic effects of other medica- 
tions (e.g., antipsychotics and antiparkinsonian drugs), 
however, are not the anticholinergic manifestations. 
Thus, mydriasis, constipation, tachycardia, and dry 
mouth are frequently considered adverse effects. The 
more potent the anticholinergic binding relative to 
other drug effects, the more likely the antimuscarinic 
side effects will occur with therapeutic drug dosing. 

Combining medications with anticholinergic prop- 
erties produces synergistic effects.*’° For example, when 
antiparkinsonian medications are administered in com- 
bination with phenothiazines to prevent the occurrence 
of undesirable extrapyramidal reactions, this greatly 
increases the incidence of toxic confusional states.!! 
Small changes in the dose of either drug may precipitate 
the central anticholinergic syndrome in a previously 
unaffected individual.!* Many over-the-counter medica- 
tions have anticholinergic properties and can precipitate 
the anticholinergic syndrome when ingested by an 
unknowing layperson who is already prescribed an agent 
with antimuscarinic activity. For example, the combined 
use of oral diphenhydramine with topical application 
of Caladryl lotion (calamine lotion and diphenhy- 
dramine [Parke-Davis, Morris Plains, NJ]) has produced 
central anticholinergic toxicity in children.!*° 

An unusual form of toxicity involves the use of 
transdermal scopolamine patches.'® Several cases of the 
central anticholinergic syndrome have been reported in 
adults and children using the patches for treatment of 
motion sickness. Accidental instillation of the drug into 
the eyes has occurred after manipulation of the patch. 
This has resulted in a unilateral fixed dilated pupil or 
bilateral fixed dilated pupils without focal neurologic 
changes.!7!® This finding is also known as the “corn- 
picker’s pupil” and has been described in cornfield 
workers who have unintentionally rubbed pulverized jim- 
sonweed in their eyes during harvesting.'? An additional 
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BOX 39-1 


Plants and Mushrooms 


Atropa belladonna (Deadly nightshade) 
Datura stramomium (Jimsonweed) 
Mandrigora officinarum (Mandrake) 
Hyoscyamine niger (Henbane) 
Amanita muscaria (Fly agaric) 
Amanita pantherina (Panther) 


Belladonna Alkaloids and Related Synthetic Compounds 


Atropine 
Scopolamine 
Glycopyrrolate (Robinul) 


Antispasmodics 


Clidinium bromide (Librax) 
Dicyclomine (Bentyl) 


Propantheline bromide (Pro-Banthine) 
Methantheline bromide (Banthine) 
Flavoxate (Urispas) 

Oxybutynin (Ditropan) 


Antiparkinsonism Medications 


Benztropine mesylate (Cogentin) 
Biperiden (Akineton) 
Trihexyphenidyl (Artane) 


Local Mydriatics 


Cyclopentolate (Cyclogyl) 
Homatropine (Isopto Homatropine) 
Tropicamide (Mydriacyl) 


Muscle Relaxants 


Cyclobenzaprine (Flexeril) 
Orphenadrine (Norflex) 





method of systemic anticholinergic toxicity involves 
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Antihistamines 


Brompheniramine (Dimetane) 
Chlorpheniramine (Ornade, Chlor-Trimeton) 
Cyclizine (Marezine) 

Dimenhydrinate (Dramamine) 
Diphenhydramine (Benadryl, Caladryl) 
Hydroxyzine (Atarax) 

Meclizine (Antivert) 


Antipsychotics 


Chlorpromazine (Thorazine) 
Clozapine (Clozaril) 
Loxapine (Loxitane) 
Mesoridazine (Serentil) 
Olanzapine (Zyprexa) 
Thioridazine (Mallaril) 


Over-the-Counter Sleep Aids 


Diphenhyramine (Benadryl) 
Doxylamine (Unisom) 


Cyclic Antidepressants 
Amitriptyline (Elavil) 
Clomipramine (Anafranil) 
Doxepin (Sinequan) 
Imipramine (Tofranil) 


Others 


Amantadine (Symmetrel) 
Carbamazepine (Tegretol) 
Cyproheptadine (Periactin) 
Ipratropium (Atrovent) 


Scopolamine eyedrops have allegedly been used 


the absorption of ophthalmologic agents or nasal decon- deliberately to disorient subsequent victims of theft.** 
gestants through the conjunctiva, nasal mucosa, or GI The victim is often found naked, disoriented, hallu- 
tract.?0-21 cinating, and amnestic to the events before hospital- 
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ization. Scopolamine was believed to have been placed in 
a beverage ingested by the victim.*? Many toxicologic 
laboratories do not routinely screen for scopolamine; 
therefore, these patients had negative results on toxico- 
logic screens. 

Both anticholinergic pharmaceuticals and plants may 
be abused. Central anticholinergic effects of intentional 
ingestion may produce euphoria and hallucinogenic 
effects.** It has been proposed that a physiologic depen- 
dence and the development of withdrawal symptoms 
exist when the agent is withheld.** Among the most 
frequently reported anticholinergic drugs abused are the 
antiparkinsonian agents trihexyphenidyl and benztropine 
mesylate. These drugs have potent dopamine reuptake 
inhibition. The resulting dopamine excess is a proposed 
mechanism for craving of many abused drugs.”?° Drug 
seekers may feign extrapyramidal symptoms to receive 
additional anticholinergic agents.24?7°° 

Many types of plants contain alkaloids that produce 
anticholinergic stigmata in humans. Most of these are 
found in the family Solanaceae, which include the genera 
Atropa, Datura, Hyoscyamus, Lycium, and Solanum. The 
principal alkaloids found in these plants include solanine, 
atropine (a racemic mixture of d- and -hyoscyamine, of 
which only the levorotatory isomer is pharmacologically 
active), and scopolamine (+thyoscine). The mushrooms 
Amanita muscaria and Amanita pantherina have rarely 
been reported to cause anticholinergic or cholinergic 
toxicity. Anticholinergic effects can be severe but are 
rarely the prominent finding with poisoning by these 
mushrooms (see Chapter 23).°' The alkaloid content of 
each species and each plant varies greatly and depends 
on many parameters such as the time of year, the 
available moisture, and the temperature. For this reason, 
it is very difficult to determine predicted toxicity in 
relation to the amount and the origin of the plant 
material. Recreational abusers of anticholinergic mush- 
rooms and D. stramonium (jimsonweed) are unable to 
titrate the dose of ingested substance because of this 
tremendous biologic variability and, therefore, are prone 
to severe anticholinergic poisoning. 


PHARMACOLOGY 


Anticholinergics 


Acetylcholine is an endogenous neurotransmitter found 
in various synaptic sites and neuroeffector junctions 
(e.g., secretory glands and smooth and cardiac muscle) 
in the central and peripheral nervous systems.° The 
actions of acetylcholine are mediated by muscarinic and 
nicotinic cholinergic receptors. Muscarinic receptor sites 
are in the brain (e.g., cerebral cortex, thalamus, hip- 
pocampus, reticular activating system), postganglionic 
parasympathetic nervous system, and select post- 
ganglionic sympathetic nervous system sites (e.g., sweat 
glands). Nicotinic receptors are located at the skeletal 
muscle motor end plate and spinal cord and autonomic 
ganglia.** There are five subtypes of muscarinic receptors 
(M,_;) and all are transmembrane proteins that interact 


with G proteins.** Acetylcholine binds to and activates 
muscarinic receptors, and the result is stimulation or 
inhibition of cellular function. Nicotinic receptors are 
ligand-gated cation channels in autonomic ganglia and 
postsynaptic membranes. Their activation results in in- 
creased permeability to sodium and calcium ions, 
depolarization, and excitation. Nicotinic receptor activa- 
tion is responsible for enhanced autonomic neuro- 
transmission and skeletal muscle contraction. Acetyl- 
choline is inactivated when metabolized at the synaptic 
cleft by the enzyme acetylcholinesterase. 
Anticholinergic drugs block acetylcholine’s action by 
competitively binding to and blocking muscarinic re- 
ceptors. Receptor blockade and clinical effects are dose 
dependent. Clinical effects, however, are nonuniform 
since there is variable sensitivity of the neuroeffector 
organ sites to blockade by muscarinic receptor antag- 
onists.° Differential sensitivity is largely from the variable 
parasympathetic tone of each organ system but is also 
influenced by the effects of other neuronal inputs and 
the ability of the drug to reach the end organ. In general, 
small doses of anticholinergic drugs decrease secretions 
of the sweat, bronchial, and salivary glands. Larger doses 
produce mydriasis, cycloplegia, and increased heart rate 
from blockade of the sphincter muscle of the iris, ciliary 
muscle of the lens, and vagus nerve innervation to the 
heart, respectively. Even larger doses cause urinary 
retention and ileus from depressed bladder tone and GI 
motility, respectively. These classic peripheral anti- 
cholinergic effects are caused by blocking postganglionic 
cholinergic nerves and predominate in most cases of 
acute poisoning.”? Cholinergic neurons are spread widely 
through the cerebral cortex and subcortical areas. 
Because of this ubiquitous distribution, they likely have a 
role in regulation and modulation of other neuro- 
transmitters.** Central cholinergic pathways are impor- 
tant to memory, wake-sleep cycle, alertness, and orien- 
tation and for fine-tuning motor movements. Central 
anticholinergic syndrome refers to an acute psychosis or 
delirium resulting from inhibition of central cholinergic 
transmission. The degree of central anticholinergic activ- 
ity is related to a medication’s ability to cross the BBB. 
Muscarinic antagonists are highly selective for 
muscarinic over nicotinic sites. Thus, the nicotinic 
receptors at autonomic ganglia and the motor end plates 
are unaffected by drugs that block muscarinic receptors. 


Antihistamines 


Histamine is a mediator of the allergic response, a reg- 
ulator of gastric acid secretion, and a central nervous 
system (CNS) neurotransmitter.” Four distinct receptors 
have been identified (H,, Hə, Hs H4). Stimulation of 
H, receptors constricts bronchioles, dilates peripheral 
vasculature, increases vascular permeability, and triggers 
proinflammatory effects through B cells, T cells, mono- 
cytes, and lymphocytes.*® Hı receptors have also been 
detected in the brain, GI tract, and genitourinary 
tract. H, receptors are primarily regulators of gastric acid 
secretion but are also present in the brain, lymphoid 
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cells, and uterus. In the CNS, histamine (H; and Hbo) 
modulates activities such as arousal, thermoregulation, 
and neuroendocrine and vegetative functions that are 
controlled by the neocortex, hypothalamus, and hip- 
pocampus.*° H, receptors are expressed in the brain and 
the bronchial smooth muscle and are presynaptic re- 
gulators of synthesis and release of histamine into the 
synapse. The recently characterized H, receptor is 
expressed on mononuclear cells, neutrophils, eosino- 
phils, mast cells, and resting cluster of differentiation 
CD, T lymphocytes. 

The antihistamines are reversible competitive in- 
hibitors of H,-histamine receptors.” Except for the 
newer, second-generation piperidines, all first-gene- 
ration agents readily cross the BBB and produce both 
CNS excitation and depression. All H, antagonists 
inhibit both the early vasodilatory effects and later 
vasoconstrictive effects of histamine. In addition, these 
agents block histamine-mediated increases in capillary 
permeability, pruritus, and salivary, lacrimal, and other 
exocrine secretions. First-generation antihistamines (but 
not second-generation agents) are also competitive 
antagonists at both central and peripheral muscarinic 
receptors and produce clinical effects that are often 
clinically indistinguishable from those of other anti- 
cholinergic drugs. Therapeutic antimuscarinic effects 
are likely responsible for the prevention of motion 





sickness with these agents. In addition, antihistamines 
alter cortical neurons and block fast-sodium channels. 
These effects cause CNS symptoms, local anesthetic 
effects, and cardiac conduction abnormalities.3%38 Di- 
phenhydramine and orphenadrine have been associated 
with QRS prolongation following overdose.” Prometh- 
azine and other phenothiazines have ,-adrenergic 
blocking effects, which may result in hypotension. The 
piperidines block the outward potassium rectifier cur- 
rent of cardiac cells, and may result in QTc prolongation 
and torsades de pointes—type cardiac dysrhythmias. 
Some H, antagonists affect serotonin receptors. Spe- 
cifically, cyproheptadine is a competitive antagonist at 
5-HT,- and 5-HT.-serotonin receptors.” 


PHARMACOKINETICS 


Relevant pharmacokinetic parameters for the anti- 
cholinergic and antihistaminergic agents are listed in 
Table 39-1. Clinical toxicity is usually evident within 
1 to 4 hours after ingestion of these agents, but the 
severity and duration of toxic effects are highly variable. 
The pharmacokinetic parameters of these agents may 
change significantly after overdose. Anticholinergic 
agents decrease gut motility and may produce delayed, 
erratic, and prolonged absorption with excessive doses. 





Pharmacokinetic Parameters of Common Anticholinergic and Antihistaminergic Compounds* 


ROUTES OF TIME TO 
ADMINISTRATION PEAK AFTER 
GENERIC NAME AND THERAPEUTIC ORAL DOSING 
(TRADE NAME) DOSING FOR ADULTS (hr) 
Anticholinergic 
Agents 
dl-Hyoscyamine Oral: 0.3-1.2 mg q 4-6 hr 1-2 
(Atropine) ETT: 0.6-2 mg 
Ophtho: 1 drop of 1%-2% 
solution up to tid 
IM/IV 0.04 mg/kg 
(0.5-1 mg, up to 3 mg) 
Benztropine Oral/IV/IM: 1-2 mg bid — 
(Cogentin) to tid 
Biperiden Oral/IV/IM: 2-16 mg/day 1.5 
(Akineton) 


Cyclobenzaprine 
(Flexeril, Lisseril) 


Oral: 10-20 mg bid to tid 3.8 


Dicyclomine Oral/IM: 10-40 mg tid 1.5-2 
(Bentyl) to qid 

Orphenadrine Oral/IM/IV: 25-100 mg 3 
(Disipal, Norflex, bid to tid 
Norgesic) 

Oxybutynin Oral: 5-20 mg/day 1-2 
(Cystrin, Ditropan, divided qd to gid 
Tropax) 

Scopolamine Oral/IM: 0.01-0.5 mg 1 
(Hyoscine, single dose; 
Transderm Transdermal patch: 1.5 mg 
Scop, Donnatol) q 3 days 

Trihexylphenidy| Oral: 2-15 mg/day, 1-2 


(Artane, Bentex, divided qd to bid 


Broflex, Parkinane) 


ELIMINATION PROTEIN 

HALF-LIFE BINDING Vd ROUTE OF ACTIVE 

(hr) (%) (L/kg) METABOLISM METABOLITE 
3-4 4.9-23 2.3-3.9 Hepatic Yes 
18-24 — 20-28 Hepatic — 
24 97 — Hepatic Yes 
5 — — Renal — 
13-20 20 4.3-7.8 Hepatic; Yes 

renal (8%) 

2-5 — 1.3-2.8 Hepatic Yes 
2-6 10 1.4-2.0 Hepatic No 
24-41 — — Hepatic — 
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Pharmacokinetic Parameters of Common Anticholinergic and Antihistaminergic Compounds* (Cont'd) 





ROUTES OF TIME TO 
ADMINISTRATION PEAK AFTER ELIMINATION PROTEIN 
GENERIC NAME AND THERAPEUTIC ORAL DOSING HALF-LIFE BINDING Vd ROUTE OF ACTIVE 
(TRADE NAME) DOSING FOR ADULTS (hr) (hr) (%) (L/kg) METABOLISM METABOLITE 
Sedating H1 
Antihistamines 
Brompheniramine Oral/IM/IV 4 mg 4-6 hr 3-5 25 — 9-15 Hepatic (90%); Yes 
(Dimetane, Puretane) renal (10%) 
Chlorpheniramine Oral/IM: 0.5-8 mg qd 2-3 12—43 72 59 Hepatic Yes 
to tid 
Clemastine (Tavist) Oral:1-2 mg qd to tid 2-3 21 — 7-16 Hepatic Yes 
Cyclizine (Marezine) Oral/IM: 50 mg q 4-6 hr 2 7-24 75 13-21 Hepatic Yes 
Cyproheptadine Oral: 4 mg tid — — — — Hepatic — 
(Periactin) 
Diphenhydramine Oral/IM/IV: 25-50 mg tid 1-4 3-14 78-98 3-4 Hepatic Yes 
(Benadryl) to qid; 1 mg/kg/dose 
Doxylamine Oral: 12.5-25 mg q 4-6 hr 1-4 10 — 27 Hepatic; renal — 
(Bendectin, Diclectin, 
Unisom, Nyquil) 
Hydroxyzine (Atarax, Oral/IM: 25-100 mg tid 2 13-27 — 13-31 Hepatic Yes 
Vistaril) to qid 
Meclizine (Antivert, Oral: 12.5-50 mg/day, 4 — — — Hepatic No 
Bonamine, Bonine, divided bid to tid 
Dramamine) 
Promethazine Oral/IM/IV rectal: 12.5- 2-3 9-19 95 7-19 Hepatic Yes 
(Phenergan, Remsed, 25 mg tid 
Zipan) 
Pyrilamine (Midol- Oral: 25 mg tid to gid — — — — Hepatic — 
PMS, Robitussin 
Night Relief) 
Tripelennamine Oral: 25-50 mg bid to qid 2-3 2.9-5.3 — 9-12 Hepatic — 
(Pyribenzamine) 
Triprolidine (Actifed) Oral: 1.25-2.5 mg q 4-6 hr 2 1.2-3.3 — 6-9 Hepatic — 
Nonsedating H1 
Antihistamines 
Acrivastine (Duact, Oral: 4-12 mg qd to qid 1-2 1.7-3.5 50 0.6 Renal (67%); Yes 
Semprex-D) hepatic; fecal 
Cetirizine (Zyrtec) Oral: 5-10 mg qd 1 6.5-10 93-98 0.58 Renal (70%); No 
hepatic; fecal 
(10%) 
Desloratadine Oral: 5 mg qd 3-6 21-27 82-87 10-30 Hepatic Yes 
(Clarinex) 
Loratadine (Alavert, Oral: 10 mg qd 2 3-20 37 32-261 Hepatic Yes 
Claritin) 
Fexofenadine Oral: 60 mg bid 2—4 9-20 60-70 12 Fecal (80%); No 
(Allegra) renal (10%) 
H, Antihistamines 
Cimetidine (Tagamet) Oral/IM/IV: 1200-2400 mg/ 0.5-3 1—4 18-26 1.4 Renal (35%-60%); No 
day, divided bid to tid hepatic (30%) 
Famotidine (Pepcid) Oral: 20-40 mg qd to bid 1-2 2—4 15-22 1-1.3 Renal — 
(25%-70%); 
hepatic 
(30%-35%) 
Nizatidine (Axid) Oral: 150-300 qd to bid 0.5-3 1.3-1.7 30 1.2-1.8 Renal (70%); No 
renal (10%) 
Ranitidine (Zantac) Oral: 150-300 mg qd 0.5-2.0 2 15 15 Renal (60%); No 


to bid hepatic (30%) 


*Pharmacokinetic data may be inaccurate when applied to overdose situation. Anticholinergic agent-induced decreased gut motility may create 
delayed and prolonged absorption following oral ingestion. 

—,data not available; bid, twice daily; ETT, endotracheal tube; IM, intramuscularly; IV, intravenously; Ophtho, ophthalmic. 

Pharmacokinetic data obtained from references 94 and 95. 
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SPECIAL POPULATIONS: PREGNANCY 
AND LACTATION 


Most anticholinergic and antihistaminergic drugs are 
categorized as Class B or C by the U.S. Food and Drug 
Administration. Although largely unknown, most agents 
are likely secreted into breast milk as suggested by their 
large volumes of distribution. 


DIPHENHY DRAMINE 

There is one case-control study in which there was a 
slight statistical association between cleft palate and 
diphenhydramine exposure in the first trimester. Other 
than this single study, the vast majority of animal and 
human data support the safe usage of diphenhydramine 
in pregnancy. Diphenhydramine is excreted into human 
breast milk, and the manufacturer concludes that the 
drug is contraindicated in nursing mothers.” 


CIMETIDINE 

Although the use of cimetidine in pregnancy has not 
been associated with congenital malformations, multiple 
animal studies and one human study of nonpregnant 
patients suggest an antiandrogen effect in the form of 
decreased prostate, seminal vesicle, and testes size and 
decreased human libido. Cimetidine is excreted into 
breast milk, but the effect on the infant is unknown. 


ATROPINE 

Atropine readily crosses the placenta. No fetal or 
neonatal adverse effects were noted in two human 
studies in which atropine was used to reduce gastric 
secretions before cesarean section. The largest study of 
fetal exposure to atropine demonstrated no associated 
congenital anomalies. Another smaller study, however, 
demonstrated a possible association of atropine expo- 
sure to neonatal limb reduction, but other factors could 
have contributed as well.*° 


TOXICOLOGY 


Clinical Manifestations 


Although anticholinergic agents often have activity at 
sites other than muscarinic receptors, the major clinical 
toxicity from these agents is the anticholinergic 
syndrome. Manifestations are divided into peripheral 
and central antimuscarinic effects (Box 39-2). Peripheral 
manifestations include (1) thirst, dry mucous mem- 
branes and hot, dry skin from inhibition of secretions 
from salivary glands, bronchioles, and sweat glands; (2) 
skin flushing from dilation of cutaneous blood vessels, 
especially those of the face; (3) hyperpyrexia from the 
inability to sweat and neuromuscular hyper-reactivity; (4) 
mydriasis, poor pupillary light response, and blurred 
vision from pupillary sphincter and ciliary muscle 
paralysis; (5) tachycardia from vagolytic effects; (6) 
urinary retention from inhibition of ureter and bladder 
contraction; and (7) decreased bowel sounds from 
inhibition of gastric emptying and GI motility. Sinus 





BOX 39-2 


Peripheral (Muscarinic Blockade) 


Tachycardia 

Dry, flushed skin 

Dry mucous membranes 
Dilated pupils 
Hyperpyrexia 

Urinary retention 
Decreased bowel sounds 
Hypertension 
Hypotension (late finding) 


Central Anticholinergic Syndrome 


Confusion 

Disorientation 

Loss of short-term memory 
Ataxia 

Psychomotor agitation 
Picking and grasping movements 
Extrapyramidal reactions 
Visual/auditory hallucinations 
Frank psychosis 

Coma 

Seizures 

Respiratory failure 
Cardiovascular collapse 





tachycardia is one of the earliest and most reliable signs 
of muscarinic receptor blockade.*! Thus, the absence of 
tachycardia early after anticholinergic poisoning 
Suggests inaccurate history or co-ingestion of a 
cardiotoxic agent. The urinary bladder may be palpable 
from bladder atony, and impaired bowel motility may 
produce an ileus and delayed and prolonged drug 
absorption. This latter effect may result in prolonged 
symptoms secondary to protracted drug absorption. 

Anticholinergic delirium, or the central anticholin- 
ergic syndrome, is characterized by patient hyperactivity; 
tremulousness; disorientation; short-term memory 
impairment; agitation; delirium; visual and auditory 
hallucinosis; slurred, nonsensical, or incoherent speech; 
meaningless motor activity such as repetitive picking at 
bed clothes or grabbing at nonexistent objects; removal 
of clothing; seizures; and coma.®™ 10-42-44 

In overdose, both central and peripheral anticholin- 
ergic signs are commonly present. Indeed, the famous 
mnemonic, “Mad as a hatter, red as a beet, dry as a bone, 
blind as a bat, and hot as a hare” describes the syndrome 
well. The central anticholinergic syndrome may occa- 
sionally occur without evidence of peripheral signs.***® 
Although one study reported that “isolated” central 
anticholinergic signs and symptoms were present in 17% 
of their patients with the anticholinergic syndrome, dry 
skin was preserved in those with central sign predom- 
inance.*? Thus, “isolated” central anticholinergic syn- 
drome will likely have at least some peripheral signs of 
poisoning present and should be more appropriately 
termed central predominance anticholinergic syndrome. 
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Central predominance anticholinergic syndrome seems 
more likely to occur in the very young and old, those 
with underlying organic brain syndrome, those with 
exaggerated antimuscarinic responses to therapeutic 
doses, and late following an acute overdose (when 
peripheral effects have decreased in intensity) .'° 

Anticholinergic agents may produce seizures follow- 
ing both therapeutic and excessive doses. Seizures are 
more commonly dose related and, thus, occur more fre- 
quently in overdose. Anticholinergic-induced seizures 
are usually short lived and require no specific therapy. 
However, large overdoses of diphenhydramine, pyril- 
amine, hydroxyzine, orphenadrine, cyclic antidepressants, 
and carbamazepine have caused prolonged or repeated 
seizures. 

The mechanism of anticholinergic-induced seizures 
remains unclear. The majority of seizures related to 
anticholinergic toxicity seem to be associated with 
medications having other toxic manifestations rather 
than purely anticholinergic drugs. Seizures have been 
reported with antihistamine, cyclic antidepressant, 
phenothiazine, and carbamazepine poisonings but 
are infrequently reported in jimsonweed abusers and 
atropine-poisoned infants. Interestingly, researchers 
have suggested that histamine may have a role as a 
natural anticonvulsant. Positron emission tomography 
has demonstrated possible H, receptors’ coalescence 
around epileptogenic foci in brain, and this may inhibit 
generalization of epileptic discharges in the brain.” 
Histamine and its precursor, histidine, seem to act as 
anticonvulsants in the mammalian brain by their actions 
on presynaptic H, receptors and postsynaptic Hy, 
receptors.°!°* H, antagonists have been shown to 
decrease the seizure threshold in rats and mice by heat 
and electrical stimuli to the brain, respectively.°*°* 
Similarly, antihistamines increase electroencephalo- 
graphic abnormalities and are suspected of producing 
seizures in epileptic patients. Retrospective data have 
suggested that phenothiazines, a class of antihistamine, 
decrease the seizure threshold.°?°* Doxepin and other 
cyclic antidepressants are potent histamine blockers that 
frequently cause seizures when taken in serious over- 
doses. In addition, seizure activity from some medica- 
tions with anticholinergic activity is due to interactions 
at y-aminobutyric acid (GABA) receptors (cyclic anti- 
depressants) or adenosine receptors (carbamazepine). 

Sinus tachycardia is the most common arrhythmia in 
anticholinergic poisoning and occurs by blocking vagal 
effects on M>-muscarinic receptors on the sinoatrial 
node pacemaker.® Sinus tachycardia is most prevalent in 
young, healthy adults who normally have high resting 
vagal tone. Tachycardia may not be as evident in the 
very young and old. Some anticholinergic agents cause 
life-threatening cardiac arrhythmias by mechanisms 
other than muscarinic blockade. Medications with anti- 
cholinergic effects and the potential to cause quinidine- 
like conduction abnormalities include cyclic antidepres- 
sants, phenothiazines, diphenhydramine, chlorphenir- 
amine, orphenadrine, pyrilamine, and class IA antiar- 
rhythmics.*® These drugs have sodium channel-blocking 
properties that not only slow conduction but also 


decrease myocardial contractility. Phenothiazines also 
block rectifying potassium channels and may prolong 
the QT interval and cause torsades de pointes or other 
ventricular dysrhythmias. 

Rhabdomyolysis is an occasional complication of 
anticholinergic poisoning, particularly for patients that 
have psychomotor agitation.” Drug-induced rhabdomy- 
olysis from anticholinergic poisoning is due to excess 
energy use or inadequate oxygen and nutrient delivery 
to the muscle, which causes myocyte breakdown. Patients 
at greatest risk are those who have repetitive or pro- 
longed seizures, coma, compartment syndrome, hyper- 
thermia, or severe agitation requiring restraint. 

Death from anticholinergic or antihistamine poison- 
ing is most often from cardiac arrhythmia and is 
frequently associated with seizures. Death is not likely 
to occur from antimuscarinic receptor antagonism but 
rather the sodium and potassium channel—blocking 
effects of these drugs.*® 


Diagnosis 


The diagnosis of anticholinergic or sedating antihista- 
mine poisoning is based on a positive history of ingestion 
and physical findings consistent with the anticholinergic 
syndrome. When a history of ingestion is not available 
from the patient due to delirium or obtundation, patient 
belongings and the exposure environment should 
be searched for clues to diagnosis. Any knowledge of a 
patient’s past medical history, particularly a list of 
medications, may greatly assist diagnosis. Any history 
obtainable from friends or relatives about abuse of 
drugs or hallucinogenic plants (particularly jimsonweed 
and mushrooms) may be of value. A history of recent 
travel and the use of scopolamine patches should be 
sought. 

In a mixed ingestion, the physical findings may be 
variable and make the diagnosis more challenging. 
Electrocardiographic (ECG), laboratory, and other 
adjunctive tests are not often helpful to confirm or refute 
the diagnosis of anticholinergic poisoning. An ECG 
often demonstrates sinus tachycardia alone. The pres- 
ence of repolarization abnormalities (e.g., nonspecific 
ST-T changes, QT prolongation) is consistent with cer- 
tain agents (e.g., diphenhydramine). As with many 
poisonings, a toxicology screen has limited value. Agents 
that produce anticholinergic toxicity are not often part 
of a routine immunoassay screen.*? Comprehensive 
qualitative screening techniques (e.g., gas chromatog- 
raphy/mass spectrometry) and quantitative assays are 
not readily available and do not routinely guide treat- 
ment. These tests may be useful for confirmation of the 
presence of a drug after treatment has been initiated. 
Toxicology screens are more useful to identify other 
causes of altered mental status or to identify unsuspected 
co-ingestions (e.g., acetaminophen). 

As stated, the diagnosis and treatment of the anti- 
cholinergic syndrome is guided by the clinical exam- 
ination. This cause of delirium can be missed if the 
physician fails to recognize associated peripheral signs or 
inappropriately dismisses the diagnosis because common 
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peripheral anticholinergic signs (e.g,, sinus tachycardia 
and mydriasis) are absent. Anticholinergic delirium 
has been misdiagnosed as dementia or psychotic 
depression in elderly patients and varicella encephalitis 
in children.**” 


DIFFERENTIAL DIAGNOSIS OF 
ANTICHOLINERGIC POISONING 


The constellation of symptoms that identify the anti- 
cholinergic syndrome can be mimicked, in part, by many 
other toxins and medical conditions (Box 39-3). Distin- 
guishing it from adrenergic excess (sympathomimetic 
poisoning, thyrotoxicosis, or pheochromocytoma) can 
be difficult. The pupillary, cardiovascular, and CNS 
effects of sympathomimetic poisons are similar to those 
produced by anticholinergic poisoning. Sweating 
frequently accompanies adrenergic stimulation, whereas 
dry skin and mucous membranes are characteristic of 
anticholinergic poisoning. Paranoid hallucinations and 
violent behavior often accompany adrenergic-induced 


BOX 39-3 


Toxins 


Adrenergic poisons 
Amphetamines 
Caffeine 
Cocaine 
Methylphenidate 
Pseudoephedrine 
Theophylline 
Autonomic dysfunction 
Disulfiram reactions 
Neuroleptic malignant syndrome 
Serotonin syndrome 
Withdrawal from ethanol or benzodiazepines 
Central hallucinogen poisoning 
Lysergic acid diethylamide 
Mescaline 
Phencyclidine 
Psilocybin mushrooms 
Lithium poisoning 
Salicylate poisoning 
Steroid-induced psychosis 


Medical Conditions 


Adrenergic excess 
Pheochromocytoma 
Thyrotoxicosis 

Central nervous system infection 

Cerebral vasculitis 

Dehydration 

Heat stroke 

Hypoglycemia 

Hypoxia 

Psychiatric illnesses 

Sepsis 








hallucinations, whereas anticholinergic poisoning causes 
mumbling speech, picking at sheets, and disorientation. 
Urinary retention may also be helpful in distinguishing 
anticholinergic from sympathomimetic poisoning. The 
anticholinergic syndrome has similarities to the auto- 
nomic dysfunction and altered mental status that occurs 
with ethanol or sedative-hypnotic withdrawal, serotonin 
syndrome, neuroleptic malignant syndrome, or a disul- 
firam reaction. The absence of sweat with the anti- 
cholinergic syndrome is a key differentiating feature 
from these other drug-associated syndromes. Chronic 
salicylate poisoning can appear similar to anticholinergic 
poisoning because patients often present with altered 
mental status, tachycardia, and fever. Medical conditions 
can also mimic the anticholinergic syndrome. Hypoxia 
or hypoglycemia causes delirium, agitation, or CNS 
depression. Dry, hot skin and altered sensorium due to 
heat stroke, dehydration, or sepsis can be mistaken for 
anticholinergic toxicity. Central anticholinergic effects 
in the absence of peripheral signs can be similar to those 
caused by some hallucinogenic substances, steroid- 
induced psychosis, vascular or infectious CNS disease, 
sepsis, or psychiatric illnesses. 


TREATMENT OF ANTICHOLINERGIC 
TOXICITY 


General Management 


The majority of patients poisoned by anticholinergic 
agents are adequately treated with supportive care and 
observation. 

Anticholinergics inhibit GI motility and can cause pro- 
longed, erratic, or delayed drug absorption. After a large 
overdose of benztropine, a patient demonstrated erratic 
absorption and repeated worsening of anticholinergic 
symptoms over 9 days.°? Because of slowed GI absorp- 
tion, gastric emptying procedures may be useful even 
when patients present many hours after toxicant inges- 
tion. Administration of charcoal is effective for prevent- 
ing further drug absorption. Repeated doses of activated 
charcoal may play a role in preventing continued absorp- 
tion, although the development of ileus limits its 
use. There is no role for enhanced elimination tech- 
niques (e.g., hemodialysis or hemoperfusion) with anti- 
cholinergic agents and antihistamines due to their large 
volumes of distribution and high protein binding (see 
Table 39-1). 

A search for and removal of a transdermal patch 
should be initiated in all patients with altered mental 
status that could be attributed to the anticholinergic 
syndrome. 


Treatment of Agitation 


Anticholinergic-induced delirium ranges from mild 
confusion to severe agitation and possibly violence. 
Controlling agitation is necessary for adequate patient 
assessment and to prevent rhabdomyolysis, hyper- 
thermia, and physical injury. Physical and chemical re- 
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straints are indicated for the treatment of severe 
agitation. Benzodiazepines may be tried initially to con- 
trol patient agitation, but they are often ineffective when 
anticholinergic-associated agitation is severe.®® Ad- 
junctive therapy with haloperidol or other neuroleptics is 
not recommended to control agitation since these agents 
can impair thermoregulation. Provided no contraindi- 
cations for its use exist (see Antidote Theraphy), 
physostigmine has been shown to be both safe and 
effective for the treatment of agitated delirium in the 
setting of known or suspected anticholinergic syndrome.” 
As compared with benzodiazepine therapy, physostigmine 
treats patient delirium better, controls patient agitation 
more effectively, may decrease the need for mechanical 
ventilation, and shortens the course of neurologic 
morbidity. When the diagnosis is initially suspected but 
uncertain, physostigmine may obviate the need for 
further testing (e.g., head computed tomography and 
lumbar puncture) upon resolution of delirium.” 


Treatment of Seizures 


Although the mechanism of seizures is not well under- 
stood for this class of agents, drug-associated seizures 
are generally best treated with benzodiazepines (e.g., 
diazepam or lorazepam) followed by barbiturates (e.g., 
phenobarbital) when necessary. Data from case reports 
suggest that physostigmine may be effective for seizure 
termination, but clinical experience is limited and effi- 
cacy not well established.°!®* The administration of 
physostigmine for seizures from this class of agents is 
not recommended, particularly since seizures are a 
known major adverse effect from physostigmine. 


Treatment of Rhabdomyolysis 


Agitation and excessive neuronal stimulation increase 
the risk of rhabdomyolysis. Controlling agitation and 
seizures is important to prevent rhabdomyolysis. Serial 
measurements of creatine phosphokinase in blood and 
determination of occult blood positivity in the urine 
will help identify those at risk for developing acute renal 
failure from rhabdomyolysis. Ensuring adequate urine 
output with intravenous (IV) fluids is the mainstay 
of treatment for preventing acute tubular necrosis.°’ The 
efficacy of mannitol and urine alkalinization has not 
been established for the routine treatment of rhab- 
domyolysis.°° 


Treatment of Cardiovascular Toxicity 


Sinus tachycardia is the most common toxic cardiovas- 
cular effect from anticholinergic poisoning but rarely 
requires intervention. A large number of drugs with 
anticholinergic effects cause QRS prolongation and dys- 
rhythmias by blocking fast-ssodium channels (type la 
activity).°*©° TV sodium bicarbonate improves impaired 
conduction from fast-sodium channel blockers such as 
cyclic antidepressants, diphenhydramine, and orphen- 
adrine.**.°’ Rarely, myocardial pump failure occurs with 
large overdoses. Case reports have demonstrated that 


refractory shock can occur despite aggressive medical 
intervention. Patients with such profound cardiovascular 
toxicity have been successfully resuscitated after cardiac 
bypass or intra-aortic balloon pump procedures.” 


Antidote Therapy 


Although its use is controversial, physostigmine is a 
well-recognized antidote that can be used to treat the 
anticholinergic syndrome. Physostigmine, a naturally 
occurring alkaloid obtained from the West African 
vine Physostigma venosum, is a reversible, carbamate cho- 
linesterase inhibitor. After a single dose of physostig- 
mine, the action of acetylcholine is potentiated at post- 
ganglionic parasympathetic and central cholinergic 
neuroreceptors, and the competitive blockade by anti- 
cholinergic agents is reversed by mass action. As a terti- 
ary amine, physostigmine readily crosses the BBB and 
is capable of reversing central anticholinergic effects 
(e.g., agitation, hallucinations, delirium, and coma) .°*” 
Peripherally, physostigmine may reverse the tachycardia, 
mydriasis, ileus, and urinary retention that occur second- 
ary to muscarinic blockade. 

Physostigmine is a nonspecific analeptic. Its admin- 
istration results in cholinergic modulation of other CNS 
neurotransmitter pathways by poorly understood mech- 
anisms. The sedating effects of drugs without anti- 
cholinergic activity have responded to physostigmine 
administration through nonspecific arousal.’? Because 
of this, physostigmine was employed as part of a “coma 
cocktail” in the 1970s and often administered to patients 
with undifferentiated drug-induced coma. When used 
for this indication, physostigmine was neither consis- 
tently effective nor safe. Physostigmine resulted in an 
unacceptable high incidence of side effects (e.g., sei- 
zures, cholinergic crisis, bradyarrhythmias, and asystole), 
particularly when used for TCA poisoning.” 

In one clinical series, 2 of 21 patients who received 
physostigmine had seizures after its administration, and 
2 developed cholinergic symptoms (hypersalivation in 
1 patient, bradycardia and hypotension in the other). 
The author of this series concluded that physostigmine 
has “little part to play in routine management” because 
patients with anticholinergic symptoms usually fare well 
with supportive therapy alone.” In another clinical series 
of 26 patients (of which 17 had ingested a TCA), seizures 
occurred in 3 (12%) patients and bradycardia in 
1 patient given physostigmine.” In a recent retrospective 
chart review of 39 adults who were administered physo- 
stigmine for the anticholinergic syndrome, 1 (2.6%) 
developed a brief seizure. However, this individual had 
presented after a l- to 2-minute seizure, so it is impos- 
sible to say that physostigmine caused the seizure.” In a 
retrospective study that compared treatment of physo- 
stigmine with benzodiazepines in a group of 52 patients 
with anticholinergic delirium, physostigmine was more 
effective for the control of agitation and reversing delir- 
ium.*? One case report described a patient poisoned by 
D. stramonium (imsonweed), who developed atrial 
fibrillation and a short run of ventricular tachycardia 
45 minutes after administration of physostigmine.” In an 
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‘dangerous 
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additional case report, an 85-year-old man developed 
ventricular ectopy 30 minutes after receiving 1 mg of 
physostigmine.” 

Physostigmine is no longer indicated in the treatment 
of cyclic antidepressant poisoning, and evidence strongly 
suggests that it is dangerous for use.“47-9®° A series of 
4] patients taking intentional overdoses of maprotiline 
showed that 6 of 7 patients treated with physostigmine 
developed seizures.’4 The investigators concluded that 
the use of physostigmine should be abandoned in over- 
doses of maprotiline and other cyclic antidepressants. 
The danger of physostigmine administration is further 
illustrated in another cases series of two patients with 
acute severe TCA poisoning. The administration of 
physostigmine was temporally associated with the occur- 
rence of bradyasystole.°° The potential risks associated 
with physostigmine are greater than the benefits gained 
from its use in cyclic antidepressant toxicity. 

There is a long history of clinical use of physostigmine 
as an antidote. It is apparent that when used inap- 
propriately (e.g., nondifferentiated drug-induced coma, 
known or suspected TCA poisoning, rapid IV admin- 
istration), it is associated with an unacceptably high inci- 
dence of side effects. Conversely, when used appropri- 
ately, it is both safe and effective and the preferred 
treatment for the anticholinergic syndrome. The use of 
physostigmine is indicated for the treatment of patient 
agitation and delirium in known or suspected anticholin- 
ergic syndrome, particularly when patients are danger- 
ous to themselves or others. Although efficacy is not well- 
established, physostigmine may also be appropriate 
for narrow complex supraventricular arrhythmias in the 
setting of the anticholinergic syndrome that result 
in hemodynamic instability (hypotension, myocardial 
ischemia, or congestive heart failure) when other 
attempts to control heart rate have failed or are believed 
to be too risky in a particular patient. Neostigmine, a 
quaternary cholinesterase inhibitor that does not cross 
the BBB, may play a selective role for severe ileus or 
intestinal pseudo-obstruction associated with anticholin- 
ergic drugs.®! Absolute contraindications for the use 
of physostigmine include any evidence of cardiac 
conduction disturbances on ECG (e.g., prolonged PR or 
ORS intervals) or known or suspected acute cyclic 
antidepressant poisoning. Although physostigmine has 
been previously recommended for the treatment of 
ventricular tachyarrhythmias and seizures associated 
with the anticholinergic syndrome, these should be con- 
sidered relative, if not absolute, contraindications for use 
of this antidote. Conversely, although contraindications 
for the use of physostigmine have historically included 
the presence of patient asthma, ischemic heart disease, 
peripheral vascular disease, and mechanical obstruction 
of the GI or urogenital tract, these contraindications 
are theoretical, unsubstantiated, and no longer consid- 
ered true.°°? 

The suggested doses of physostigmine are as follows: 

For children: a dose of 0.02 mg/kg slowly IV over 3 

to 5 minutes. 

For adults: 1 to 2 mg slowly IV; may be repeated every 

10 minutes until cessation of the life-threatening 
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condition. Schneck has recommended an IV infu- 
sion of 2 mg in 100 mL of normal saline infused 
over 10 minutes to avoid adverse effects from too 
rapid administration.** 

In one study of adults, the mean initial dose necessary 
to treat agitated delirium associated with the anti- 
cholinergic syndrome was 2.2 mg (range, 0.5 to 6 mg) 
with a mean initial response time of approximately 
11 minutes.“ The duration of action is usually 20 to 60 
minutes, and recurrence of anticholinergic symptoms 
may require repeated doses. In this same study, relapse 
of symptoms occurred in 78% of patients with a mean 
relapse time of 100 minutes.” Adverse effects are more 
likely after repeated doses. Cholinergic excess due to 
physostigmine use is not often life threatening. It has 
been suggested that atropine should be available and 
given in half the dose of physostigmine should severe 
cholinergic toxicity develop.” The use of glycopyrrolate, 
a pure peripheral anticholinergic agent, has been pro- 
posed as an alternative to atropine to treat the cholin- 
ergic toxicity of physostigmine. 

Whenever physostigmine is used, it should (1) be 
given very slowly (over 3 to 10 minutes) IV; (2) not be 
given merely to “wake the patient up”; (3) be used only 
in a setting where advanced life support is available; (4) 
be used only when central and peripheral anti- 
cholinergic findings are present; (5) be used only in the 
absence of cardiac conduction abnormalities suggesting 
sodium channel blockade; and (6) always be preceded 
and followed by proper supportive care. 


SPECIAL CONSIDERATIONS FOR 
ANTIHISTAMINE AND 
ANTICHOLINERGIC TOXICITY 


Nonsedating Piperidine Antihistamines 


Acrivastine, cetirizine, fexofenadine, desloratadine, and 
loratadine are currently marketed in the United States 
as nonsedating piperidine antihistamines. In therapeutic 
doses, their lack of CNS effects is secondary to an in- 
ability to cross the BBB.” Acrivastine, the active metabo- 
lite of triprolidine, was given to humans for 1 week at 
100 times the recommended dose without cardiovascular 
effects. Cetirizine, the carboxylated metabolite of 
hydroxyzine, lacked cardiovascular toxicity and sedation 
in overdose.** Fexofenadine, the metabolite of terfen- 
adine, has a safety profile similar to placebo with 
no significant drug interactions, cardiotoxicity, or seda- 
tion. In vitro, loratadine significantly inhibited the 
potassium rectifier current.®° Loratadine, when given 
with nefazodone, resulted in significantly increased QT 
interval in humans.®’ Desloratadine, the active metabo- 
lite of loratadine, does not seem to effect the potassium 
rectifier current. This finding was likely from the 
inhibition of the CYP3A4-mediated metabolism of lorata- 
dine, leading to increased concentrations. 

From a historical perspective, terfenadine and astem- 
izole were withdrawn from the market in the late 1990s 
because of the high incidence of ventricular dys- 
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rhythmias. Terfenadine and astemizole inhibit the 
delayed potassium rectifier current and thus slow re- 
polarization.” Accumulation of these drugs in the serum 
as occurred with overdose or impaired metabolism from 
coadministration of CYP3A4 inhibitors, was manifested 
clinically as prolongation of the QT interval and torsades 
de pointes. Agents that inhibit CYP3A4 metabolism of 
terfenadine include erythromycin, clarithromycin, keto- 
conazole, fluconazole, itraconazole, and grapefruit juice. 
Underlying liver disease in the absence of P-450 
inhibitors can also cause cardiac toxic effects. 


H, Receptor Blockers 


The Hə blockers are competitive antagonists at Ho 
receptors and block gastric acid secretion. These agents 
are used to treat peptic acid diseases and include cimet- 
idine, ranitidine, famotidine, and nizatidine. They are 
highly selective receptor antagonists and do not block 
H, receptors or have antimuscarinic activity. Blocking 
central Hy receptors alters neurotransmitter function 
and causes delirium, confusion, agitation, and seizures. 
Confusion is more likely to occur in elderly patients 
and those who have elevated blood concentrations of 
these agents after acute deterioration of renal and 
hepatic function.’! Only cimetidine causes significant 
inhibition of hepatic microsomal mixed-function oxi- 
dases that may impair metabolism of other drugs. 

Acute overdose of the specific H receptor antagonists 
typically causes only minor toxic effects such as 
drowsiness and mild bradycardia.** More serious effects 
such as hypotension or bradycardia are likely to occur 
with IV overdoses and not with ingestion of the drug. 
Other effects rarely reported include hypersensitivity 
hepatitis, bone marrow suppression, and renal failure 
with long-term therapeutic doses. 


Chemical Weapons 


Anticholinergic chemicals have been used both as an 
agent and an antidote in chemical warfare. 3-Quinucli- 
dinyl benzylate (QNB) was first developed for the 
treatment of GI illness but later turned over to the U.S. 
Army because of the multiple cases of delirium at very 
low doses. QNB is a competitive antagonist at the mus- 
carinic receptors in the central and peripheral nervous 
systems. The reader is referred to Chapter 105E for a 
detailed discussion of this agent 

Atropine is a component, along with pralidoxime, of 
the Mark I kits developed as an antidote for nerve agent 
poisoning. There are multiple cases of anticholinergic 
poisoning from unjustified injections in the Scud missile 
attacks on Israel in 1991. There were 208 unjustified 
injections of atropine accounting for 47% of all the 
injuries during this 8-day barrage of surface-to-surface 
missiles”? (see Chapter 105A). 


DISPOSITION 


Clinical toxicity is usually evident within 1 to 4 hours 
after ingestion, but the severity and duration of toxic 


effects are highly variable. The potential for prolonged 
toxin absorption and, thus, prolonged toxicity from 
anticholinergic agents must be considered when deter- 
mining patient disposition. Patient discharge or medical 
clearance is reserved for patients who do not develop 
toxic effects or who develop mild toxic effects initially 
that resolve during a 6-hour period of observation (pro- 
vided that GI ileus and significant co-ingestants with 
delayed toxicity are not present). No patient should be 
discharged without suicide assessment, substance abuse 
counseling, or poison prevention counseling. 

Those patients who manifest mild toxicity (e.g., ataxia, 
lethargy, mild agitation, sinus tachycardia, repolarization 
abnormalities on ECG) should be admitted to a mon- 
itored bed for continued observation. Patients with mod- 
erate to severe toxicity (e.g., significant CNS depression 
or agitation, respiratory depression, hypotension, sei- 
zures, acid—base disturbances, nonsinus arrhythmias, and 
cardiac conduction disturbances) should be admitted to 
an intensive care unit for aggressive supportive care. In 
addition, patients who are given large doses of benzo- 
diazepines for the control of agitation require intensive 
care unit observation. Patients whose agitation and 
delirium resolve following the administration of physo- 
stigmine still require hospital admission due to the short 
duration of antidotal activity and, consequently, high 
incidence of recrudescent toxicity. When the appro- 
priate disposition of a patient is in question, consultation 
with a medical toxicologist or poison control center is 
recommended. 
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4 0 Anticonvulsants 


DONNA SEGER, MD 


At a Glance... 


m Many anticonvulsants are used to treat nonconvulsive disorders 
such as mood disorders. 

m Drugs that are hepatically metabolized via the cytochrome 
system interact with other drugs metabolized via the same 
system. 

m Data on overdose is minimal for most newer anticonvulsants. 
Unless otherwise stated, treatment is supportive. 

m Gastrointestinal decontamination recommendations supported 
by the American Academy of Clinical Toxicology/European 
Association of Poison Control Centres and Clinical Toxicologists 
are as follows: 

m Gastric lavage may be considered if the patient is 
obtunded within an hour of ingestion. 

m = Whole-bowel irrigation may be considered when tablets 
are sustained release or enteric coated. 


Prior to 1993, the only drugs available to treat epilepsy— 
phenobarbital, primidone, phenytoin, carbamazepine, 
and valproate—caused significant side effects. Many 
patients taking these drugs still had refractory seizures. 
Since 1993, eight new anticonvulsants with better side 
effect profiles and less hepatic enzyme induction 
have been approved. However, they are more expensive 
than the traditional drugs and may not be more cost 
effective.! 


EPILEPSY AND DRUG DEVELOPMENT 


Epilepsy is a chronic neurologic condition in which the 
patient suffers recurrent, unprovoked seizures.* Seizures, 
a paroxysmal transient disturbance of brain function, 
affect 1% of the world’s population. Side effects of 
anticonvulsants (ACs) and the 25% of the epileptic 
population who are not seizure-free have driven the 
development of new ACs that are less toxic and more 
efficacious.’ 


Choice of Drug 


The ideal AC has the following pharmacokinetic 
characteristics: rapid absorption after oral ingestion, 
high bioavailability, rapid achievement of steady- 
state concentrations, minimal protein binding, linear 
kinetics, long elimination half-life that allows twice a day 
dosing, minimal hepatic metabolism, primary renal 
excretion, and constant interpatient pharmacokinetics. 
The ideal drug is also effective for a wide range of seizure 


types, causes few adverse effects, and interacts with 
few drugs.‘ 


Sudden Unexpected Death 


Sudden unexpected death (SUD) is increased in patients 
with epilepsy and reflects population rates, not drug 
effect. Mechanism and role of AC in SUD are unknown 
and may depend on the unique circumstances.” 


Teratogenicity 


Major malformation, growth retardation, and hypoplasia 
of the midface and fingers is called anticonvulsant 
embryopathy. The incidence of embryopathy correlates 
with exposure to the anticonvulsant drug.° Its incidence 
is not increased in infants whose mother had epilepsy 
but did not take anticonvulsant drugs during pregnancy. 


Anticonvulsant Hypersensitivity 
Syndrome 


Anticonvulsant hypersensitivity syndrome (AHS), a rare, 
life-threatening syndrome consisting of rash and internal 
organ (most frequently liver) involvement, occurs within 
8 weeks of initiation of an AC and is not related to dose 
or serum concentration of the drug. AHS occurs in one 
in 1000 to 10,000 exposures and is most frequently 
caused by the aromatic AC (phenobarbital, phenytoin, 
carbamazepine). Its cause is unknown. Treatment is 
discontinuation of the anticonvulsant and aggressive 
Supportive care. The syndrome is associated with 
substantial morbidity and mortality, including fulminant 
hepatic failure and death.’ 


PHENOBARBITAL 


Pharmacology 


Phenobarbital (PB) inhibits seizures by potentiating 
synaptic inhibition through two separate actions on the 
y-aminobutyric acid (GABA,) receptor—that is, enhanced 
effects of GABA-evoked chloride currents, and direct acti- 
vation of the receptor at supratherapeutic concentrations.® 


Pharmacokinetics 


PB is slowly absorbed, with peak concentrations 
occurring several hours after a single dose. It is 40% to 
60% bound to plasma proteins. Up to 23% of the dose is 
eliminated unchanged by pH-dependent renal excretion. 
The remainder of the drug is metabolized primarily by 
hepatic CYP2C9.® 


735 


736 CENTRAL NERVOUS SYSTEM 





Toxicology 
ACUTE TOXICITY (OVERDOSE) 


Central nervous system (CNS) depression is caused by 
the effects of the drug on the reticular activating system 
and the cerebellum. Vasodilation, decreased sympathetic 
output, and negative inotropic cardiac effects cause 
hypotension. Decreased consciousness, respiratory 
depression, hypotension, and hypothermia follow over- 
dose. Less severe toxicity is manifest by slurred speech, 
ataxia, nystagmus, and confusion. The patient may 
appear intoxicated. Pupils may be constricted or dilated. 
Brainstem and deep tendon reflexes are usually 
depressed or absent. Bullous skin lesions may also be 
seen.’ Owing to PBs rapid CNS redistribution, patients 
may become more alert despite persistently elevated 
serum drug concentrations. Fatalities result from car- 
diorespiratory arrest or (direct) myocardial depression. 


CHRONIC TOXICITY 


Sedation and impaired cognition occurs in both 
children and adults.” 


ADVERSE EFFECTS 
Children manifest altered sleep, fussiness, irritability, 
and hyperactivity. 


Diagnosis 


The relationship between plasma concentration and 
adverse effects depends on the development of 
tolerance. Side effects usually disappear with continued 
use even when serum concentrations are suprather- 
apeutic. The usual therapeutic serum concentration is 15 
to 40 ug/mL. Concentrations greater than 60 ug/mL are 
associated with significant toxicity in the nontolerant 
individual.” 


Management 


Administration of multiple-dose activated charcoal 
(MDAC) and urinary alkalinization to a pH of 7.5 to 
8.0 increases elimination of the parent compound. 
Although both MDAC and = urinary alkalinization 
decrease elimination half-life, treatment with these 
modalities may neither shorten the clinical course nor 
change outcome. Hemoperfusion and hemodialysis 
increase clearance of the drug, although they are rarely 
needed for this overdose.!?!! A serum PB concentration 
of greater than 100 to 125 ug/mL is an indication for 
extracorporeal drug removal. 


PHENYTOIN 


Pharmacology 


Phenytoin (PHT) causes voltage-frequency and use- 
dependent block of sodium channels, inhibits calcium 
channels, and stimulates the Na*/K*-ATPase pump.!” 


Pharmacokinetics 


Limited phenytoin solubility (i.e., dissolution rate 
decreases with increasing dose) causes prolonged 
absorption and delays peak serum concentrations, which 
have been reported to occur days after ingestion of a 
large dose. After a 400-mg dose, peak serum concen- 
trations occur in 8 hours. The drug is 90% protein 
bound with a volume of distribution of 0.6 to 0.7 L/kg. 
Half-life is 20 to 30 hours. Metabolism is hepatic. Inactive 
metabolites and 5% of the parent drug are renally 
excreted.!*14 

Metabolism is dose dependent. At therapeutic serum 
concentrations, elimination is first order (1.e., rate of 
drug metabolism increases as the concentration of the 
drug increases). In the upper therapeutic and toxic 
serum concentrations, the hydroxylation reaction 
reaches maximum velocity and elimination is zero order 
(i.e., rate of metabolism is constant) .1515 

Absorption from bone is rapid following intraosseous 
administration. Pharmacokinetics approximate those 
following intravenous administration.’© 


Toxicology 
ACUTE TOXICITY (OVERDOSE) 


Initial cerebellar symptoms (nystagmus, ataxia, and 
drowsiness) are followed by basal ganglia signs (move- 
ment disorders) as serum concentrations exceed 20 mg/L. 
At higher concentrations, the CNS becomes depressed, 
ultimately producing coma. PHT overdose does not 
cause cardiac toxicity. The occurrence of paradoxical 
seizures following overdose has not been confirmed. 
Treatment is supportive.!” 


CHRONIC TOXICITY 

Chronic PHT toxicity may occur during therapeutic 
ingestion owing to (1) small increases in maintenance 
doses that saturate enzyme systems, leading to zero order 
kinetics; (2) decrease in protein binding of the drug 
(e.g., addition of another drug); or (3) drug-induced 
alteration in hepatic metabolism. 

Although head computed tomography (CT) may 
demonstrate cerebellar atrophy and cerebellar tissue loss 
in patients chronically receiving phenytoin, seizures can 
cause the same changes.'® 


ADVERSE EFFECTS 

Adverse effects of PHT usually occur when serum 
concentrations are greater than 15 mg/L. Gingival 
hyperplasia and folic acid deficiency are among the most 
common and are dose related. Rash, acne, lupus-like 
syndrome, Stevens-Johnson syndrome, thyroid function 
inhibition, hirsutism, hypertrichosis, benign intracranial 
hypertension (pseudotumor cerebri), carbohydrate 
intolerance, peripheral neuropathy, osteomalacia, and 
altered vitamin D metabolism (increased alkaline 
phosphatase) may occur. The most serious adverse effect 
is a hypersensitivity syndrome manifested by fever, rash, 
lymphadenopathy, hepatitis, and eosinophilia. Death 


typically occurs from fulminant hepatic failure. Elevated 
liver enzymes should be monitored closely to distinguish 
transient enzyme elevation from progression to hepatic 
failure.!9 


Diagnosis 


Symptoms correlate with free rather than total phenytoin 
concentrations; free concentrations are usually not 
available. Therapeutic serum concentrations (10 to 
20 mg/L) equate with a free PHT concentration of 1.0 
to 2.0 mg/L. Symptoms of toxicity occur when free PHT 
concentrations are greater than 5 mg/L.” 


Management 


Treatment of acute overdose and chronic PHT toxicity is 
supportive. The drug’s prolonged elimination half-life 
may cause prolonged symptoms. The main concern in 
patients with PHT toxicity is ataxia causing a fall and 
resultant injury. The patient must be in the appropriate 
setting for observation.!” 


Intravenous Phenytoin 


PHT is administered intravenously when a therapeutic 
concentration is needed as rapidly as possible (e.g., 
subtherapeutic concentrations following a seizure). 
Propylene glycol is necessary to maintain solubility and 
stability of parenteral PHT, but it can cause hypotension 
and bradycardia if administered too rapidly. In 
concentrations of 6 to 10 mg/L of normal saline (NS), 
PHT maintains solubility for about 1 hour. Oral loading 
results in delayed therapeutic concentrations, since 
limited PHT absorption (with a large dose) prolongs the 
time needed to reach therapeutic concentration.”! 

An IV dose of 15 to 18 mg/kg produces therapeutic 
serum concentrations lasting 12 to 24 hours. Distribution 
to the brain is rapid, and anticonvulsant activity begins 
within 3 to 5 minutes after IV infusion. If serum 
concentration of phenytoin is known, each 100 mg of IV 
phenytoin will increase serum concentration approxi- 
mating 1.2 mg/L.?! 

Rapid IV administration of the drug (because of 
propylene glycol) and high PHT solution concentrations 
can cause cardiovascular toxicity. A PHT concentration 
of 4 to 10 mg/mL NS can be safely administered at a rate 
of 50 mg/min in patients younger than 50 years of age, 
and a concentration of 4 mg/mL NS (1 g phenytoin in 
250 mL NS) at a rate of 25 mg/min in patients less than 
50 years of age. Patients should be on a cardiac monitor. 
A constant infusion pump should monitor intravenous 
piggyback delivery. PHT should not be administered to 
patients with marked bradycardia, second- or third- 
degree heart block, active severe arteriosclerotic heart 
disease (ASHD), or hypotension. Fatalities have 
occurred in elderly patients with ASHD and in younger 
patients when the IV delivery rate or phenytoin concen- 
tration was greater than recommended.*?*4 
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If the total dose administered is greater than 1 g, 
ataxia, dizziness, and confusion may occur despite 
appropriate administration rate and concentration. The 
infusion should be stopped if systemic side effects 
occur.”” 

Solvent alkalinity may cause burning and aching of 
the arm if infused into a small vein and buffering 
capacity of the blood is exceeded. Decreasing the rate or 
concentration may alleviate the symptoms. Soft tissue 
and vascular injury have occurred in elderly women with 
cardiovascular disease. A 20-gauge IV catheter and 
administration rate less than 25 mg/min may decrease 
the risk of injuries.” 


FOSPHENYTOIN 


Pharmacology 


Fosphenytoin (FOS) is a disodium phosphate ester 
prodrug of PHT that is water-soluble and therefore does 
not require propylene glycol. Phosphatases present in 
the liver, red blood cells, and other tissues remove the 
phosphate molecule and convert FOS to active PHT in 
8.4 minutes following intravenous administration.*° 


Pharmacokinetics 


Maximal serum concentration is reached within 10 to 
20 minutes of starting the infusion. Therapeutic PHT 
concentrations (10 to 20 mg/mL) occur within 10 minutes 
of infusions administered at a rate of 100 mg/min and 
within 30 minutes of infusions administered at less than 
100 mg/min.?’ 


ADVERSE EFFECTS 

Nystagmus, headache, ataxia, and somnolence are the 
most frequent symptoms. Paresthesias and perineal and 
generalized pruritus have been reported in 30% to 60% 
of patients. 


Diagnosis 


Determination of FOS concentrations is of no value, 
since the drug is not clinically active. However, serum 
PHT levels are useful in guiding therapy. 


Intravenous PHT vs. Intravenous FOS 


FOS may be administered more rapidly than PHT. 
However, owing to the need for observation and other 
medical issues in patients who have just had a seizure, 
emergency department (ED) time is not decreased by 
administration of FOS. The adverse effect profile of FOS 
is different from that of PHT but not necessarily better. 
A significant number of people suffer perineal pruritus. 
FOS is more expensive than PHT. Cost analysis does not 
justify administration of FOS over PHT.**”? 
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CARBAMAZEPINE 


Pharmacology 


Carbamazepine (CBMZ) inhibits sodium channels, 
interferes with release of glutamate (and possibly other 
neurotransmitters), and inhibits muscarinic and nico- 
tinic acetylcholine receptors, -methyl-D-aspartate (NMDA) 
receptors, and CNS adenosine receptors.” 


Pharmacokinetics 


CBMZ is an iminostilbene derivative that is chemically 
and structurally similar to imipramine, yet shares few of 
its pharmacologic properties. Absorption is slow, and 
peak serum concentrations usually occur within 4 to 
8 hours but may be as late as 12 hours after ingestion.°!*? 
A serum therapeutic concentration is 4 to 12 ug/mL. 
The drug is 75% protein bound and has a volume of 
distribution of 0.79 to 1.19 L/kg. It is metabolized by 
liver cytochrome P4503A4 to an active metabolite (10,11- 
epoxide) with a half-life of 10 to 20 hours. The epoxide 
concentration is 10% to 15% of the parent compound in 
adults and 20% in children. The epoxide may be 
responsible for the neurotoxicity of the drug. Because 
CMBZ induces its own metabolism, its half-life after an 
isolated single dose (35 hours) is much longer than the 
half-life of the drug at steady state (10 to 20 hours). 
Autoinduction takes about a month. Elimination of 
the parent compound follows zero order kinetics, and 
3% of the parent compound is excreted unchanged 
in the urine. The epoxide is metabolized to inactive 
compounds, which are excreted in the urine.**°? 


Toxicology 


ACUTE TOXICITY (OVERDOSE) 

Delayed and erratic absorption due to CMBZ’s 
anticholinergic properties and low water solubility can 
cause delayed clinical deterioration and a cyclic clinical 
course. Peak serum concentrations may occur 72 hours 
after ingestion of immediate-release (IR) and 96 hours 
after ingestion of controlled-release (CR) formulations. 
Half-life may be prolonged (39 hours) after an isolated 
ingestion or shorter when chronic therapeutic ingestion 
has induced metabolism.*!*? 

Symptoms of toxicity include coma, respiratory 
failure, ataxia, nystagmus, mydriasis, ileus, hypertonicity, 
increased deep tendon reflexes, movement disorders, 
and anticholinergic toxidrome. Seizures are more likely 
to occur in patients with high serum drug concentrations 
and an underlying seizure disorder. Left ventricular 
dysfunction with heart failure has been reported. 
Complete heart block (without hemodynamic compro- 
mise) has been reported in children. Cardiac arrhythmias 
are rarely seen. Laboratory abnormalities include 
hyponatremia, hyperglycemia, and transient elevation of 
serum liver enzymes.**°* 


CHRONIC TOXICITY 

CBMZ-induced bradycardia (including complete heart 
block) may occur in elderly patients with a defective 
conduction system or sick sinus syndrome. Benign 
cardiac conduction disturbances have been found in up 
to 57% of patients with CBMZ toxicity. Patients over 
50 years of age should have an electrocardiogram (ECG) 
performed prior to initiation of CBMZ therapy.?”** 


ADVERSE EFFECTS 

Adverse effects occur in 25% of patients ingesting CBMZ. 
A mild transient leukopenia that may occur during the 
first month of treatment is unrelated to aplastic anemia, 
which occurs in 1 in 575,000 patients taking CBMZ. 
Hematologic monitoring is recommended. Discon- 
tinuation of the drug is not required for the mild liver 
enzyme elevation that occurs in up to 10% of patients 
taking CBMZ. 


Diagnosis 


Although serum CBMZ concentrations do not accurately 
correlate with the clinical severity of the poisoning, 
serum concentrations greater than 40 mg/L are 
associated with an increased risk of serious complications 
such as coma, seizures, respiratory failure, and cardiac 
conduction defects. Serum concentrations greater than 
60 to 80 mg/mL may be associated with a fatal outcome. 
The seriousness of toxicity should be judged by the 
clinical status of the patient, not by the serum CBMZ 
concentration.>”78 

Because of its ringed structure, CBMZ can cause a 
false-positive tricyclic antidepressant (TCA) result on 
the urine drug screen (UDS). Both CBMZ and carba- 
mazepine 10,11-epoxide are measured by the standard 
enzyme multiplied immunoassay test (EMIT). A 
ratio of parent compound to epoxide greater than 
2.5 is suggestive of continuing gastrointestinal (GI) 
absorption.” 


Management 


Gastric lavage may be considered if the patient is 
obtunded within 1 hour of ingestion of CBMZ. 
Prolonged absorption is possible. MDAC may decrease 
half-life but may not decrease time to recovery or change 
outcome. The benefit:risk ratio of MDAC administration 
in a sleepy patient or a patient who may require 
intubation must be assessed in each case. Similarly, 
although charcoal hemoperfusion (CHP) decreases the 
half-life of both CBMZ and the epoxide, the efficacy of 
charcoal hemoperfusion has not been compared with 
administration of multiple doses of activated charcoal or 
supportive care. If extracorporeal removal is considered 
in a life-threatening overdose, hemodialysis usually is the 
treatment of choice, since CHP cartridges are not readily 
available.4°*4 


VALPROATE 


Pharmacology 


Valproate (VPA) has a number of indirect actions on the 
GABAergic system, causing increased GABA concen- 
tration. VPA reduces release of y-hydroxybutyrate (an 
eliptogenic amino acid) and blocks cell firing induced by 
NMDA glutamate receptors. In rat brain sections, VPA 
increases brain endogenous opioid. Active metabolites 
may add to the drug’s antiepileptic actions.**° 


Pharmacokinetics 


VPA is a simple eight-carbon, branch-chained fatty acid. 
It is rapidly and completely absorbed, with peak serum 
concentrations occurring l to 4 hours after ingestion. 
The drug is extensively metabolized in the liver by 
glucuronic acid conjugation and mitochondrial B- 
oxidation, which may be inhibited by long-term or high- 
dose VPA therapy. VPA enters the mitochondria by a 
transport system that uses L-carnitine as a cofactor. 
Cytosolic @-oxidation plays a smaller role in metabolism. 
Protein binding is determined by serum concentration 
with 90% of the drug protein bound at concentrations of 
40 ug/mL. Concentrations greater than 150 ug/mL 
saturate protein binding sites, and less than 70% of the 
drug is protein bound. VPA has a small volume of 
distribution (0.13 to 0.23 L/kg) The half-life of VPA is 8 
to 21 hours but may be up to 42 hours after overdose. In 
therapeutic concentrations and following overdose, 
elimination kinetics of the parent compound appear to 
be first order. Less than 3% of the drug is excreted 
unchanged in urine and feces.*”"* 


Toxicology 
ACUTE TOXICITY (OVERDOSE) 


If the enteric-coated or CR formulation has been 
ingested, peak serum concentration may be delayed for 
12 to 16 hours. Patients who have ingested these 
formulations cannot be medically cleared until the 
clinical picture and serum concentration are assessed at 
the end of this time period.” 

CNS depression, ranging from drowsiness to coma, is 
the most frequent sign following overdose. Serum 
concentrations greater than 850 Ug/mL uniformly cause 
coma. Respiratory depression, hypotension, hypoglycemia, 
hypocalcemia, hypernatremia, hypophosphatemia, and 
anion-gap metabolic acidosis may persist for days. Serum 
aminotransferases, ammonia, amylase, and lactate may 
be elevated. Pancreatitis may occur. Thrombocytopenia, 
the most common hematologic toxicity, may be clinically 
significant and severe.” 

VPA increases renal ammonia production and blocks 
hepatic ammonia metabolism. Resultant hyperam- 
monemia may increase intracellular osmolarity, which 
promotes influx of water into the cell and causes 
cerebral edema. Hyperammonemia (in the absence of 
liver failure) and cerebral edema have been reported 
following VPA overdose. Whether increased ammonia is 
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the cause of cerebral edema and the resultant increased 
intracranial pressure is unknown.” 


CHRONIC TOXICITY 

Increased serum liver enzymes and bilirubin occur in up 
to 60% of patients with therapeutic VPA serum 
concentrations. Liver enzymes normalize with dose 
reduction or discontinuation of the drug. 

Hepatic failure, histologically evident as micro- 
vesicular steatosis, occurs in 1 in 20,000 patients. 
VPA-induced hepatotoxicity may be either intrinsic 
(reversible, reproducible, and dose dependent) and 
benign, occurring in 44% or patients, or idiosyncratic 
(unpredictable, not dose dependent, long latent period) 
and fatal. Children less than 3 years of age who are 
receiving multiple antiepileptic agents and have 
additional medical problems are at highest risk for fatal 
hepatotoxicity (incidence of | in 500). Liver enzymes 
and ammonia should be checked in children therapeu- 
tically ingesting VPA who demonstrate somnolence, 
lethargy, or even coma.”! 

Asymptomatic hyperammonemia without hepatic 
damage occurs in 20% of patients taking this drug. The 
origin of the ammonia is hepatic, a result of impaired 
urea cycle function and inability to metabolize nitrogen 
loads. The mechanism of this impairment is unknown. 
Carnitine deficiency may play a role in impaired urea 
production.” 

Thirty-six cases of VPA-associated pancreatitis, 
including nine deaths, have been reported. Patients 
receiving multiple anticonvulsants may be at highest risk 
for developing pancreatitis. The cause of the pancreatitis 
is unknown. Abdominal pain, lethargy, or coma may be 
the presenting symptoms. Thrombocytopenia, usually 
transient despite continuing the drug, has rarely induced 
bone marrow toxicity.” 


ADVERSE EFFECTS 

Fifteen percent of patients experience GI side effects 
such as anorexia, nausea, and diarrhea. CNS effects of 
sedation, ataxia, and tremor also occur. 


Diagnosis 


Serum concentration does not correlate well with either 
seizure control or toxicity. Therapeutic concentrations 
are 50 to 100 Ug/mL. The incidence of adverse side effects 
increases at concentrations greater than 120 Ug/mL. 

EMIT will yield higher values of serum VPA than will 
the gas-liquid chromatographic assay, requiring con- 
sistent analytic methodology. VPA is eliminated partly as 
ketone bodies and may cause a false-positive test result 
for ketones in the urine. 


Management 


Administration of high-dose naloxone has been reported 
to reverse VPA-induced CNS depression, possibly by 
reversal of VPA-induced release of endogenous opioids 
or reversal of VPA blockade of GABA uptake.** 
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Because of delayed peak serum concentrations, serial 
concentrations should be obtained. Whole-bowel irrigation 
may be considered if the patient ingests Depakote or an 
extended-release preparation and presents within 5 
hours of ingestion. Serum ammonia concentrations 
should be obtained in all patients with an altered level of 
consciousness. Serum glucose, calcium, phosphate, and 
platelets must be monitored.” 

B-Oxidation, the primary metabolic pathway, may be 
decreased following overdose. Hypocarnitinemia, which 
inhibits B-oxidation, may occur following long-term VPA 
therapy. The clinical relevance of hypocarnitinemia in 
patients with seizures on chronic VPA therapy or in 
overdose patients is unknown. L-Carnitine has been 
administered to overdose patients in an attempt to increase 
VPA metabolism via B-oxidation. L-Carnitine causes few 
adverse side effects. However, its administration is 
experimental.” 

Hemoperfusion (HP) and hemodiafiltration without 
HP have been performed to treat severe VPA overdose. 
Although the significant protein binding should not 
make it amenable to dialysis, the hypothesis is that 
unbound (free) drug is markedly increased in overdose. 
None of the extracorporeal means of detoxification have 
been compared with supportive care to determine 
whether these measures improve outcome.°° 


FELBAMATE 


Introduction 


Shortly after U.S. Food and Drug Administration (FDA) 
approval, it became apparent that felbamate was not well 
tolerated owing to GI complaints, insomnia, weight loss, 
dizziness, fatigue, ataxia, and lethargy. Felbamate- 
induced aplastic anemia (with an incidence 100 times 
higher than in the general population) and hepatic 
failure caused many physicians to discontinue the drug. 
Unfortunately, acute withdrawal of felbamate precipi- 
tated status epilepticus in some patients, causing some 
fatalities.°”°® 

Currently, felbamate is recommended only when 
other treatment regimens have failed. It remains on the 
market with a black box warning for aplastic anemia 
and hepatic failure and is not considered a first-line 
anticonvulsant.! 


Pharmacology 


Felbamate decreases the sodium current, enhances 
inhibitory actions of GABA, and blocks NMDA and 
o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
(AMPA) receptors. There is no effect on benzodiazepine 
receptors or GABA receptor binding.!°9 


Pharmacokinetics 


Felbamate is a dicarbamate derivative structurally related 
to meprobamate. The drug is 90% bioavailable after 
ingestion. Time to peak plasma level is 1 to 4 hours. 


Volume of distribution is 0.75 L/kg. It is 25% bound to 
plasma protein, and elimination half-life is 20 hours. Forty 
to fifty percent is excreted unchanged in the urine.”” 


Toxicology 


ACUTE TOXICITY (OVERDOSE) 

Somnolence and GI symptoms may occur. Following 
overdose of felbamate and VPA, massive felbamate 
crystalluria and acute renal failure occurred. Crystalluria 
may have been caused by felbamate alone or in 
combination with VPA.°? 


CHRONIC TOXICITY 
Fatal hepatitis and aplastic anemia are potential life- 
threatening effects. 


ADVERSE EFFECTS 

Weight gain, weakness, malaise, influenza-like symptoms, 
palpitations, tachycardia, agitation, psychological distur- 
bance, aggressive reaction, pruritus, and Stevens- 
Johnson syndrome have been reported. 


Diagnosis 


Liver enzymes and white blood counts must be 
monitored when felbamate is taken. Although there is 
no recommended therapeutic range for felbamate, 
plasma concentrations as high as 140 ug/mL have been 
tolerated without significant adverse effects.®! Acute 
overdose is treated with supportive care; there is no 
means of enhancing the drug’s removal. 


GABAPENTIN 


Pharmacology 


Structurally related to GABA, gabapentin does not bind 
to GABA receptors but is thought to enhance the release 
or actions of GABA. Unlike GABA, gabapentin readily 
crosses the blood-brain barrier. Gabapentin inhibits 
voltage-dependent sodium currents.'* 


Pharmacokinetics 


Bioavailability is dose-dependent owing to facilitated 
transport during absorption by the L-amino acid 
transporter. The transport system becomes saturated at 
higher doses, limiting absorption. (The drug is 
presumed to be transported across the blood-brain 
barrier in the same way.) Oral bioavailability is 60% after 
a 300 mg dose and decreases to 35% when the dosage is 
1600 mg three times a day. It is neither metabolized (and 
therefore does not induce hepatic enzymes) nor bound 
to plasma proteins. Gabapentin half-life is 5 to 7 hours. 
Kinetics are linear. Since gabapentin is eliminated by the 
kidneys, its renal clearance is dependent on creatinine 
clearance; the dose should be adjusted in patients with 
renal impairment. 


Toxicology 
ACUTE TOXICITY (OVERDOSE) 


Serious toxicity has not been reported after gabapentin 
overdose, probably because of its limited bioavailability. 


ADVERSE REACTIONS 

Side effects of dizziness, somnolence, fatigue, ataxia, 
headache, tremor, diplopia, nausea and vomiting, and 
rhinitis are usually transient and disappear with 
prolonged therapy.™ 


CARCINOGENICITY 

While the drug was being developed, preclinical studies 
temporarily ended owing to increased incidence of 
pancreatic acinar cell tumors in male Wistar rats fed high 
doses of gabapentin. The tumors did not occur in female 
rats, mice, or monkeys. Human pancreatic cancer tends 
to be ductal. The relevance of the tumors in animals to 
human carcinogenesis is unknown. 


Diagnosis 


In adults receiving 900 to 1800 mg/day, plasma 
concentrations range from 2.7 to 4.1 ug/mL following a 
single dose and from 4.0 to 8.5 ug/mL following 
multiple doses. 


Management 


The treatment of gabapentin overdose is supportive. 
There is no established role for forced diuresis to 
enhance its urinary elimination. 


LAMOTRIGINE 


Pharmacology 


Lamotrigine (LTG) stabilizes presynaptic neuronal 
membranes by blocking voltage-dependent sodium 
channels and thereby preventing the release of 
excitatory amino acids, especially glutamate and 
aspartate. Although LTG is a weak inhibitor of 
dihydrofolate reductase, antifolate drugs have not been 
shown to possess anticonvulsant activity.” 


Pharmacokinetics 


The drug is well absorbed; bioavailability is 98%. Its half- 
life is 22 to 36 hours. Being 55% protein bound, LTG is 
metabolized by hepatic glucuronidation, which is a 
target for enzyme inducers and inhibitors. Not 
surprisingly, metabolism of LTG is markedly increased by 
inducing drugs. Less than 10% is excreted unchanged.” 


DRUG INTERACTIONS 

Hepatic drug enzyme inducers such as carbamazepine, 
phenytoin, and phenobarbital reduce the half-life of 
LTG by 15 hours. Sodium valproate reduces the 
clearance of LTG by 21% and increases its half-life to 59 
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hours. LTG does not induce or inhibit hepatic enzymes. 
LTG increases symptoms when added to carbamazepine 
through pharmacodynamic rather than pharmaco- 
kinetic interactions. 


Toxicology 
ACUTE TOXICITY (OVERDOSE) 


Serious toxicity has not been reported in adults. In a 
single case report, ataxia and rotational nystagmus were 
described. An analysis of serum concentrations suggests 
the elimination pharmacokinetics are first order. 
Seizures and coma have been reported in children 
ingesting LTG; all recovered without sequelae.°" 


ADVERSE REACTIONS 
Hypersensitivity reactions evidenced by multiorgan 
dysfunction and hepatic abnormalities, with and without 
the presence of a rash, have been reported. All patients 
who developed LTG-associated hypersensitivity syndrome 
were concomitantly taking ACs. Supratherapeutic dosing 
of LTG has also been associated with hypersensitivity 
reaction.°® 

Rashes, including Stevens-Johnson syndrome, toxic 
epidermal necrolysis, and hypersensitivity reaction occur 
in up to 25% of children less than 16 years of age and 
0.3% (3/1000) of adults. Rarely, death has occurred. 
Rash usually occurs within 2 to 8 weeks of initiation of 
the drug, but isolated cases occurring after prolonged 
treatment (6 months) have been reported. Risk factors 
include coadministering VPA and exceeding the 
recommended initial doses of LTG or escalating the 
dose. LTG should be discontinued at the first sign of a 
rash. Other reported side effects are headache, nausea, 
vomiting, dizziness, diplopia, ataxia, and tremor.” 


Diagnosis 


At therapeutic doses, trough plasma concentrations are 
2 to 4 mg/L. Maximum reported concentration 
following overdose is 35.8 mg/L. Serum concentrations 
are of no clinical value following overdose. °®” 

Treatment of overdose is supportive. 


TOPIRAMATE 


Pharmacology 


Topiramate, a sulfamate-substituted monosaccharide, is 
structurally distinct from other ACs. Topiramate causes a 
state-dependent blockade of sodium channels and 
potentiates GABA-mediated neuroinhibition by acting at 
a unique modulatory site. It enhances GABA-mediated 
chloride influx into neurons (similarly to diazepam), 
increasing the frequency at which GABA activates 
GABA, receptors. The drug itself does not interact with 
GABA binding sites or BZDP binding sites on GABAy,. 
Topiramate also causes blockade of glutamate-mediated 
neuroexcitation. It is a weak carbonic anhydrase 
inhibitor.” 
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Pharmacokinetics 


Topiramate is rapidly and completely absorbed from the 
GI tract and is minimally protein bound (9% to 17%) 
but extensively bound to erythrocytes until the binding 
sites are saturated. The drug’s half-life is 19 to 23 hours. 
Hepatic metabolism is minimal, and there are no active 
metabolites. The drug is primarily (70%) excreted in the 
urine.” 


Toxicology 
ACUTE TOXICITY (OVERDOSE) 


Coma, status epilepticus, and hyperchloremic metabolic 
acidosis have been reported following acute overdose. “1 


ADVERSE EFFECTS 
CNS side effects (sedation) and cognitive side effects 
(trouble concentrating and finding words, decreased 
attention span) are worse with rapid titration of 
topiramate. Weight loss, ataxia, dizziness, nystagmus, 
tremor, and fatigue may occur. Since the drug is a 
carbonic anhydrase inhibitor, exchange of hydrogen ion 
for sodium ion and reabsorption of bicarbonate is 
decreased at the proximal renal tubule. Metabolic 
acidosis can therefore develop. Carbonic anhydrase 
inhibitors also decrease urinary citrate. Both decreased 
urinary citrate and acidosis increase the chance of 
calcium phosphate stones.” 

Treatment of topiramate overdose is supportive; there 
are no antidotes. 


TIAGABINE 


Pharmacology 


Tiagabine (TGB) prolongs the action of GABA by 
selectively inhibiting GABA transporters in the glia and 
neurons. TGB does not affect voltage-gated sodium or 
calcium channels.” 


Pharmacokinetics 


TGB is oxidized via the cytochrome P-450 system but 
does not affect hepatic enzyme function and therefore 
does not affect other drug metabolism. Its half-life is 5 to 
8 hours although it may be decreased to 3 hours by 
inducing drugs.) 


Toxicology 
ACUTE TOXICITY (OVERDOSE) 


TGB overdose may precipitate seizures and non- 
convulsive status.” 


ADVERSE REACTIONS 

Side effects associated with therapeutic use include 
dizziness, headache, asthenia, and tremor. Visual field 
defects (VFDs) have been reported. Whether VFDs are 


completely reversible when the drug is discontinued is 
unclear.” 


Diagnosis 


Therapeutic monitoring of plasma concentration is not 
recommended, since there is no clinical correlation 
between plasma concentrations and clinical course. 
Treatment of TGB overdose is supportive. 


VIGABATRIN (VGB) 


Introduction 


Early experiments revealed that brain microvacuoles 
developed in some animal species taking vigabatrin 
(VGB). An extensive clinical monitoring program since 
1982 throughout the United States and Europe has not 
revealed evidence of VGB-related CNS vacuolation in 
humans.” 


Pharmacology 


VGB is a structural analog of GABA and an irreversible 
inhibitor of GABA transaminase, the enzyme primarily 
responsible for GABA catabolism. VGB also reduces 
GABA reuptake activity. Both mechanisms increase brain 
GABA concentrations. 


Pharmacokinetics 


The bioavailability of VGB is 90%, and volume of 
distribution is 0.8L/kg. The drug is not protein bound, 
has negligible hepatic metabolism, and is primarily 
cleared by the kidneys. Its half-life is 5 to 7 hours. The 
pharmacologic half-life is much longer than the 
elimination half-life, with the duration of action being 
5 to 7 days.” 


Toxicology 
ACUTE TOXICITY (OVERDOSE) 


Symptoms following overdose include drowsiness, 
decreased level of consciousness, and coma. Respiratory 
depression, bradycardia, hypotension, agitation, irritability, 
confusion, and abnormal behavior have also been 
reported.®” 


ADVERSE REACTIONS 

Mood and behavior changes such as depression, psychosis, 
and acute encephalopathy may occur. Sedation, fatigue, 
headache, and weight gain are usually mild and short 
lasting. 


Diagnosis 


There is no correlation between plasma concentration 
and seizure control or adverse effects. Treatment of 
overdose is supportive. 


LEVETIRACETAM 


Pharmacology 


Levetiracetam is structurally unrelated to other 
antiepileptic drugs. It does not affect the GABA system, 
nor does it block sodium or calcium channels. In vitro, 
the drug binds to brain cell membranes in reversible, 
saturable, and stereoselective fashion.®! 


Pharmacokinetics 


Levetiracetam is rapidly and completely absorbed, and 
peak plasma concentrations occur in an hour. Minimal 
protein binding and lack of hepatic metabolism prevent 
drug interactions. Sixty-six percent is excreted 
unchanged in the urine, of which 27% is excreted as 
inactive metabolites. The drug’s volume of distribution is 
0.5 to 0.7 L/kg. Its half-life in adults is 6 to 8 hours; in the 
elderly, 10 to 12 hours; and in children, 6 hours. Because 
it is primarily renally excreted, dosage adjustments are 
necessary for patients with renal impairment.®)** 


Toxicology 
ACUTE TOXICITY (OVERDOSE) 


Levetiracetam may cause CNS and respiratory depression. 
Recovery is rapid with supportive care. Elimination 
kinetics are first order following overdose. Treatment of 
overdose is supportive.®° 


ZONISAMIDE 


Pharmacology 


Zonisamide (ZNS) is a sulfonamide. The drug blocks 
sodium channels and T-type calcium channels and is a 
weak carbonic anhydrase inhibitor.°?*4 


Pharmacokinetics 


Peak plasma concentrations are achieved in 2.4 to 3.6 
hours after ingestion. Japanese studies have reported 
linear pharmacokinetics, whereas U.S. studies have 
reported nonlinear pharmacokinetics with first order 
clearance. CYP3A4 is the isoenzyme that metabolizes 
the drug. The drug’s elimination half-life is 63 hours. 
The drug is excreted in the urine as unchanged drug, 
as an acetylation product, and as the glucuronide of a 
metabolite.** 


Toxicology 
CHRONIC TOXICITY 


Carbonic anhydrase inhibitors decrease urinary citrate, 
an inhibitor of stone formation. Whether ZNS increases 
the risk of nephrolithiasis is unknown. 

In 2001, oligohidrosis and hyperthermia were 
reported in 38 patients in Japan and 2 patients in the 
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United States. Pediatric patients may be at increased risk 
for this dangerous adverse effect.® 

ZNS may contribute to psychosis during polytherapy. 
The incidence of psychotic episodes in epileptic patients 
taking ZNS is higher than the prevalence of epileptic 
psychosis in those not receiving the drug.*® 


SIDE EFFECTS 

Drowsiness (24%), ataxia (13%), anorexia, dizziness, 
forgetfulness, slowness of thought, and irritability are 
usually mild and transient. 


OXCARBAZEPINE 


Pharmacology 


Oxcarbazepine (OXZ) is the 10-keto analog of carba- 
mazepine. Similarly to CBMZ, oxcarbazepine blocks 
voltage-sensitive sodium channels, causing stabilization 
of hyperexcited neural membranes, inhibition of 
repetitive neuronal firing, and inhibition of the spread 
of discharges. The drug also increases potassium 
conductance, decreases glutaminergic transmission, and 
modulates the calcium channel.®” 


Pharmacokinetics 


OXZ is well absorbed; its absorption is not affected by 
food. Peak serum concentrations occur 4 to 6 hours after 
ingestion. It is rapidly metabolized in the liver to an 
active, nontoxic metabolite, which is widely distributed 
in the brain and lipophilic tissues and is responsible for 
the pharmacologic action of the drug. Metabolite half- 
life is 8 to 10 hours and is not affected by other ACs. 
Compared with CBMZ, OXZ has fewer side effects owing 
to lack of toxicity of the metabolite. OXZ is 38% bound 
to plasma protein. Since the active drug is excreted by 
the kidneys, the dose may need to be reduced in patients 
with renal impairment.*® 


Toxicology 
ADVERSE EFFECTS 


Duration and frequency of side effects are less than for 
CBMZ. Side effects include fatigue, headache, dizziness, 
ataxia, and nausea. Skin rash occurs in up to 10% of 
patients and is the main reason for discontinuation of 
the drug. OXZ may be administered to patients who have 
developed a rash while taking carbamazepine. Cross- 
reactivity is about 25%. Clinically insignificant hypo- 
natremia occurs in 20% of patients.’ 


DRUG INTERACTIONS 
An advantage of OXZ is that it causes few drug 
interactions. If OXZ is substituted for carbamazepine, 
deinduction can occur. 
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4 1 Maryuana 


JOAO DELGADO, MD 


At a Glance... 


m Marijuana is the most commonly used illicit drug in the United 
States. 

m Marijuana intoxication is self-limited and typically produces 
mild symptoms. 

m There is no specific antidote—treatment of intoxication is 
supportive. 


INTRODUCTION AND RELEVANT 
HISTORY 


Marijuana is by far the most extensively used illicit drug 
in the United States. The hemp plant, Cannabis sativa, 
from which it is prepared, has been used for centuries 
not only for its psychoactive resin but also for hemp fiber 
and rope. The cannabinoid A*-tetrahydrocannabinol 
(THC) is the principal psychoactive constituent and is 
found in highest concentration in the leaves and the 
flowering tops of the plant. In addition, the plant 
contains hundreds of other chemicals, including several 
cannabinoids. Marijuana and its synthetic analogs (e.g., 
dronabinol) have also been used medicinally to treat a 
variety of chronic conditions. 

The term marijuana refers to dried, tobacco-like 
preparations of the leaves, stems, and flowers. The THC 
content of marijuana is variable and may range from 0.4% 
to 20%, depending on cultivation techniques. The average 
THC content of confiscated marijuana has increased 
over the past two decades from under 2% in the late 1970s 
to 7.79% in 2005.! A typical marijuana cigarette contains 
500 to 1000 mg of plant material, which is equivalent to 
approximately 25 to 50 mg of THC. Hashish is the resin 
extracted from the tops of the flowering plants and has a 
THC concentration that may exceed 10%. Hash oil is an 
organic solvent extract of cannabis that may have a THC 
concentration of 20% or higher. 

The modern phase of therapeutic cannabis use began 
in 1842, when O’Shaughnessy reported on its effective- 
ness as an analgesic and anticonvulsant.* Cannabis was 
subsequently touted as a treatment for psychiatric 
illnesses, insomnia, poor appetite, opium addiction, 
chronic alcoholism, delirium tremens, and a wide variety 
of painful disorders. However, as synthetic analgesics and 
sedatives became available, the medical use of cannabis 
faded. The Marijuana Tax Act of 1937 officially 
eliminated it from medical practice in the United States. 

Current therapeutic uses of cannabinoids include 
alleviating chemotherapy-induced nausea and vomiting 
and attenuation of anorexia and nausea associated with 
AIDS. In general, enthusiasm for the medicinal use of 
marijuana has been tempered by inconsistent clinical 


trial results, modest therapeutic effectiveness, the 
adverse health consequences of delivery by smoking, 
undesirable side effects, and the superiority of already 
marketed drugs. Those advocating the use of marijuana 
for medicinal purposes argue that THC is delivered 
more effectively in smoke than in oral preparations, that 
marijuana is less expensive than synthetic THC, and that 
marijuana produces few if any harmful side effects. 

The most common form of marijuana use in the 
United States is in cigarettes. Generally, smoke is inhaled 
deeply and held in the lungs for 15 to 30 seconds, which 
results in rapid intoxication or “high.” Other psycho- 
active substances, such as phencyclidine or cocaine, may 
be mixed with marijuana and then smoked. Ingestion is 
the second most common means of intoxication and is 
typically accomplished by baking marijuana inside 
cookies or brownies. In contrast to inhalation, the effects 
after ingestion occur more gradually and the level of 
intoxication is not as readily controlled as with inhalation. 
Illicit intravenous injection of crude marijuana plant 
extracts remains an unusual practice. The gummy 
consistency of the plant resin and its poor water solubility 
limit its use via this route. 


EPIDEMIOLOGY 


The National Institute on Drug Abuse (NIDA) funds an 
ongoing national research and reporting program called 
the Monitoring the Future Study, in which secondary 
school students, college students, and young adults are 
surveyed annually about drug use. This study has 
consistently shown that alcohol is the most frequently 
used substance in all subgroups, and marijuana is the 
most frequently used illicit substance. The most recent 
data show that nearly one half of 12th graders have used 
marijuana at least once and that 22% are current users.* 
Another large national survey indicates that 37% of the 
U.S. population (83 million people) has used marijuana 
at least once and 14.6 million are currently using 
marijuana.’ Such widespread use has significant public 
health implications. For example, workers who smoke 
marijuana frequently have higher rates of absenteeism 
and miss more days of work due to illness than 
nonsmokers. Perhaps more concerning is marijuana’s 
role as a “gateway” drug, meaning that marijuana users 
are more likely to move on to other more harmful drugs, 
such as cocaine, heroin, and amphetamines.’ 


STRUCTURE 


Cannabinoids are aryl-substituted monoterpenes unique 
to the genus Cannabis. C. sativa contains over 60 cannabi- 
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FIGURE 41-1 Chemical structure of 1-trans-A9-tetrahydro- 
cannabinol. 


noids, the most pharmacologically potent of which is 
THC (Fig. 41-1). 


PHARMACOLOGY AND 
PATHOPHYSIOLOGY 


THC produces numerous pharmacologic and behavioral 
effects through its action on the CB, cannabinoid 
receptor. This receptor is a member of a large family of 
receptors that are coupled to G proteins and modulate 
adenylate cyclase. CB, receptors are distributed primarily 
in axons and nerve terminals. Their presynaptic local- 
ization suggests a modulatory role on neurotransmitter 
release. In fact, THC is known to inhibit the release of a 
variety of neurotransmitters, including acetylcholine, 
dopamine, y-aminobutyric acid, L-glutamate, serotonin, 
and norepinephrine.’ A number of arachidonic acid 
derivatives have been shown to serve as endogenous CB, 
ligands. ‘These derivatives include arachidonolyl-glycerol 
(Ara-G1l) and anandamide.!”!! The establishment of a 
cannabinoid receptor and several endogenous ligands 
with biosynthetic and degradative pathways suggests the 
possible presence of a distinct neurochemical system. A 
peripheral cannabinoid receptor, designated CBs, has been 
identified in macrophages but its role remains unknown.” 

The highest density of cannabinoid receptors is found 
in the cerebral cortex, particularly the frontal areas, 
cerebellum, basal ganglia, hypothalamus, and hip- 
pocampus.” This distribution explains the prominent 
effects of THC on memory, cognition, and motor 
function. Scarce levels of CB, receptors in the brainstem 
regions are thought to account for the low lethality of 
cannabinoids. Binding has also been found in the B- 
lymphocyte-rich areas, including the marginal zone of 
the spleen, the nodular corona of Peyer’s patches, and 
the cortex of lymph nodes.’° 

Pharmacologic effects begin rapidly and generally 
peak within 30 minutes of smoking a marijuana 
cigarette. Behavioral and physiologic effects generally 
return to baseline levels 4 to 6 hours after smoking. 
However, impairment of various performance measures 
related to complex tasks, such as driving a car or flying 
an airplane, has been demonstrated immediately after 
marijuana use and persisting for as long as 24 hours.'*"° 
Marijuana is classified as a schedule I controlled 
substance (“no currently accepted medical use”) by the 
U.S. Drug Enforcement Administration, whereas phar- 
maceutical THC is classified as a schedule III controlled 
substance. 

The THC analogs dronabinol, levonantradol, nabilone, 
and nabitan have been used to treat chemotherapy- 


induced nausea and vomiting.'® A systematic review of 
the medical literature determined that cannabinoids 
appear to be more effective than conventional antiemetics 
in treating mild to moderate nausea but were associated 
with significant side effects that limited their usefulness. !7 
The development of 5-HT; receptor antagonists, such 
granisetron and ondasetron, has further limited the use 
of THC for this indication. Dronabinol is approved by 
the Food and Drug Administration for chemotherapy- 
associated nausea and vomiting refractory to con- 
ventional antiemetics. The recommended dose is 5 to 
15 mg/m*. Dronabinol is also approved for appetite 
stimulation in patients with AIDS wasting syndrome."® 
The typical starting dose for appetite stimulation is 
2.5 mg twice a day. Dronabinol is marketed under the 
trade name Marinol (Solvay Pharmaceuticals, Inc., 
Marietta, GA) 

Although THC has analgesic properties, it is no more 
effective than codeine and produces considerable side 
effects in the effective analgesic dose range.'? Marijuana, 
THC, and several synthetic derivatives have been shown 
to lower intraocular pressure in patients with glaucoma 
but are not widely used for this indication.*? A topical 
preparation of marijuana intended for the treatment of 
glaucoma is marketed as Canasol in Jamaica (Medi-Grace 
Ltd., Kingston, Jamaica).?! Extensive animal studies have 
shown that THC is capable of producing both procon- 
vulsant and anticonvulsant effects. Cannabidiol, in 
particular, showed some promise as an anticonvulsant in 
animal studies.** However, its efficacy was not sufficient 
to warrant clinical use in humans. Recently, there has 
been an interest in using Cannabis for tremor and 
spasticity associated with multiple sclerosis. Clinical trials 
have not shown improvement in objective measures of 
tremor or spasticity despite the perception by partici- 
pants of an improvement of their symptoms.*?*4 


PHARMACOKINETICS 


THC is readily absorbed when marijuana is smoked, with 
peak serum concentrations obtained within 10 to 20 
minutes. Peak clinical effects occur within 30 minutes of 
smoking.*? Heavy marijuana smokers absorb THC more 
efficiently (23% to 27% bioavailability) than light 
smokers (10% to 14% bioavailability).*° Although oral 
ingestion of marijuana produces similar pharmacologic 
effects, THC is absorbed more slowly and erratically than 
when smoked. Oral bioavailability is only 6% to 10% 
because of extensive first pass metabolism. Peak plasma 
THC concentrations occur 1 to 3 hours after ingestion 
and are much lower than those achieved by smoking. 
THC is highly protein bound (97% to 99%) and 
lipophilic, with an apparent volume of distribution of 
4 to 14 L/kg.* THC is metabolized first to hydroxylated 
metabolites, followed by conversion to carboxylic acids. 
The metabolites are subsequently excreted as con- 
jugates. The initial hydroxylated metabolites of THC 
(i.e., 11-hydroxy-THC and 8-B-hydroxy-THC) are active 
but do not achieve appreciable plasma concentrations 
and are not likely to contribute to the acute behavioral 


effects of marijuana.” Approximately 15% and 50% of 
THC is excreted in urine and feces, respectively, over 
several days.?’ The urinary elimination half-life of THC 
averages 5 days in heavy users of marijuana as compared 
with 20 to 57 hours for infrequent users.*??8 The primary 
urinary metabolite is conjugated 11-nor-9-carboxy-A’— 
THC, which has a urinary elimination half-life of 3 days 
in heavy users.*” Only trace amounts of THC are 
excreted in urine unchanged. 

Blood concentrations of ‘THC peak before behavioral 
effects and do not correlate well with pharmacologic 
effects.°° Peak behavioral effects lag behind the time of 
peak plasma THC levels by 10 to 30 minutes for smoking 
and 1 to 3 hours for ingestion; significant effects may last 
for 4 to 8 hours.”?*!*? In clinical settings, blood and 
urine levels of THC and metabolites are only useful for 
determining whether or not an individual has used 
marijuana and not in determining degree of resulting 
impairment. 


TOXICOLOGY 


Overall, toxicity arising from cannabinoid use is mild. 
Even when large doses are used, the effects are not 
usually prolonged or life threatening. Exceptions to this 
rule are ingestions involving small children, who may 
become severely obtunded after ingesting hashish or 
marijuana, and individuals who experience severe 
allergic reactions to Cannabis, both of which are rare 
occurrences.°?"*4 


Psychological and Neurologic Effects 


Marjjuana’s effects on central nervous system functions 
such as behavior, cognition, perception, and perform- 
ance are its most important physiologic effects. Indi- 
viduals who consume low to moderate quantities gener- 
ally report a feeling of well-being and pleasant relaxa- 
tion, euphoria, a dreamlike state, alteration of time 
and space perception, and a heightening of their senses. 
Smoking a large quantity of marijuana can produce 
a range of effects including mild anxiety, paranoid 
behavior, acute psychosis, problems in dealing with real- 
ity, and obsessional thought content characterized by 
delusions, hallucinations, illusions, and bizarre behavior. 
These adverse effects sometimes occur in inexperienced 
users even after low doses. 

Cognitive functioning, such as speaking, problem 
solving, and memory recall, are affected by marijuana 
use.” Marijuana’s interference with short-term memory 
is thought to be a major cause of poor cognitive 
performance during marijuana intoxication. Information 
learned while intoxicated is less well recalled than in a 
sober state. 

Impairment of complex motor functions also occurs 
in intoxicated individuals.” Some parameters that affect 
driving performance continue to be impaired even 
several hours after a marijuana user no longer feels high. 
Epidemiologic data suggest that drivers who recently 
used Cannabis are approximately three to seven times 
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more likely to have caused a crash than sober drivers.°° 


This impairment is exacerbated by the common 
combination of marijuana with alcohol. 

Adverse psychological reactions to marijuana use 
occur relatively frequently.” The exaggeration of the 
more usual marijuana response, in which an individual 
loses perspective (i.e., the realization that what he or she 
is experiencing is a transient drug-induced distortion of 
reality), may produce anxiety. This reaction appears to 
occur primarily in inexperienced users, although 
unexpectedly higher doses of the drug can cause such a 
response even in experienced users. Symptoms usually 
resolve in a few hours as the immediate effects of acute 
intoxication recede. ‘Typically, only authoritative 
assurance and limiting sensory input are required. 

Uncommon cannabinoid-induced symptoms may 
include severe panic and anxiety states, paranoia, 
depression, personality changes, confusional states, and 
psychoses, which are indistinguishable from primary 
psychiatric syndromes unless the drug-induced etiology 
is known. Whether marijuana use can precipitate 
permanent psychiatric illness in individuals who have 
no underlying predisposition remains controversial. 
Marijuana has also been linked to transient ischemic 
attacks and strokes, but definitive evidence of a causative 
role is lacking.**** There is no convincing evidence that 
cannabinoids are neurotoxic to humans.” 


Respiratory Effects 


Inhalation of marijuana smoke is associated with rhinitis, 
pharyngitis, laryngitis, cough, hoarseness, and bronchitis, 
which are symptoms commonly reported by tobacco 
smokers as well. Interestingly, marijuana smoke also 
produces bronchodilatation in both normal and asth- 
matic patients. Prolonged marijuana use is associated 
with chronic bronchitis and changes in respiratory tract 
cells.44 In contrast to tobacco smoke, which affects 
primarily the smaller airways and the alveoli, marijuana 
smoke is associated with large airways disease.*** 
Longitudinal data suggest an additive effect of marijuana 
plus tobacco with respect to symptom prevalence. 
Uncommon adverse effects include pneumothorax and 
pneumomediastinum from the Valsalva maneuver that 
marijuana users frequently employ in an attempt to 
increase THC absorption by the lung; partial upper 
airway obstruction from marijuana smoke-induced 
uvulitis; and pulmonary aspergillosis.**” 

As with tobacco smoke, marijuana smoke has a high 
content of particulate matter, or tar. Compared to 
tobacco smoke, marijuana smoke contains threefold 
more tar and results in fivefold higher carbon monoxide 
concentrations.*” No large-scale epidemiologic studies 
have been carried out to determine if there is a relation- 
ship between smoking marijuana and the incidence of 
lung cancer. Nevertheless, there is good reason for 
concern about the possibility that lung cancer might 
result from prolonged use. Several reports have noted 
a higher-than-expected incidence of head and neck 
squamous cell carcinoma.*® Like tobacco smoke residuals, 
so-called tar Cannabis residuals, when applied to the skin 
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of experimental animals, produce tumors. Analysis of 
marijuana smoke has also revealed high concentrations 
of carcinogenic hydrocarbons. 


Cardiovascular Effects 


Dose-related sinus tachycardia is the most common 
cardiovascular effect observed after the administration of 
THC, regardless of route.*? Orthostatic hypotension may 
occur with higher doses. Electrocardiographic changes 
in intoxicated individuals include nonspecific ST-T 
changes as well as occasional premature ventricular 
contractions. One report implicated marijuana use in 
causing atrial fibrillation.” The cardiovascular effects are 
caused primarily by stimulation of the autonomic nervous 
system with involvement of both the parasympathetic 
and sympathetic pathways. These effects are not likely 
to have serious consequences in young, healthy adults 
but may be significant in patients with preexisting 
cardiovascular disease. For example, one study found 
that the risk of having a myocardial infarction increases 
fourfold in the hour following marijuana use.°! No long- 
term cardiovascular effects have been described to date. 


Reproductive Effects 


No definitive evidence shows that marijuana use alters 
reproductive function in either gender to such an extent 
that reproduction is compromised. Changes in sex 
hormone levels after heavy marijuana use have been 
described, but these effects have not been consistently 
demonstrated. For example, one study found depressed 
testosterone levels in heavy marijuana users but another 
found no difference in levels of testosterone, luteinizing 
hormone, follicle-stimulating hormone, prolactin, or 
cortisol.°*°? Even when lower testosterone levels have 
been noted, the levels have been within normal limits. 
Whether long-term use of marijuana might result in 
persistently depressed levels of serum testosterone is 
unknown. 

An increased incidence of gynecomastia and elevated 
estrogen levels have been noted in some men who use 
marijuana chronically. Studies of the semen of male 
long-term users found abnormalities in count, motility, 
and structural characteristics of the sperm examined.**”? 
In men with already marginal fertility, decreased fertility 
might well result, although definitive evidence of this has 
not emerged. Marijuana use does not appear to affect 
the ovulatory cycle in women.*° 


Pregnancy and Fetal Development 


In laboratory animals, exposure to high doses of THC 
results in an increased number of stillbirths and 
decreased litter size.°’ Malformations in offspring have 
also been described, but these occur only when dams 
received very high doses of THC during the initial stages 
of organogenesis. Many of these studies conducted with 
high doses of THC more likely reflect maternal toxicity 
rather than direct effects on embryonic and fetal 
development.*® 


The effects of maternal marijuana use on fetal 
development and the outcome of pregnancy are difficult 
to study in humans because these effects are confounded 
by alcohol and drug use, smoking, nutritional status, and 
socioeconomic status. A reduction in birth weight of 
infants born to women who used marijuana during 
pregnancy has been noted in some studies but not in 
others.” In general, marijuana users are more likely 
than nonusers to have had an unplanned pregnancy, 
premature labor, and abruptio placentae, and their 
children are more likely to have lower birth weight and 
congenital features compatible with fetal alcohol 
syndrome or other major malformations.°°** Because 
women who smoke marijuana frequently smoke tobacco, 
drink alcohol, and abuse other drugs, it is difficult to 
isolate a marijuana effect. The long-term consequences 
of prenatal marijuana exposure are not clear. Some 
alterations in language skills are observed at 2 years 
of age, and verbal ability and memory were different 
between marijuana-exposed and nonexposed 4-year- 
olds.°*-°* However, these differences were not observed in 
5- and 6-year-olds. 


Immune System 


The presence of a unique subpopulation of cannabinoid 
receptors in macrophages suggests that cannabinoids are 
capable of affecting the immune system. Although there 
has been concern that cannabinoids could contribute 
to immunosuppression, particularly in already compro- 
mised individuals, convincing evidence is lacking in 
humans.®6ë Marijuana smoke has been shown to alter 
numerous immune parameters in vitro. Described 
changes in macrophages include suppression of 
superoxide production, altered morphology, diminished 
phagocytic and spreading ability, increased interleukin-1 
production, suppression of extrinsic antivirus activity, 
and alteration of tumor necrosis factor levels.” Studies 
examining cellular and humoral responses have pro- 
duced inconsistent results, with some showing differ- 
ences in immunoglobulin production and alteration in 
CD4 to CD8 ratios, while others have not been able to 
demonstrate differences.” Perhaps most concerning 
is the observation that cannabinoids may decrease host 
resistance to infection. While these effects are unlikely 
to affect normal hosts, they may be significant in 
compromised hosts. 


Tolerance and Dependence 


The development of tolerance to the effects of marijuana 
is well established.” Marijuana dependence, defined as 
experiencing physical symptoms (such as irritability, 
restlessness, sleep disturbance, nausea, and diarrhea) on 
cessation of use may occur in settings of heavy use.” It is 
estimated that more than 200,000 individuals in the 
United States seek treatment for marijuana dependence 
each year.” The gradual release of accumulated THC 
from fat stores creates a “tapered dose” effect and is 
thought to account for the relatively mild manifestations 
of marijuana withdrawal. 


EFFECTS OF MARIJUANA IN 
COMBINATION WITH ALCOHOL AND 
OTHER DRUGS 


Marijuana is most commonly used along with ethanol. 
Several studies have reported that concomitant marijuana 
and ethanol use produces either additive or supra- 
additive effects on psychomotor performance.” One 
study, however, reported that marijuana attenuates 
plasma ethanol levels, with a resultant decrease in the 
duration of subjective effects for both agents.®! 
Concomitant use of intranasal cocaine and marijuana 
smoke enhances the tachycardia observed with mar- 
yuana alone. The duration of the effects of marijuana 
and cocaine are unaltered when both drugs were given 
together; however, marijuana pretreatment reduces the 
time required for the onset of cocaine effects and 
decreases the duration of negative cocaine effects. 
Moreover, marijuana pretreatment increases cocaine 
levels almost twofold.®* These observations are thought 
to occur because marijuana-induced dilation attenuates 
the vasoconstrictive properties of cocaine, enhancing the 
absorption of the latter. Simultaneous use of marijuana 
and amphetamines increases the intensity and duration 
of a subjective high. 


DIAGNOSIS 


The clinical features of acute marijuana intoxication are 
nondescript. Conjunctival hyperemia, nasopharyngeal 
irritation, tachycardia, and difficulty with short-term 
memory with its attendant effects on fluency of speech 
and performance of complex tasks, may be noted. Acute 
anxiety reactions as well as an acute toxic psychosis with 
hallucinations, delusions, illusions, and agitation are 
primarily observed in inexperienced individuals or in 
those who take large doses. Symptoms, even when severe, 
generally subside within 4 to 6 hours. In individuals with 
underlying schizophrenia, marijuana may exacerbate 
existing symptoms or precipitate a relapse.®’ Urine 
immunoassay is the easiest way to confirm marijuana 
use. Although a marijuana-induced toxic psychosis that 
lasted days has been described, symptoms that persist 
beyond a few hours after marijuana use are more likely 
to indicate the presence of a cointoxicant or an 
underlying psychiatric disorder. 


Laboratory Testing 


The typical means of detecting marijuana use is through 
measurement of the THC metabolite 11-norA°-THC 
carboxylic acid in urine using an immunoassay screen. 
Common cutoff limits for commercially available kits are 
20, 50, and 100 ng/mL. When the results from the initial 
screen are confirmed by gas chromatography/mass 
spectrometry, the results are extremely reliable, with 
sensitivity and specificity approaching 100%. Therapeutic 
use of synthetic THC may result in a positive urine 
screen. 
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The length of time that marijuana metabolites can be 
detected in urine depends on the cutoff limit, the amount 
absorbed, and the frequency of use. Using a urine screen 
with a 50 ng/mL cutoff, THC may be detected for 1 to 
3 days after acute marijuana use. Lower detection cutoffs 
permit detection for as long as a week or more.” Heavy 
users may have detectable cannabinoids in urine for 
weeks following last use. The reason for this is that THC 
accumulates in fat stores and upon cessation gradually 
redistributes back to blood and is then eliminated. 
Obese individuals who have large lipid stores of THC 
and lose weight rapidly may have detectable THC in 
their urine despite a prolonged period of abstinence. 

A number of purported methods to defeat urinary 
assays have been described. These include dilution, 
bleach, lemon juice, potassium nitrite, niacin, salt, 
tetrahydrozoline, and vinegar. Marijuana use may be 
distinguished from dronabinol use by measuring urinary 
A*-tetrahydrocannabivirin, which is a THC analog found 
only in plant material.* 

Passive inhalation of marijuana smoke may lead to low 
concentrations of THC and the 11l-carboxy metabolite 
in both serum (up to 20 ng/mL) and urine (up to 
40 ng/mL).® However, this requires such an intense 
exposure to ambient marijuana smoke that it would be 
unlikely to occur outside research settings. Passive 
exposure to marijuana smoke ordinarily does not 
trigger a positive immunoassay nor does it produce psy- 
chotomimetic effects.2°°° A group of rock concert 
attendees who were in an area where marijuana was 
smoked did not have detectable THC metabolites using 
a radioimmunoassay with a detection limit of 50 ng/mL.*’ 
Ingestion of hemp seed oil and other hemp seed food 
products has resulted in positive urine screens.®’ 

Antenatal exposure to cannabinoids may be docu- 
mented by testing urine as soon as possible after birth. 
When routine urine testing is negative but clinical 
suspicion remains high, meconium may be tested for 
Cannabis and other illicit substances. In fact, meconium 
is more sensitive than urine or hair testing in determining 
antenatal exposure to cannabinoids and may indicate 
exposure as remote as the second trimester.®” Methods 
for meconium analysis for the presence of THC have 
been described.” 

Federal regulations require that workers employed 
in certain transportation-related occupations, such as 
aviation, mass transit, railroads, and trucking, undergo 
drug and alcohol testing. The Department of 
Transportation develops and publishes the rules that 
govern the testing of these transportation workers. The 
Department of ‘Transportation cutoff concentration for 
THC is 50 ng/mL for initial screening and 15 ng/mL 
for confirmatory testing. 


MANAGEMENT 


Treatment of marijuana intoxication is supportive. 
Anxiety associated with inexperience or excessive 
dosescan generally be managed with a quiet, protective 
environment, reassurance, and mild sedation with 
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benzodiazepines, if needed. Patients who experience 
psychotic symptoms should be treated with antipsychotic 
medications. Activated charcoal may help prevent the 
absorption of THC after ingestion but data are not 
available on its effectiveness. Because THC toxicity is 
rarely life threatening, gastric emptying is not recom- 
mended. Patients who present with anxiety or a toxic 
psychosis may be discharged when their symptoms have 
abated. Admission is almost never required. 


Elimination 


THC is not amenable to enhanced elimination tech- 
niques due to high protein binding and a large volume 
of distribution. 


Prevention and Addiction Treatment 


No prevention model has been successful on a broad 
scale. Although recent data suggest that the prevalence 
of marijuana use in school-aged children may be 
declining, it is unknown which public health measures or 
policies, if any, are responsible for this decline.* The 
standard treatment modality for marijuana use has been 
psychotherapy similar to that of a 12-step Alcoholics 
Anonymous model. This approach, coupled with urine 
monitoring, can be effective in terminating marijuana 
use. However, as with most other drugs of abuse, relapse 
is common. 
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At a Glance... 


m Cocaine is the most frequent cause of emergency department 
visits and death associated with illicit drug use in the United 
States. 

m The major routes of administration of cocaine are sniffing, 
injecting, and smoking (free-base or “crack” cocaine). 

m Local anesthetic effects and the blockade of catecholamine 
and serotonin uptake define cocaine’s principal mechanisms of 
action. 

© Toxicity is manifested primarily by behavioral alterations, hyper- 
thermia, seizures, and cardiac abnormalities. Less commonly, 
gastrointestinal, liver, kidney, muscle, renal, and pulmonary 
damage have been reported. 

m Treatment is primarily supportive in nature. 


INTRODUCTION AND RELEVANT 
HISTORY 


Cocaine continues to be a significant drug of abuse in 
the United States, as well as in many other parts of the 
world. It is often associated with drug-related emergency 
department (ED) visits, intensive care unit (ICU) 
admissions, and death.'* Cocaine is frequently detected 
on drug screens performed on reckless or impaired 
drivers* and trauma patients that present to EDs.°° 
Although the central nervous and cardiovascular systems 
are most commonly affected by cocaine, the drug can 
have toxic manifestations in nearly every organ system. 
Due to the prevalence and medical significance of cocaine 
toxicity, health care providers must be knowledgeable of 
and alert for cocaine toxicity. 

Cocaine, an alkaloid that is derived from the leaves 
of Erythroxylum coca, has an interesting history that 
interfaces with the history of medicine and drug abuse. 
The first recorded medicinal uses were reported by 
Spanish physicians in 1596.” Cocaine was first isolated 
from coca leaves in 1859 by Albert Nieman, a graduate 
student at the University of Géttingen.® By 1863, Angelo 
Mariani was marketing a wine in France that was fortified 
with about 6 mg per ounce of the cocaine alkaloid 
extract. In the United States, the Parke-Davis Company 
was selling a fluid extract containing 0.5 mg/mL of a 
crude cocaine by 1880.8 By 1884, Sigmund Freud had 
proposed that cocaine be used for the treatment of 
depression, cachexia, and asthma and also as a local 
anesthetic.’ That same year, cocaine was also first used in 
eye surgery, a field that was revolutionized by the 
discovery of this drug. William Steward Halsted, the 
father of modern American surgery, first used cocaine in 
regional nerve blocks also in 1884. Unfortunately, Halsted, 


like Freud, became heavily dependent on cocaine.’ In 
1885, the Georgia pharmacist John Styth Pemberton 
registered the cocaine-containing “French Wine Cola” in 
the United States; later, he renamed the product Coca- 
Cola.*8 Coca-Cola was initially a mixture of extracts from 
the cocaine-containing coca leaf and the caffeine- 
containing African kola nut. The soft drink was first 
introduced in 1892 as a brain tonic for elderly people 
who were easily tired; it was also marketed as a cure for 
all nervous afflictions.” 

By 1893, fatalities from the use of cocaine had been 
reported. In 1895, a series of six fatalities was reported in 
the Lancet.®!? In 1909, more than 10 tons of cocaine was 
imported into the United States without legal restraint. 
Multiple over-the-counter medical products and elixirs 
containing various amounts of cocaine were created. A 
product for nasal application called Dr. ‘Tucker’s Asthma 
Specific contained 420 mg of cocaine per ounce.’ The 
passage of the Harrison Narcotics Act of 1914 finally 
banned nonprescription use of cocaine-containing 
products. Subsequently, a significant reduction in the 
use of cocaine occurred in the United States. Although 
amphetamines surpassed cocaine as the most prevalent 
stimulant of abuse in the 1950s, the use of cocaine 
surged again in the 1970s. Cocaine currently remains the 
most commonly abused stimulant and illicit drug of 
abuse.'*!! The Controlled Substances Act of 1970 
prohibited the manufacture, distribution, and possession 
of cocaine in the United States, except for increasingly 
limited medical uses.’ It has since been designated as a 
schedule II drug by the U.S. Drug Enforcement Agency 
(DEA). By the 1980s, chunks of an alkaloidal cocaine 
called “crack” had become widely available. Cocaine is 
still used medicinally as a local anesthetic. Topical 
application of the hydrochloride (1%, 4%, or 10% 
solution) to the eyes or upper respiratory tract mucosa 
provides local anesthesia and vasoconstriction with a 
single agent.” 


EPIDEMIOLOGY 


Cocaine use and dependence remains an epidemic in 
the United States. The widespread availability of a highly 
pure, relatively inexpensive, easy-to-use, and highly 
addictive formulation crack cocaine has ensured the 
continued American addiction to this illicit drug.!** In 
1999, it was estimated that 25 million Americans had 
used cocaine at least once, 3.7 million used it within the 
past year, and 1.5 million were current regular users.'!4 
Each year, the number of new users steadily increases, 
with 900,000 new users estimated in 2000.!° The 
prevalence of cocaine use is greatest in Americans 18 
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to 25 years of age. Approximately 11% of Americans 
older than 12 years have used cocaine, with 7% of adults 
between 18 and 34 years of age having used it within the 
previous year.’ According to the Drug Abuse Warning 
Network, cocaine continues to be the most frequent 
cause of ED visits associated with illicit drug use in the 
United States; it accounted for 30% of all such ED visits 
in 2002 (approximately 200,000 ED visits).! In addition, 
from 1995 to 2002, cocaine-related ED visits have 
increased by 33%.' 

Death after cocaine use is one of the five leading 
causes of death in the 15- to 44-year-old age group.!® 
Between 1990 and 1992, as many as 26.7% of all deaths 
in New York City were associated with the presence of 
cocaine or a cocaine metabolite in the blood or urine.!® 
More than 30% of these deaths were attributed to 
cocaine directly, and 65% involved traumatic injuries 
associated with cocaine.!® Cocaine overdose appears 
from surveys of users to be less associated with crack 
cocaine smoking than with intravenous use.!” Accidental 
overdose deaths have slightly decreased from its peak 
between 1993 and 1995 in New York.'® Regardless, 
cocaine alone or in combination with alcohol and or an 
opiate was determined to be the cause of death in 69.5% 
of these cases.!® In a study of intravenous drug users in 
San Francisco, the use of heroin and cocaine together 
(“speedballs”) was frequently associated with overdose. 
A survey of cocaine users in Brazil noted that 20% 
had experienced one or more episodes of overdose.” In 
Tennessee in 1993, more than 25% of reckless drivers 
who did not smell of alcohol were found to be 
intoxicated with cocaine alone or in combination with 
marijuana.* Again, both the direct effects of cocaine and 
related trauma contribute to the high rate of cocaine- 
associated deaths.*!© In 2001, cocaine was the most 
frequent cause of drug-related deaths reported to 
medical examiners in the United States.”!* 

Cocaine remains a major drug of abuse, with the 
majority coming into the United States from South and 
Central America.*! The DEA noted that in 2002, federal 
drug seizures of cocaine in Florida alone amounted to 
26,258 kg.*! Acute and chronic cocaine toxicity rep- 
resents a major challenge to the clinician. Cocaine’s 
ability to cause significant multiorgan system dysfunction 
contributes to this challenge. Preventive care and new 
carefully tested approaches to therapy can help reduce 
the incidence and improve the outcome of patients with 
this modern affliction. 


STRUCTURE/STRUCTURE-ACTIVITY 
RELATIONSHIPS 


Cocaine is a naturally occurring drug; it is the principal 
active alkaloid that is derived from the leaves of the 
shrub Erythroxylum coca, found in South and Central 
America, India, and Java, and also from Erythroxylum 
novogranatense, found in South America. Coca leaves may 
be chewed or ingested as a tea (mate de coca).° This is how 
the ancient Incas used and native South Americans still 


currently use cocaine. Each coca leaf contains 0.1% to 
0.9% cocaine by weight.°** A partly purified product, 
cocaine sulfate (also known as pasta, basuco, basa, pitillo, 
and paste) is made when coca leaves are mixed with water 
and dilute sulfuric acid. Coca paste is commonly mixed 
with tobacco and smoked in South America.*** Coca 
paste is often further refined to cocaine hydrochloride 
(an odorless, white, crystalline powder) by repetitive 
mixings with various solvents (e.g., kerosene, methyl 
alcohol, and sulfuric acid). Refined cocaine hydro- 
chloride powder is 30% to 40% pure.’ 

Cocaine hydrochloride is freely soluble in water and 
can be injected intravenously or readily absorbed across 
all mucous membranes. Alternatively, the free base of 
cocaine can be made by dissolving the hydrochloride salt 
in a solvent and separating and drying the precipitate. 
Cocaine free base is not water soluble and, thus, cannot 
be injected intravenously or readily absorbed across 
mucosal surfaces.*!*.?2 Cocaine base, however, is lipophilic 
and rapidly absorbed across the alveolar-capillary and 
blood-brain barrier. 

Free-basing is a process of converting cocaine hydro- 
chloride back to cocaine base for smoking. Traditionally, 
free base was made by dissolving the hydrochloride salt 
in water, adding ammonia to remove the hydrochloride, 
adding ether to solubilize the base, and then letting the 
ether evaporate from the base.*!* An alternative form of 
cocaine free base, crack is made by dissolving the 
hydrochloride salt in water, adding sodium bicarbonate 
(baking soda) to remove the hydrochloride, heating the 
mixture until the water evaporates, and cooling the free 
base into a soft mass that subsequently dries into a hard 
rock.*'’ Cocaine free base has a relatively low melting 
point as compared with the hydrochloride form (98° C 
versus 197° C) and is stable to pyrrolysis.*'* Thus, the 
free base can be heated, vaporized, and inhaled 
(smoked). The base is commonly smoked in a glass or 
regular pipe or mixed with tobacco or marijuana in 
cigarette form. If the ether is not fully evaporated from 
the free base prior to smoking, airway burns are a 
possibility. The hydrochloride form of cocaine breaks 
down with pyrrolysis.” The term crack comes from the 
popping sound that occurs when the rock is smoked.*:!*- 
Due to ease of production, relative inexpense, ease of 
use, and rapid onset of effects after use, crack has 
become a very popular means of cocaine abuse.!*! It 
also appears to be the most potent and addictive form 
of cocaine.!*!* Crack and free-base cocaine are 85% to 
90% pure, whereas cocaine hydrochloride preparations 
are often adulterated with one or more of several 
compounds (e.g., sucrose, mannitol, lactose, quinine, 
caffeine, amphetamine, phencyclidine, talc, procaine, 
lidocaine, or strychnine).*° 

The stimulant cocaine (benzoylmethylecgonine, 
C,,H.;NO,) is an ester of benzoic acid and the amino 
alcohol base methylecgonine (Fig. 42-1).'* Its molecular 
weight is 303.4. In its natural form, cocaine is a weak base 
with a pKa of 8.6.24 The ester structure of cocaine 
predicts rapid hydrolysis by esterases and a short 
duration of action. Its structure is similar to other ester- 
type local anesthetics.'” 


FIGURE 42-1 The chemical structure of the alkaloid cocaine 
hydrochloride. 


PHARMACOLOGY 


Cocaine produces its clinical effects predominantly from 
reuptake blockade and enhanced presynaptic release of 
catecholamines (e.g., norepinephrine and dopamine) 
and serotonin from central and peripheral nerve 
terminals.°** Reuptake blockade of norepinephrine in 
the sympathetic nervous system innervation to the 
adrenal gland results in postsynaptic medullary release 
of catecholamines (predominantly epinephrine) and 
systemic sympathetic effects. Reuptake inhibition of 
dopamine in the central nervous system (CNS) produces 
stimulation of both D,- and D.-dopamine receptors in 
mesocortical, mesolimbic (e.g., nucleus accumbens), 
and basal ganglia areas of the brain; this accounts for 
the euphoric, psychostimulatory, and motor effects from 
cocaine.'*?© Cocaine also enhances release of the 
excitatory amino acids glutamate and aspartate in the 
limbic system, which adds to its psychostimulatory 
effects.2”75 Reuptake inhibition with repetitive cocaine 
use leads to accelerated catabolism and depletion of 
presynaptic catecholamines and serotonin. In addition, 
compensatory processes work to down-regulate the 
overstimulated neuronal pathways. Cocaine craving and 
movement disorders (e.g., parkinsonism) likely occur 
from depletion of dopaminergic stores or a down- 
regulated dopamine pathway." 

Cocaine also causes marked local anesthetic effects 
from the blockade of membrane sodium channels (see 
Chapter 63).111>%4 Sodium channel blockade is concen- 
tration, frequency, pH, and voltage dependent; block is 
greater at higher frequencies of stimulation, lower pH, 
and more positive membrane potentials.'* Vasocon- 
strictive effects of cocaine will increase local drug 
concentration and membrane effects.!*? Cocaine may 
also inhibit potassium channels and sodium-calcium 
exchange mechanisms in some cellular membranes.*” 


PHARMACOKINETICS 


Cocaine is readily absorbed across all mucous mem- 
branes.*'*:!* The onset of action and peak effects depend 
on the dose and route of absorption. Mucosal and oral 
administration of cocaine result in a slower absorption, 
slower onset of action, later peak effect, and longer 
duration of action than the inhalation and intravenous 
routes.'* Although absorption is rapid after ingestion, 
the oral bioavailability of both the hydrochloride and 
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free-base forms are only 30% to 40%.° After nasal 
insufflations of cocaine, the onset of effects occurs within 
1 to 5 minutes.*!* Constriction of nasal vessels inhibits 
and prolongs drug absorption, such that the duration of 
effects are extended, peak levels are blunted, and dose- 
dependent toxicity is reduced.'*°° When cocaine is 
snorted, chewed, or ingested, peak levels and effects occur 
within 30 to 120 minutes.*?*°° The inhalation route 
produces a more rapid increase in plasma and brain 
cocaine levels and more intense euphoria than the nasal 
and oral routes; the cardiovascular effects are similar to 
those produced by an equivalent intravenous dose of 
cocaine.** When inhaled and injected intravenously, the 
onset of action occurs within seconds, and peak effects 
occur within 3 to 5 minutes. The duration of effects 
typically lasts 5 to 15 minutes after inhalation and 20 
to 60 minutes after intravenous use of cocaine.!*!*°° The 
rapid decrease in plasma and brain cocaine concen- 
trations that follow an initial surge (1.e., brief duration 
of euphoria) probably accounts for the desire to reuse 
within 10 to 30 minutes of inhalant (crack) use. 

Although dependent on dose and route of admin- 
istration, peak cocaine blood concentrations of 200 to 
600 mg/mL are seen with typical doses (0.2 to 2 mg/kg 
or 10 to 140 mg).**°° Peak blood concentrations of 
several thousand milligrams per milliliter have been 
reported in intoxicated patients.*+°° Blood cocaine 
concentrations averaged 4600 mg/mL in one study of 
37 cocaine-related fatalities.*! 

Cocaine has a volume of distribution of 2 to 3 L/kg. 
About 35% to 45% of cocaine is rapidly metabolized by 
nonenzymatic hydrolysis to benzoylecgonine. Another 
32% to 49% of cocaine is metabolized to ecgonine 
methyl ester by enzymatic hydrolysis with hepatic and 
plasma esterases (e.g., pseudocholinesterase). A small 
amount of the benzoylecgonine is metabolized on to 
ecgonine in a 24-hour period. Although these metabo- 
lites tend not to be very active, a small percentage of 
cocaine, particularly after toxic exposure, undergoes 
hepatic microsomal oxidative metabolism (-demeth- 
ylation) to norcocaine, a potentially active metabolite, 
and then to Mhydroxynorcocaine, a metabolite poten- 
tially toxic to the liver.**°° Endogenous (genetic) loss or 
induced (e.g., by organophosphate pesticide exposure) 
loss of cholinesterase activity in a patient may result in a 
delay in metabolism of cocaine and may increase the 
toxic risk of a given exposure. Blood or plasma samples 
must be frozen, or fluoride or cholinesterase inhibitors 
must be added to samples, to prevent cocaine from 
being hydrolyzed to ecgonine methyl ester by serum 
cholinesterases. 

The serum half-life of cocaine is approximately 30 to 
90 minutes. The fact that only 1% to 9% of cocaine 
appears in the urine unchanged (dependent on urine 
pH) makes the analysis of the major cocaine metabolites 
benzoylecgonine and ecgonine more useful for 
diagnostic and forensic purposes. Benzoylecgonine and 
ecgonine have serum half-lives of approximately 4 to 
6 hours and 3 to 4 hours, respectively.!*?4°° 

Intravenous use of cocaine alone or in combination 
with heroin, benzodiazepines, or other sedative-hypnotics 
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is commonly seen. As previously noted, the intravenous 
use of heroin in combination with cocaine is called 
“speedballing” and is thought to be responsible for 12% 
to 15% of toxic cocaine episodes managed in EDs in the 
United States.! The combined use of ethanol and 
cocaine facilitates the formation of cocaethylene.* This 
potent cocaine metabolite has a half-life of approxi- 
mately 2 hours. Animal studies and human epidemio- 
logic studies suggest that cocaethylene is more toxic to the 
brain and heart than cocaine or its usual metabolites.’ 
The risk of sudden death is 21.5-fold greater with the 
combined use of ethanol and cocaine than with cocaine 
use alone.” The exact contribution of cocaethylene to 
this increased toxicity in humans is controversial.** In a 
randomized, double-blind trial, daily oral cocaine 
treatment at doses without subjective effects or signs of 
toxicity significantly decreased physiologic responses 
to intravenous cocaine.” Whether this is a form of 
tachyphylaxis is not clear. 


TOXICOLOGY 


The toxicity of cocaine comes from the extension of its 
pharmacology and mechanisms of action. Acute toxicity 
is frequently noted from CNS and sympathetic nervous 
system overstimulation. Toxic cardiac manifestations are 
likely from cocaine’s effect on sodium and potassium 
exchange channels along with its catecholaminergic 
effects. 

In addition to acute toxic effects, binge use depletes 
central and peripheral nervous system catecholamines 
and serotonin, resulting in depression and potential 
reduced vascular tone. Cocaine withdrawal may 
represent an extension of this type of depleted state. The 
toxicity associated with cocaine abuse often results in ED 
and ICU admissions. 


CLINICAL MANIFESTATIONS 


Cocaine is capable of inducing toxicities in many organ 
systems. Both acute and chronic abnormalities have been 
reported with cocaine exposures. Studies have not 
established the exact prevalence or incidence of the 
toxicities, which are summarized in Table 42-1. 


Cardiovascular 


Cocaine use and abuse is frequently associated with a 
wide array of cardiovascular complications.!4°°%" Acute 
and chronic cardiovascular toxicity results from an 
exaggeration of both B- and a-adrenergic receptor 
stimulation, augmented myocardial cellular calcium influx 
and elevation of cytosolic free calcium concentrations, 
and increased secondary messenger (e.g., phospholipase 
C, inositol triphosphate) activation.*” 

Chest pain is the most frequent presenting complaint 
of patients who have used cocaine and is responsible for 
approximately 16% of cocaine admissions to EDs.51439%41 
Although most of cocaine-associated chest pain is 


noncardiac in origin, ruling out myocardial ischemia 
is the principal concern when such patients present to 
the ED.'**! This is because acute myocardial infarction 
(MI) is the most frequently reported cardiac con- 
sequence of cocaine abuse.*!** Prospective studies have 
shown that approximately 6% of patients with cocaine- 
associated chest pain that present to the ED have an MI 
by enzyme analysis.“ The risk for MI is increased 
24-fold in the hour following use of cocaine.'*** Cocaine- 
associated MI is not route, dose, or duration dependent; 
it occurs following all routes of administration, with a 
wide range of doses, and occurs in both first-time and 
long-term users.'**! Cocaine-associated MI cannot be 
distinguished from noncardiac chest pain on the basis 
of chest pain location, quality, duration, associated 
symptoms, or the presence of traditional risk factors 
for atherosclerosis.'**!*° A recent retrospective study of 
patients with cocaine-associated chest pain found that 
a 9- to 12-hour period of ED observation without 
evidence of ischemic or cardiac complications predicted 
a very low risk for death or MI for a 30-day period after 
ED discharge.*° 

Several mechanisms may lead to cocaine-induced 
MI.*° These include increased myocardial oxygen 
demand in the setting of limited myocardial oxygen 
supply, coronary artery vasoconstriction, enhanced 
platelet aggregation, in situ coronary artery thrombosis 
formation, left ventricular hypertrophy, and accelerated 
atherosclerosis.!4°74!4 Increased oxygen demand is 
created by cocaine-induced tachycardia, enhanced 
contractility, and increased blood pressure (enhanced 
afterload). Decreased oxygen supply is the result of 
coronary vasoconstriction, which is greatest in diseased 
coronary artery segments.*” Cocaine-induced coronary 
artery vasoconstriction is mediated by o-adrenergic 
stimulation, as evidenced by its reversal after adminis- 
tration of the O-adrenergic receptor antagonist phento- 
lamine and exacerbation with B-adrenergic antagonist 
therapy.***9 Cocaine potentiates vasoconstriction by 
stimulating release of endothelin and thromboxane 
(vasoconstrictors) and impairing release of nitric oxide 
and prostacyclin (vasodilators) from endothelial cells.°°”! 
Coronary artery spasm leading to MI has been widely 
reported in cocaine users.** Both epicardial and micro- 
vascular cardiac flow is impaired by cocaine.®* Enhanced 
platelet activity occurs from O-adrenergic-mediated 
increases in platelet aggregation and increased releases 
of thromboxane and adenosine diphosphate.°** In situ 
thrombosis formation may occur from cocaine-induced 
vasoconstriction and resultant disruption in the 
endothelial surface (i.e., plaque rupture).°° In addition, 
concentrations of antithrombin II and protein C are 
decreased and concentrations of tissue plasminogen 
activator inhibitor are increased after cocaine use.*”° 
Cocaine may promote atherosclerosis by enhancing 
endothelial cell permeability to low-density lipoprotein 
and enhancing endothelial cell expression of adhesion 
molecules and leukocyte migration to their surface.145758 

Most patients with cocaine-associated MI are young 
(mean age 38 years), nonwhite (72%) tobacco smokers 
(91%). They have a history of cocaine use within the past 
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Major Noninfectious Medical Complications Associated with Cocaine Use 





FREQUENCY AND 
COMPLICATION 


Respiratory 


BAROTRAUMA ++ 


Pneumothorax 
Pneumopericardium 
Pneumomediastinum 
Subcutaneous emphysema 


Pulmonary hemorrhage/infarct + 
Diffuse alveolar hemorrhage + 
Pulmonary edema +++ 
Exacerbation of asthma ++ 
Eosinophilic lung disease + 
Recurrent transient pulmonary + 
infiltrates with peripheral 
eosinophilia 
Chronic diffuse interstitial + 
pneumonia with mild 
fibrosis 
Sudden infant death syndrome (SIDS) + 
Pulmonary hypertension + 
“Crack lung” with transient 
pulmonary infiltrates ++ 
Nasal septum perforation/aspiration + 
Bronchiolitis obliterans organizing + 
pneumonia 
Airway burns/tracheal stenosis + 
Sinusitis + 
Epiglottitis + 
Bronchitis ++ 
Pulmonary cellulose granulomas in lung + 
Panlobar emphysema + 
Foreign body aspiration/needle + 
Alveolar accumulation of carbonaceous ++ 
material 
Central nervous system respiratory ++ 
stimulant effect 
NEUROGENIC PULMONARY EDEMA +++ 
Respiratory depression— +++ 
overdose/postictal 
Abnormal hypoxic response in + 


infants of cocaine-abusing mother 


*Estimated. 


MAGNITUDE OF EVENTS* 


FREQUENCY AND 


COMPLICATION MAGNITUDE OF EVENTS* 


Cardiac 

Chest pain +++ 
Myocardial infarction +++ 
Arrhythmias ++ 
Cardiomyopathy ++ 
Myocarditis + 
Hypertension +++ 
Sudden death ++ 
Psychiatric 

Anxiety + 
Depression ++ 
Paranoia ++ 
Delirium Fr 
Psychosis ++ 
Suicide FFF 
Obstetric 

Low birth weight + 
Placental abruption + 
Neurologic 

Headaches ++ 
Strokes ++ 
Seizures +++ 
Cerebral infarcts ++ 
Cerebral hemorrhage ++ 
Cerebral vasculitis + 


Gastrointestinal, Renal, and Other 


Renal failure + 
Rhabdomyolysis ++ 
Hyperthermia + 
Disseminated vasculitis + 
Bowel ischemia/colitis ++ 
Thrombocytopenia/platelet + 
aggregation 
Hepatitis + 


+, rarely reported; ++, commonly reported; +++, frequently seen with chronic use or overdose. 





24 hours (88%), have a history of repeated use of cocaine 
(mean duration of use of 5 years), and do not have other 
traditional risk factors for atherosclerosis.2”!44!:43.44 
Q-wave and non-Q-wave infarctions are seen with equal 
frequency.'* Although most patients have the onset of 
pain within an hour of cocaine use, MI has been 
reported several days after use.**** MI has also been 
associated with therapeutic doses and use of cocaine and 
in the setting of cocaine withdrawal.*)** Angiographic 
studies of these patients have demonstrated both 
atherosclerotic and normal coronary arteries with about 
equal frequency.!*'*°9 Left ventricular hypertrophy, 
hypertension, and coronary atherosclerosis are thought 
to occur as a result of chronic cocaine use. Accelerated 
atherosclerosis is found in animals that are administered 
cocaine chronically and in 40% of autopsies of young 
patients who used cocaine regularly.*° 


Early cardiovascular complications occur in up to 36% 
of patients with cocaine-associated MI.!44-60 Ventricular 
arrhythmias occur in 4% to 17%, congestive heart failure 
in 5% to 7%, and death in less than 2%.!*°° Most 
complications (90%) occur within 12 hours of hospital 
arrival, and death is extremely unlikely for those patients 
who are alive on hospital arrival.*)° 

The cardiovascular toxicity of cocaine is potentiated 
by concomitant cigarette smoking or use of alcohol. 
Similar to cocaine, cigarette smoking produces coronary 
vasoconstriction by an O-adrenergic mechanism.°! 
Simultaneous use of cocaine and cigarettes produces 
synergistic increases in blood pressure, heart rate, and 
coronary vasoconstriction.*!®! When cocaine is used 
concomitantly with alcohol, the heart rate increase is 
greater than when each drug is used alone. Patients 
who die of a combined overdose of cocaine and ethanol 
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have lower blood cocaine concentrations than those who 
die from cocaine alone.'*®? The hepatic transesteri- 
fication product cocaethylene is considered to be largely 
responsible for the synergistic toxicity that occurs when 
cocaine and ethanol are used in close proximity." 
Animal models have demonstrated that cocaethylene is 
more lethal than cocaine.'*® Cocaethylene increases 
myocardial oxygen demand by producing hypertension 
and increased vascular resistance; it does not have direct 
effects on coronary blood flow.®® 

A number of clinical reports have described left 
ventricular hypertrophy, systolic dysfunction, dilated 
cardiomyopathy and myocarditis from long-term use 
of cocaine. Myocardial hypertrophy is frequently dis- 
covered at autopsy in patients who die from cocaine 
toxicity.°” Seven percent of long-term abusers of cocaine 
demonstrate left ventricular systolic dysfunction by 
radionuclide ventriculography.'*®® Numerous mecha- 
nisms may explain cocaine-associated cardiomyopathy. 
Repetitive elevations of plasma catecholamines as occur 
with repetitive cocaine use may produce subendocardial 
contraction band necrosis, mononuclear cell myocardial 
infiltration, myocytolysis, myocarditis, and resultant 
fibrosis.’ These effects may be reversible with discon- 
tinuation of cocaine use. Alternatively, cocaine-induced 
cardiomyopathy may be the result of repetitive episodes 
of ischemia or infarction, long-standing hypertension, 
an immune-mediated or hypersensitivity reaction to 
cocaine, altered myocyte collagen production, or from 
the toxic effects of cocaine adulterants or contaminants, 
including heavy metals such as manganese.!4°7 

Because of cocaine’s local anesthetic properties and 
its effects on catecholamines, it is not surprising that 
both cardiac conduction disturbances and arrhythmias 
are common in patients who abuse cocaine. Although 
sinus bradycardia, complete heart block, and bundle 
branch block have been described, supraventricular and 
ventricular tachyarrhythmias occur most commonly.!*°7 
At low doses, sinus bradycardia and ectopic rhythms may 
occur.”? At high doses, cocaine produces direct sodium 
and potassium channel blockade, prolonged QRS and 
QTc intervals and SI-T wave changes on electrocar- 
diograms (ECGs), and resultant intraventricular con- 
duction delays and reentrant ventricular dysrhythmias 
(e.g., ventricular tachycardia and torsades de 
pointes) .'4293770 Enhanced sympathetic stimulation will 
increase myocardial intracellular calcium concentrations, 
enhance automaticity, produce afterdepolarizations, and 
possibly lead to ectopic rhythms (e.g., tachyarrhyth- 
mias) .'+°” Cardiac conduction abnormalities and arrhyth- 
mias occur most commonly in the context of myocardial 
ischemia, profound metabolic acidosis, seizures, hypoxia, 
or hypotension.'*°”! These latter effects minimally play 
a potentiating role and may often be the primary cause 
of cardiac toxicity from cocaine. 

Acute aortic dissection and rupture and papillary 
muscle rupture have been associated with cocaine use in 
otherwise healthy patients.’* Endocarditis is a frequent 
complication of intravenous drug use, and thus is seen in 
the patient abusing intravenous cocaine.” 


Central Nervous System 


Neurologic complaints occur in 17% to 42% of patients 
with cocaine-related medical problems necessitating ED 
treatment in the United States.°°°%*° Altered mental 
status, anxiety, paranoid behavior, dizziness, headaches, 
paresthesias, tremors, seizures, strokes, transient ischemic 
attacks, and coma represent the majority of these 
neurologic complaints.“ Cocaine-associated strokes may 
be ischemic or hemorrhagic. The mechanisms of 
cerebrovascular accidents are multifactorial and include 
cerebral vasoconstriction, thrombosis, vasculitis, and loss 
of vasomotor autoregulation in the setting of acute 
hypertension, and embolism of particulate matter.27*” 
Increased activity of platelets and other mediators of 
thrombosis potentiate the likelihood of an ischemic 
stroke. Cocaine-induced agitated delirium may result 
from disrupted dopaminergic function and is often 
associated with fulminant hyperthermia, rhabdomyolysis, 
and sudden death.” 

Seizures are a very common manifestation of cocaine 
toxicity and have been reported in up to 9% of ED 
patients with cocaine toxicity.” Drug-induced seizures 
are frequently caused by stimulants. Cocaine-induced 
seizures accounted for the increase in all drug-induced 
seizure cases from 4% in 1981 to 23% in 1988.” Although 
not fully elucidated, the mechanism of cocaine-induced 
seizures involves interaction of the drug with voltage- 
dependent sodium channels and numerous neuro- 
transmitter systems. It appears that 5-HT>-serotonergic, 
D,-dopaminergic, œ- and Q.-adrenergic, GABA,, and 
glutamatergic receptors are all involved in cocaine- 
induced seizures. Human and animal data suggest that 
cocaine-induced seizures are usually generalized, single 
seizures without long-lasting neurologic consequences.*!* 
The majority of cocaine-related seizures are associated 
with intravenous injection or inhalation of cocaine. In 
one study, Pascual-Leone and colleagues found that 
when habitual cocaine abuse was associated with 
seizures, computed tomography and electroencephalog- 
raphy frequently showed diffuse brain atrophy and 
diffuse slowing, respectively.®! Multiple or focal seizures 
are often seen with acute intracerebral complications 
(e.g., hemorrhage) or with the toxic manifestations of 
other medications.*! Recurrent generalized seizures have 
been reported in children after mucosal application 
of the topical anesthetic tetracaine-adrenaline-cocaine. 
Seizures may be a major determinant of cocaine 
lethality.” This justifies aggressive immediate treatment 
of sustained cocaine-induced seizures with the cor- 
rection of seizure-associated metabolic acidosis and 
hypoxemia. Repetitive or prolonged seizures attributed 
to the use of cocaine indicate the need for further 
diagnostic workup that includes computed tomography 
of the brain and, possibly, lumbar puncture. 

Cerebral vasculitis, headaches, toxic encephalopathies, 
transient ischemic events, migraine-like events, and a 
wide array of extrapyramidal side effects (e.g., acute 
dystonic reactions, Tourette’s syndrome, akathisia, 
choreoathetosis, tardive dyskinesia) have been reported 


with both acute and chronic use of cocaine.*!%54°° 


Choreoathetoid movements associated with crack use 
have been termed “crack dancing.” Extrapyramidal 
movement disorders occur from dopamine disturbances 
in the basal ganglia; choreoathetosis is from an 
overabundance of dopamine, and acute dystonia from 
dopamine deficiency. As expected, cerebral hemor- 
rhage, cerebral infarction, and cerebral vasculitis are 
associated with significant morbidity and mortality 
among cocaine users. Kaku and Lowenstein reported 
that 34% of patients between the ages of 15 and 44 years 
with a diagnosis of ischemic or hemorrhagic stroke 
had associated drug abuse. Cocaine and amphetamines 
accounted for the largest percentage of cases.°° 
Psychological dependence and a cocaine withdrawal 
or abstinence syndrome have been reported.’*?* The 
cocaine abstinence syndrome has been described as 
having three phases.** The first phase is a “crash” that 
lasts up to 4 days and is characterized by dysphoria, 
depression, irritability, anxiety, and insomnia followed 
by hypersomnolence, exhaustion, and drug craving. The 
second phase lasts from 1 to 10 weeks and is charac- 
terized by anergia, anxiety, listlessness, and drug craving. 
The third phase, which has been called the “extinction 
phase,” may last indefinitely and is associated with 
normalization of mood and actions but also episodic 
drug craving that is often triggered by environmental 
cues.*? Acute psychiatric disturbances, including agitation, 
anxiety, depression, psychosis, paranoia, and suicidal 
ideation have been widely reported in cocaine users.®’ 
The cocaine “washed out” syndrome is similar to the 
“crash” associated with the abstinence syndrome and 
occurs soon after a several day binge of cocaine.” 
Patients are lethargic with normal vital signs and sleep 
deeply for a period of 24 to 48 hours. The syndrome is 
considered to result from an acute depletion of cate- 
cholamines that follows a several day binge of cocaine. 


Pulmonary 


Cocaine can produce a wide range of pulmonary com- 
plications (see Table 42-1).°°°° Cocaine-induced pul- 
monary disturbances occur in up to 25% of users and 
often result in ED and ICU admissions.*°? Primary 
respiratory depression or reduced respiratory drive has 
been associated with toxic cocaine exposures. This has 
occurred both in conjunction with and independent of 
cardiac arrhythmias and seizure-induced cardiovascular 
collapse. 

Cocaine smoking is associated with significant baro- 
trauma and may result in pneumothorax, pneumomedi- 
astinum, pneumopericardium, and subcutaneous air.**” 
The self-application of a Valsalva maneuver (to increase 
positive airway or intrapleural pressures) by cocaine 
smokers seeking enhancement of its euphoric effects 
may precipitate barotraumatic complications. High 
positive airway pressures can also be generated by an 
“assistant” who blows back into the cocaine pipe being 
used. Thermal injury from smoking cocaine may also 
contribute to the development of barotrauma. 
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Noncardiogenic pulmonary edema is associated with 
cocaine use.*8°99! Although pulmonary edema may be 
cardiogenic and occur secondary to acute or chronic left 
ventricular failure from increased vascular resistance, 
the majority of cases appear to be caused by a noncar- 
diogenic “capillary leak” syndrome.”* Both neurogenic 
and non-neurogenic mechanisms for cocaine-induced 
noncardiogenic pulmonary edema can be postulated. 
Cocaine may directly injure pulmonary endothelium and 
increase local capillary permeability.”! 

Exacerbation of reversible airway diseases, including 
asthma, has been reported in association with the use of 
cocaine. These exacerbations may be the consequences 
of heat or of exposure to the impurities in cocaine, since 
its catecholamine effects would not be expected to 
produce airway bronchospasm.*****? An increase in 
bronchial hyperactivity has been seen in patients who 
inhaled “rebujo” (vaporized heroin and cocaine on 
aluminum foil compound) compared with controls 
using lung function tests before and after methacholine 
challenge.” 

Dyspnea is a frequent presenting complaint of 
patients with cocaine-induced toxicity, occurring in 3% 
to 22% of cases in various series.°°***° Hemoptysis, 
bronchitis, and expectoration of carbonaceous sputum 
are frequent complaints of cocaine users in the ED. 
An increased incidence of pulmonary hypertension, 
pulmonary infarction, pulmonary hemorrhage, and 
pulmonary foreign body granulomas have been reported 
in cocaine users.**” Bronchiolitis obliterans and orga- 
nizing pneumonia (BOOP) associated with fever and 
dyspnea may also occur.5®8%94 Loss of a functional 
alveolocapillary interface as measured by a reduction in 
carbon monoxide diffusion capacity has been observed 
in studies of frequent cocaine users. The interpretation 
of this finding is complicated by other pulmonary 
exposures to tobacco and marijuana in the population 
studied. Other studies have suggested that the reduction 
can be attributed to tobacco use alone.” 

A specific syndrome known as “crack lung” is a hyper- 
sensitivity pneumonitis associated with the smoking of 
cocaine; it is characterized by fever, chest pain, dyspnea, 
wheezing, hemoptysis, productive cough, and diffuse 
interstitial and alveolar infiltrates.***° Clinically inap- 
parent alveolar hemorrhage has been demonstrated 
to occur frequently in crack cocaine users.?? Again, 
whether these manifestations of pulmonary toxicities are 
related to cocaine exposure itself, to the inhalation of 
superheated adulterants, or to exposure to combustion 
products is unknown. 


Hyperthermia 


The majority of cocaine deaths are associated with drug- 
induced hyperthermia.?*!°° Cocaine may produce 
hyperthermia from increased heat production (e.g., 
psychomotor agitation, neuromuscular hyperactivity, 
seizures), impaired heat dissipation (e.g., cutaneous 
vasoconstriction), and altered thermoregulation (e.g., 
hypothalamic dysfunction). Although psychomotor 
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agitation and seizures are the principal etiologies 
of hyperthermia, temperature elevations from cocaine 
have been reported in their absence.”960-101.102 Altered 
thermoregulation may be the result of an altered core 
temperature set point from Dədopamine or 5-HT,- 
serotonin receptor agonism effects in the hypothal- 
amus.°!°2 In general, the duration and severity of 
hyperthermia from drug-associated heatstroke are 
correlated closely with mortality.” Patient dehydration 
and high ambient temperature will increase the lethal 
effects of cocaine and other drugs. Interestingly, in one 
study, it was shown that mortality from cocaine in New 
York City increased at higher ambient temperatures.'” 
Like exertional heatstroke, hyperthermia from cocaine 
toxicity may precipitate a cascade of complications that 
includes agitated delirium, coma, seizures, cerebral 
edema, rhabdomyolysis, acute renal failure, hepatocellular 
necrosis, disseminated intravascular coagulation, meta- 
bolic acidosis, and cardiovascular collapse.9°10'102,104 
Rectal temperatures as high as 45.6° C (104° F to 114.1° F) 
have been reported.!”* 


Rhabdomyolysis and Renal Failure 


Similar to the vascular beds of other organ systems, 
cocaine produces vasoconstriction as well as thrombosis 
of both large and small skeletal muscle and renal vessels; 
ischemia and cell death may ensue with the amount of 
tissue injury dependent on the size of the occluded 
vessel.*:!° Cocaine-associated rhabdomyolysis may result 
from ischemia, seizures, and trauma.!!104 Approxi- 
mately one third of patients with cocaine-associated 
rhabdomyolysis develop acute renal failure.'®' Renal 
failure usually occurs from acute tubular necrosis, either 
from direct cocaine-induced renal cortical vasocon- 
striction or from rhabdomyolysis with myoglobinuria and 
renal tubular obstruction. The presence of profound 
hypotension, hyperpyrexia, and marked elevations of 
serum creatine kinase levels at admission are useful for 
predicting renal failure.!”! Cocaine-induced rhabdomy- 
olysis is often associated with seizures, coma, hypo- 
tension, arrhythmia, or cardiac arrest. In one series, six 
of seven patients who developed cocaine-induced 
rhabdomyolysis, disseminated intravascular coagulation, 
and renal failure died.'®! The systemic release of tissue 
thromboplastin from local ischemic injury may partly 
precipitate disseminated intravascular coagulation.*!”! 
Chest wall, skeletal muscle rhabdomyolysis is felt to 
account for the majority of cocaine-associated chest pain 
and is often mistaken for myocardial ischemia.*'**! 


Head and Neck 


Although rarely life-threatening, head and neck com- 
plications of cocaine toxicity are not uncommon. An 
ophthalmologic condition called “crack eye” has been 
described; it is characterized by pain, photophobia, 
lacrimation, chemosis, and hyperemia in association with 
corneal epithelial defects. In addition, microbial keratitis 
may complicate the syndrome of crack eye, leading to 
potential long-term corneal alterations.!°° Central retinal 


artery occlusion and blindness have been associated with 
cocaine use.!°7 

Chronic sinusitis as a result of cocaine abuse, 
including osteolytic sinusitis and secondary bilateral 
optic nerve involvement, has been described.'”> Midline 
granulomas and loss of olfaction have also been reported 
with cocaine use. Acute epiglottitis has followed crack 
cocaine inhalation. It is not known whether epiglottitis is 
a direct effect of cocaine or is induced by the inhalation 
of hot gases. Cocaine-induced dental erosions and gingival 
necrosis have been reported.'° A perforated nasal 
septum is commonly noted with chronic nasal inhalation 
of cocaine. At least one case of the pulmonary aspiration 
of a fragment of nasal septum has been described.*® 


Gastrointestinal 


Gastrointestinal (GI) tract ischemic injury may occur 
when cocaine is used by all routes of administration.’ The 
fear of GI tract injury is heightened when “body stuffers” 
(people who ingest a relatively small amount of loosely 
wrapped drugs to avoid arrest) or “body packers” or 
“mules” (people who ingest large amounts of well- 
wrapped drugs to smuggle them across borders) ingest the 
drug. Cocaine ingestion has been associated with bowel 
obstruction, ischemia, necrosis, and perforation.'!°"'* 
Although it commonly occurs in the small bowel, obstruc- 
tion and perforation may occur in the esophagus.'!® 
Ischemia and perforation occur in the small or large 
bowel and are usually focal and segmental.’ Patients with 
cocaine-induced bowel ischemia will often manifest 
constant pain in the midabdomen and may have asso- 
ciated low-grade fever and leukocytosis.*:!'* Symptomatic 
body stuffers or body packers may present with a seizure, 
vomiting, abdominal pain, an adrenergic crisis, or cardiac 
arrest.'!°-!!© Acute pyloric and GI perforations have been 
reported after prolonged crack cocaine smoking.'!! The 
intense vasoconstriction from stimulation of o-adrenergic 
receptors in the mesenteric vasculature is believed to 
contribute to focal tissue ischemia and perforation. 
Thermal injury of the esophagus has been reported after 
smoking free-base cocaine.'!* Nontraumatic splenic 
infarction, hemorrhage, and hematomas have been 
reported from cocaine use.*!!” 


Pregnancy 


Significant alteration in menstrual cycle function, 
including amenorrhea and infertility, have been noted 
with cocaine abuse.!!® If the female cocaine user becomes 
pregnant, increased risk for placental abruption exists." 
Cocaine causes uterine contractions, decreased uterine 
blood flow, and constriction of placental blood flow.*!”° 
As a result, premature rupture of membranes, spon- 
taneous abortion, pregnancy-induced hypertension, 
intrauterine growth retardation, precipitous delivery, 
and fetal death have been associated with cocaine use.!!° 
A meta-analysis suggests that increased congenital 
malformations of the limbs, the GI tract, and the 
cardiovascular and neurologic systems occur in children 
of cocaine users.!*! Congenital urinary tract anomalies 


and bilateral cleft lip may be associated with maternal 
cocaine use.'!%!2!,!22 Abnormal ventilatory patterns and 
increased incidence of sudden infant death syndrome 
have been reported with maternal cocaine use.!*°'*4 

Other neurobehavioral abnormalities in the neonate, 
including tremulousness and an increased startle reflex 
(“crack baby” behavior), have been noted after maternal 
cocaine use.'!*:!24 Infants born to women who were heavy 
cocaine users during pregnancy demonstrate altered 
“executive” functioning at 9.5 to 12.5 months of age.!** 
Brain dopamine and serotonin concentrations and path- 
ways are abnormal at birth in rats that have significant 
prenatal exposure to cocaine. These neurotransmitter 
concentrations return to normal as the rat ages.'*° The 
duration and long-term implications of these neuro- 
behavioral abnormalities are unknown. Both cocaine 
and cocaethylene are found in breast milk and may be 
transferred to breast-fed infants.'”° 


Urologic Effects 


Several cases of impotence and priapism from acute 
cocaine use have been reported. Intranasal, intra- 
urethral, and topical application (to the glans penis) of 
cocaine have all been reported to cause priapism.!2’ The 
risk for priapism is greater when cocaine is used in 
combination with trazodone.!?° 


Hepatic 


Oxidative processes centered around the tropane 
nitrogen are responsible for about 10% of cocaine 
metabolism, using the cytochrome P-450 enzyme system 
within the liver.°”'* This minor pathway appears to be 
responsible for hepatic toxicity. It produces norcocaine, 
norcocaine nitroxide, hydrogen peroxide, and super- 
oxide radicals.'*°!°° These products are thought to 
reduce hepatocyte nicotinamide-adenine dinucleotide 
phosphate (NADPH) and glutathione levels.'*9 

The formation of lipid peroxidation and the resultant 
superoxide or hydroxyl radical injury are believed to lead 
to the intrinsic hepatotoxicity seen with cocaine abuse.'*? A 
case of fulminant liver failure that recovered after snorting 
large doses of cocaine has been reported with centrilobular 
necrosis.'*! Agents that deplete NADPH and intracellular 
glutathione (e.g., acetaminophen) can enhance the risk 
for cocaine hepatotoxicity. Human cocaine hepatotoxicity 
is seen most frequently as necrosis in zone 3 of the liver that 
corresponds to the cytochrome P-450 distribution. 149-130 
Although many case reports of cocaine-induced 
hepatotoxicity exist and hepatocyte tissue cultures confirm 
intrinsic toxicity, the clinical incidence of cocaine 
hepatotoxicity is unknown, but is probably low. The 
explanation for the low frequency of hepatitis secondary to 
cocaine toxicity is as yet unknown, and the determination 
of its exact incidence is complicated by the high prevalence 
of viral and alcoholinduced liver disease in this patient 
population. Most instances of toxic hepatitis (manifested as 
hepatic transaminitis) attributed to cocaine will occur in 
the setting of fulminant hyperthermia and multiorgan 
dysfunction. 
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Hematologic 


The association of disseminated intravascular coagu- 
lation, rhabdomyolysis, and renal failure has been dis- 
cussed.'°! Severe destructive thrombocytopenia un- 
related to retroviral infection has been reported in a 
small series of both intravenous and inhalation cocaine 
users.'°* Cocaine-associated thrombocytopenia has been 
described and has a clinical course similar to that of 
immunopathic thrombocytopenic purpura. In one series, 
five of six patients with thrombocytopenia responded 
favorably to corticosteroids. The sixth patient had a 
partial response to corticosteroids and a complete 
response to splenectomy.'*? Whether this thrombocy- 
topenia reflects a direct or an indirect immunologic 
stimulus from cocaine or a contaminant is not known. In 
addition, increased platelet aggregation is believed to 
contribute to thrombocytopenia in some cocaine users. 

In a study of 19 patients presenting to an ED with 
acute cocaine use, hemoglobin and hematocrit levels 
were significantly elevated, but no evidence of 
erythrocytosis was seen. Male patients presenting with 
chest pain were more likely than females to demonstrate 
these effects.!°° 


Endocrine 


Thyroid function tests are not significantly different 
from normal values in heavy users of cocaine. Hyper- 
prolactinemia with resultant galactorrhea has been 
described in chronic cocaine abusers. Higher peak 
and trough levels of prolactin-releasing factor have 
also been reported in male cocaine users with hyperpro- 
lactinemia.''® In one study, prolactin levels remained 
elevated for 4 weeks in men and women during 
hospitalization for cocaine withdrawal. The persistent 
elevation of prolactin was attributed to cocaine-induced 
derangement in the dopaminergic neural regulatory 
systems. In this same study, levels of plasma luteinizing 
hormone, testosterone, and cortisol were found to be 
within the normal range. Chronic cocaine use also 
alters plasma growth hormone levels, dexamethasone 
suppression of cortisol, and thyroid-stimulating hor- 
mone response to thyroid-releasing hormone.'** Many 
of these neuroendocrine abnormalities are augmented 
when cocaine abuse is combined with ethyl alcohol.’ 
The clinical importance of these findings is unclear, but 
they may account for the impotence and gynecomastia 
reported in men who chronically abuse cocaine. 


DIAGNOSIS 


The diagnosis of cocaine toxicity is based on a suggestive 
history, physical findings consistent with the known 
toxicity of cocaine (e.g., sympathomimetic effects), and 
laboratory testing that confirms the presence of cocaine. 
The physical examination may need to include a thorough 
cavity search (e.g., vaginal and rectal examinations) when 
body packing or body stuffing is suspected. 
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Laboratory Testing 


If the history of use is clear and symptoms or signs of 
intoxication are mild, laboratory testing is often 
unnecessary. If patients have moderate to severe toxic 
effects, routine laboratory investigations should include 
a complete blood count; measurements of electrolytes, 
blood urea nitrogen, creatinine, glucose, creatine phos- 
phokinase (CPK), or troponin T or I; and a urinalysis. 
The diagnosis of acute MI in the setting of cocaine- 
associated chest pain is most accurately made with serial 
measurements of troponin T or I. Troponin measure- 
ments are more specific than CPK-MB measurements; 
the latter can be falsely elevated with concomitant 
cocaine-associated rhabdomyolysis.!**!!°° Patients with 
agitated delirium, seizures, hyperthermia, or severe 
rhabdomyolysis should have liver function tests, calcium, 
phosphate, and coagulation (e.g., prothrombin time, 
international normalized ratio, disseminated intra- 
vascular coagulation [DIC] screen) parameters measured. 
Arterial blood gas analysis and lactate concentrations 
may be helpful for patients with significant toxicity. 

Analysis of both blood and urine for cocaine and its 
metabolites can be readily and routinely performed at 
most hospitals. Testing of saliva, hair, meconium, gastric 
aspirates, and breast milk can also be performed, if 
necessary. An enzyme-linked immunoassay directed 
against benzoylecgonine is useful for the rapid, qualitative 
screening of samples for cocaine and its metabolites. ‘This 
method usually detects benzoylecgonine in body fluids at 
or above a concentration of 300 ng/ mL” False-positive 
results are rare. Other screening tests include thin-layer 
and high-pressure liquid chromatography. Gas chro- 
matography followed by mass spectrometry (GC-MS) of 
urine or blood represents one of the most sensitive and 
specific assays available for identifying cocaine and its 
metabolites and can be used to confirm the presence of 
cocaine in a body fluid specimen. Quantification of 
cocaine and its major metabolites in saliva using GC-MS 
have been reported.!?” Typically, cocaine metabolites will 
be detected in the urine for 48 to 72 hours after cocaine 
use. Rarely, heavy use may allow metabolite detection for 
up to 22 days.'°*!°% Quantification of cocaine and its 
metabolites from body fluids is generally not recom- 
mended because no correlation has been found between 
cocaine or metabolite levels and the severity of clinical 
effects and mortality.®°!*° Cocaine concentrations in 
tissues of patients who die from cocaine intoxication vary 
greatly, depending on the dose, route of administration, 
period of survival, and manner of storage of specimens 
prior to analysis.°° 


Other Laboratory Testing 


A chest radiograph and ECG should be performed on all 
patients with chest pain, cardiopulmonary complaints, or 
moderate to severe toxicity from cocaine. Arrhythmias, 
conduction disturbances, and repolarization abnormali- 
ties (e.g., prolonged QRS and QTc intervals) can be 
readily identified on the ECG. The ability to detect acute 
MI on the ECG, however, is significantly more limited. 


The ECG is abnormal in 56% to 84% of patients with 
cocaine-associated chest pain, yet its sensitivity and 
positive predictive value for detecting acute MI are only 
36% and 18%, respectively.*!*°-!*!!* Up to 43% of patients 
with cocaine-associated chest pain that are determined 
subsequently not to have an MI meet ECG criteria for 
thrombolytic therapy.4!43141 

A normal ECG has greater diagnostic utility for those 
with cocaine-associated chest pain. The specificity and 
negative predictive value of the ECG for ruling out acute 
MI are 90% and 96%, respectively.'*! A normal ECG in a 
patient with cocaine-associated chest pain, however, 
cannot be used to rule out MI.*° 

Chest radiography is used to facilitate diagnosis of 
pneumothorax, pneumopericardium, pneumomedi- 
astinum, pneumonia, “crack lung,” pulmonary edema, 
or pulmonary hemorrhage or infarct. Abdominal plain 
films may be useful as a screening tool to detect the 
presence of foreign bodies in a suspected body packer. 
Plain abdominal radiography has a sensitivity of 85% to 
90%.115143 In contrast, plain abdominal radiography is 
not useful or recommended to detect the presence of 
drug packets in a “body stuffer.”'** Contrast-enhanced 
computed tomography (CT) or barium-enhanced radi- 
ography are recommended when plain radiography is 
negative and clinical suspicion for ingested or retained 
packets is high.'!? The incidence of false-positive and 
-negative results with contrast-enhanced radiography 
has been reported to be 4%.'*° Head CT imaging should 
be performed for patients with recurrent seizures, 
headache, or altered mental status associated with 
cocaine to rule out intracerebral hemorrhage. Lumbar 
puncture may be necessary to rule out subarachnoid 
hemorrhage. Chest and abdominal CT imaging with oral 
and intravenous contrast may be necessary for patients 
with significant chest, back, and abdominal pain to 
evaluate for the presence of a vascular catastrophe (e.g., 
aortic dissection) or pulmonary, renal, or GI tract hem- 
orrhage, ischemia, or infarct. 


Differential Diagnosis 


Cocaine may produce effects similar to those of other 
toxicants, such as sympathomimetic drugs (e.g., amphet- 
amines, methylxanthines, nicotine, ephedrine, B- and 
Q-adrenergic agonists, monoamine oxidase inhibitors), 
central hallucinogens (e.g., tryptamine derivatives, phen- 
cyclidine, lysergic acid diethylamide, hallucinogenic 
amphetamines), drug withdrawal states (e.g., alcohol and 
sedative-hypnotic withdrawal), metabolic poisons (e.g., 
salicylates, dinitrophenol), psychotropics (e.g., cyclic 
antidepressants, lithium, antipsychotics, amantadine), 
membrane-active drugs (e.g., local anesthetics and 
antiarrhythmics), and certain drug-associated syndromes 
(e.g., malignant hyperthermia, serotonin syndrome, and 
neuroleptic malignant syndrome). Certain medical 
emergencies may present in a similar manner, such as 
endocrinologic disorders (e.g., pheochromocytoma, 
thyrotoxicosis, hypoglycemia), infections (e.g., menin- 
goencephalitis, sepsis, tetanus), neuropsychiatric disorders 
(e.g., paranoid schizophrenia, bipolar disorder, intra- 


cerebral hemorrhage, head trauma, status epilepticus), 
and environmental disorders (e.g., exertional and non- 
exertional heatstroke). 


MANAGEMENT 


Table 42-2 outlines an algorithm for the general 
approach to patients with suspected cocaine toxicity. 
Prospective human studies evaluating different 
treatment options for such patients are lacking. Thus, 
recommendations are based on the findings from animal 
studies and small series of human poisonings with 
cocaine. The initial management strategy is to institute 
airway, breathing, and circulatory support as necessary. 
Supplemental oxygen, vascular access, and continuous 
cardiac and respiratory monitoring should be provided 
rapidly. All patients with altered mental status and 
seizures should have their serum glucose checked or be 
given dextrose infusion for possible neuroglycopenia. 
A critical component to successful management is to 
obtain a core (i.e., rectal) temperature early and treat 
hyperthermia promptly. Aggressive control of seizures 
and psychomotor agitation are equally important, 
particularly since these manifestations often precipitate 
cocaine-associated hyperthermia. After initial supportive 
care has been provided, subsequent treatment will 
depend on the signs, symptoms, and organ system(s) 
affected. Early GI decontamination should be strongly 
considered for patients who have ingested cocaine. Acti- 
vated charcoal with or without a cathartic is administered 
(1 g/kg body weight) initially; other GI decontamination 
modalities (e.g., whole bowel irrigation) are also 
recommended for body stuffers and packers.!!5-146 
Specific measures for each complication are discussed 
below. Even patients with cocaine-induced brain death 
have been successfully stabilized so that organs can be 
harvested for transplantation. !4” 

Given the relatively large volume of distribution and 
short elimination half-life, enhanced elimination 
techniques (e.g., urine acidification, hemodialysis) are 
unlikely to improve the clearance of cocaine and are also 
not necessary. These approaches have not been formally 
studied in humans. No specific antidotes exist. However, 
efforts to develop immunologic ways to bind or neutralize 
cocaine with antibodies, FAB fragments, vaccines, and 
specific dopamine receptor antagonists are ongoing and 
would have potential utility in treating both acute 
toxicity and drug addiction.!148149 


Cardiovascular Toxicity 


As a result of the relatively short half-life of cocaine and 
its metabolites, supportive care with minimal pharmaco- 
logic intervention is usually adequate for most patients 
with acute cocaine-related cardiovascular toxicity. 
Hypertension and sinus tachycardia usually respond 
to sedation alone. Nonspecific sympatholysis with benzo- 
diazepines is recommended as first-line treatment. 144-150-152 
When hypertension and tachycardia do not respond to 
sedation and are associated with end-organ dysfunction 
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(e.g., myocardial ischemia, confusion, headache, 
congestive heart failure), treatment with nitroprusside, 
calcium channel blockers (e.g., verapamil), or nonse- 
lective O-adrenergic agents (e.g., phentolamine) are 
recommended.!44148,151152 The use of a B-adrenergic 
antagonist therapy alone is generally contraindicated for 
treatment of cocaine toxicity. These agents may result 
in unopposed G-adrenergic stimulation and worsened 
end-organ toxicity (e.g., increased coronary vasospasm, 
worsening hypertension) .144149,151,152 

Patients with cocaine toxicity may present with 
palpitations and supraventricular tachycardia. ‘Treatment 
of the patient with no evidence of coronary artery disease 
includes observation, sedation with benzodiazepines, 
and the occasional judicious use of calcium channel 
blockers (e.g., verapamil or diltiazem) for heart rate 
control.!°> Adenosine may be used but its efficacy is 
questionable due the transient nature of its effects as 
compared with the sympathomimetic effects of cocaine. 
Synchronized cardioversion may be necessary for unsta- 
ble patients with arrhythmias. The use of B-adrenergic 
antagonists is contraindicated in these patients for the 
reasons stated above. Although the data are contro- 
versial, the use of labetalol is usually not recommended 
since it is largely a B-adrenergic antagonist (B- to o-effect 
of 6 to 1).1441,151,152,154,155 

Ventricular arrhythmias are best treated with lidocaine, 
sodium bicarbonate, and nonspecific sedation with 
benzodiazepines.!4411°!52, The correction of hypoxia 
and metabolic and electrolyte abnormalities are critically 
important. Sodium bicarbonate (1-2 mEq/kg intravenous 
boluses) administration is recommended as a first-line 
treatment for ventricular or wide-complex arrhythmias 
immediately after cocaine use, when the fast sodium- 
channel (type I) blocking effects of cocaine are most 
likely to be operative.!441151.15f Sodium bicarbonate has 
been shown to reverse cocaine-induced QRS complex 
prolongation in animal studies and human case 
reports.’155157 Lidocaine is recommended as first-line 
treatment when ventricular arrhythmias are attributed 
to cocaine-induced myocardial ischemia.!441151157158 
Although lidocaine itself is a fast-sodium channel 
blocker, lidocaine competitively antagonizes the sodium 
channel-blocking activity of cocaine.!®’ Unlike cocaine, 
which has slow on-off sodium channel-binding kinetics, 
lidocaine has rapid on-off binding kinetics at the sodium 
channel.!>” Lidocaine does not prolong action potential 
duration or the QRS interval, and its presence could 
partly reverse the prolongation that occurs in the 
presence of toxic concentrations of cocaine. Based on 
most animal and human clinical data, lidocaine is likely 
safe and effective for use in cocaine poisoning.!57158 

Intravascular volume replacement, diuretics, car- 
diotonic and inotropic agents, and careful vasopressor 
support have all been utilized in cocaine-induced car- 
diomyopathy with congestive heart failure.'* Monitoring 
of central venous or pulmonary artery wedge pressure 
may be necessary for titration of these agents. Short-term 
use of intra-aortic balloon pumps also has been reported 
to augment cardiac function during transient myocardial 
dysfunction. General supportive care is important in 
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Cocaine Toxicity and Treatment Decision Algorithm 





SUSPECTED COCAINE TOXICITY 


MILD PR TOXICITY SEVERE Kal TOXICITY EVALUATE FOR OTHER AGENTS 
E, support Immediate F pportive Care Initiate er treatment for 


Decontamination of oral ingestions/ Airway control additional agents 
administration of activated charcoal Oxygenation Consider interactions with cocaine 
Observe Vascular access Monitor for early and late 


toxicities of other agents 


Decontaminate/Antagonists 


In oral exposures, administer 
activated charcoal 

Consider whole-bowel lavage 
with polyethylene glycol 
solutions for “body packers” 

Consider empiric dextrose, thiamine, 
and naloxone 

Avoid using benzodiazepine 
antagonists (e.g., flumazenil) 


Terminate Seizures 


Benzodiazepines (e.g., diazepam, 
lorazepam) 

Barbiturates (e.g., pentobarbital, 
phenobarbital) 


Correct Immediate Metabolic, 
Oxygenation, and Electrolyte 
Abnormalities 


Correct Local Tissue Ischemia, 
Improve Perfusion 


Local a-Adrenergic Blockers for 


Cocaine (e.g., phenoxybenzamine, 
phentolamine) 


Treat Hyperthermia 


Second-Level Evaluations to Check 
for Persistent Abnormalities 


PERSISTENT HYPOTENSION CNS ABNORMALITIES SUPPORTIVE CARE 
Intravascular volume resuscitation Seizures Psychologic and pharmacologic 
Acute cardiopulmonary support Strokes support for cocaine abstinence 
Central hemodynamic monitoring Bleeds and long-term recovery 
Terminate seizures 
VENTRICULAR ARRHYTHMIA PULMONARY EDEMA/RESPIRATORY 
FAILURE 
Antiarrhythmics (e.g., lidocaine) 
Electrolyte correction Ventilator 
Acid-base correction Oxygen 
PEEP 
RENAL FAILURE Electrolyte Abnormalities 
Hemodialysis Correct hypokalemia (e.g., 
Intravascular volume potassium chloride) 
HYPERTENSION Correct hypocalcemia 
Sedation (e.g., diazepam) (e.g., calcium gluconate) 
Calcium channel blockers RHABDOMYOLYSIS 
(e.g., nifedipine, nicardipine) Alkalinize urine (e.g., IV bicarbonate) 
Nitroprusside Calcium replacement (e.g., calcium 
CORONARY ARTERY ISCHEMIA gluconate) 
Antiplatelet agents (e.g., aspirin) Intravascular volume 


Calcium channel blockers (e.g., nifedipine, 
diltiazem, nicardipine) 
a-Adrenergic blockers (e.g., phentolamine) 
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Cocaine Toxicity and Treatment Decision Algorithm (Con’t) 





SUSPECTED COCAINE TOXICITY 


MILD ae TOXICITY SEVERE eae TOXICITY EVALUATE FOR OTHER AGENTS 


B-Adrenergic blockers (e.g., esmolol, 
metoprolol) may be contraindicated 
(see text) 

Nitrates (e.g., nitroglycerin) 

Sedation (e.g., diazepam) 


CNS, central nervous system; PEEP, positive end-expiratory pressure; IV, intravenous. 





maintaining cardiovascular function during cocaine- 
induced cardiac toxicities. Discontinuation of cocaine 
use appears to be the most prudent way of reversing or 
limiting the progression of cocaine-induced chronic 
cardiomyopathy. 


Myocardial Ischemia 


Recommendations are based on two recent reviews of 
cocaine-induced myocardial ischemia and the recently 
revised consensus guidelines on emergency cardiovascular 
care from the American Heart Association in collabo- 
ration with the International Liaison Committee on 
Resuscitation.!441131.152 Patients with suspected cocaine- 
induced myocardial ischemia or MI should be treated 
initially with oxygen, parenteral benzodiazepines, 
aspirin, and nitrates. Both benzodiazepines and nitro- 
glycerin have been shown to improve hemodynamics 
(reduce rate-pressure product) and resolve chest pain in 
patients with cocaine-associated chest pain and suspected 
myocardial ischemia.*!°°9 As previously noted, use of 
B-adrenergic antagonists is contraindicated because they 
may result in unopposed Q-adrenergic effects and 
exacerbate coronary vasoconstriction associated with 
cocaine. 144149.191,152,154 The specific use of labetalol, 
although not recommended, cannot be considered an 
absolute contraindication based on the scientific data 
available to date.'°!!°? In humans undergoing cardiac 
catheterization and given intranasal cocaine, labetalol 
reversed cocaine-induced increases in mean arterial 
pressure but had no effect on cocaine-induced vasocon- 
striction of coronary arteries.!°? The use of calcium 
channel blockers (specifically, verapamil), the o-blocker 
phentolamine, and heparin therapy are considered 
second-line therapies for cocaine-induced coronary 
ischemia.*!!°!!53 Both verapamil and phentolamine have 
been shown to reverse coronary artery vasoconstriction 
in human volunteers given intranasal cocaine immedi- 
ately prior to cardiac catheterization.**!°° 

If medical management does not eliminate cocaine- 
induced myocardial ischemia, primary percutaneous inter- 
vention (diagnostic and therapeutic cardiac catheteri- 
zation) is recommended over rapid reperfusion with 
thrombolytic therapy.'**! The increased risk for cerebro- 
vascular hemorrhage with cocaine-induced toxicity 


requires that the use of thrombolytics in this patient 
population be carried out with extreme care.'**! 
Thrombolytic therapy has not been proven safe or 
effective in patients with cocaine-associated MI.'° In 
addition, it is usually difficult to base treatment decisions 
in this patient population on ECG criteria for an MI, 
which are both insensitive and nonspecific. In general, 
the mortality of cocaine-induced MI patients that make it 
to the hospital alive is less than 2%.'**! The morbidity 
and mortality are likely to be increased with the use of 
thrombolytic therapy. Major intracerebral hemorrhage 
has been reported in more than 5% of published cases of 
cocaine-induced MI treated with thrombolytic therapy. 
Thrombolysis should only be considered when the 
diagnosis of cocaine-induced MI is firm and cardiac 
catheterization is not available. As mentioned, the use of 
lidocaine is recommended for ventricular arrhythmias 
felt secondary to myocardial ischemia. In review of the 
use of lidocaine in 29 patients with cocaine-associated 
MIs, no enhanced cocaine toxicity was seen.'”® 


Central Nervous System Toxicity 


Sedation with benzodiazepines (e.g., diazepam) is the 
first-line treatment for CNS agitation associated with 
cocaine; large doses may be necessary.?”'0°!®! Although 
controversial, the adjunctive use of neuroleptics (e.g., 
droperidol, haloperidol, or ziprasidone) may be effective 
for the control CNS agitation produced by cocaine. 
Successful treatment of cocaine-induced hyperthermia 
requires early recognition, rapid cooling, and aggressive 
supportive care.?%!91 Cooling methods include 
rehydration with cooled intravenous fluids; cool water 
mist and fans (evaporative and convective cooling); ice 
packs; ice water baths; and ice water, gastric, peritoneal, 
rectal, or bladder lavage. Since cocaine-induced hyper- 
thermia is predominantly secondary to increased muscle 
activity, prompt peripheral muscle relaxation is essential 
to minimize morbidity and mortality. Sedation with 
benzodiazepines may be tried initially for mild cases of 
hyperthermia. Nondepolarizing neuromuscular paralysis 
(e.g., pancuronium), however, which provides rapid, 
predictable, and effective termination of motor hyper- 
activity, should be instituted for severe or refractory 
hyperthermia.%*!°1° When canines given intravenous 
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lethal doses of cocaine are ventilated and pretreated with 
pancuronium, hyperthermia, metabolic acidosis, and 
mortality can be prevented.” 

Seizures associated with cocaine are generally best 
treated with benzodiazepines (e.g., lorazepam) followed 
by barbiturates (e.g., phenobarbital, pentobarbital), if 
necessary. The efficacy and safety of phenytoin has not 
been established. Animal studies suggest that other 
antiepileptics (e.g., felbamate and gabapentin) may also 
be effective for cocaine-induced seizures. t64 

Treatment for other neurologic complications of 
cocaine abuse is supportive. Subarachnoid hemorrhage 
and intracerebral bleeding may be associated with an 
underlying cerebral saccular aneurysm or vascular mal- 
formation and may require neurosurgical intervention. 
Transient ischemic attacks and ischemic cerebrovascular 
accidents are treated symptomatically and may require 
empiric therapy with aspirin and heparin. The use of 
thrombolytic therapy for acute ischemic strokes asso- 
ciated with cocaine has not been studied and is theo- 
retically dangerous. Migraine-like headaches produced 
by cocaine have been reported to improve with 
ergotamine treatment. However, there is theoretical 
concern about the use of another vasospastic agent such 
as ergotamine in view of the vasospastic side effects of 
cocaine itself. The use of serotonergic agonists (e.g., 
triptans) for cocaine-induced migraine headaches has 
not been reported. 


Pulmonary Complications 


The management of pulmonary complications associated 
with cocaine use is supportive.® Supplemental oxygen, 
bronchodilator therapy, steroids, and mechanical support 
may be necessary for cocaine-induced bronchospasm. 
Oxygen, diuretics, and intubation with or without 
positive end-expiratory pressure (PEEP) have been used 
successfully and may be necessary for patients with 
cocaine-induced pulmonary edema.® In addition to 
PEEP, the lengthening of inspiratory time intervals can 
also to increase the functional residual capacity and may 
also enhance oxygenation. Empiric treatment with 
corticosteroids for BOOP and eosinophilic pulmonary 
syndromes is recommended, but efficacy has been 
variable.**" Patients with pneumomediastinum or 
pneumopericardium should be admitted and observed 
for the subsequent development of a pneumothorax.*” 
Chest tube placement is necessary for patients with large 
pneumothoraces or those who do not resolve or worsen 
with high-flow oxygen. It is important to inform patients 
that barotraumatic complications may recur with 
repeated use of crack cocaine.®” 


Rhabdomyolysis and Renal Failure 


Treatment of cocaine-induced rhabdomyolysis and renal 
failure is supportive. Aggressive rehydration is recom- 
mended to correct hypovolemia and prevent myoglobin 
precipitation in the renal tubules. Isotonic normal saline 
is recommended initially to establish and maintain a 


urine flow of at least 2 mL/kg/hr. Careful monitoring of 
electrolytes (e.g., phosphate, calcium, potassium) is 
necessary. Although not proven effective, most experts 
recommend the administration of bicarbonate-rich 
fluids to alkalinize the urine (urine pH > 7) and prevent 
myoglobin precipitation in the renal tubules. 
Hemodialysis may be necessary for acute renal failure. 


Body Stuffers and Packers 


Whole bowel irrigation, endoscopy, surgery, cathartics, 
and repeat doses of activated charcoal have been used 
to treat patients who have ingested packets of 
cocaine.!!5-143,145,146,163-165 In a series of 34 body stuffers in 
Chicago, 74% remained asymptomatic, 18% had mild 
symptoms, 4% had moderate symptoms, and 4% had 
severe symptoms leading to death. Abdominal radiogra- 
phy, decontamination, and benzodiazepines appeared to 
be useful.!© In another series of patients, approximately 
3% of patients that ingested cocaine packets required 
surgical removal for obstruction or toxic effects.1° 

Asymptomatic body packers and stuffers may be 
treated conservatively with simple observation in an 
ICU until spontaneous passage of the packets has 
occurred.!!5!!6167 Alternatively, GI tract decontami- 
nation with activated charcoal (to bind any cocaine that 
may leak out of the packets) coupled with whole bowel 
irrigation may be performed to enhance passage of the 
packets (see Chapter 2B). Whole bowel irrigation should 
be continued until complete clearance of the drug 
packets has occurred from the GI tract. Abdominal 
imaging with contrast and the passage of several packet- 
free stools is used to confirm passage of all cocaine 
packets.'!°!* Symptomatic body stuffers should be 
treated similarly to other symptomatic cocaine-intoxicated 
patients. In addition, GI tract decontamination with 
activated charcoal is important for these patients to limit 
further cocaine absorption.'!®!*° Symptomatic body 
packers, either from mechanical bowel obstruction or 
perforation or from cocaine poisoning, require imme- 
diate surgical removal of drug packets.!!5116 Although 
endoscopy has been used to remove cocaine packets 
from the stomach or proximal small bowel, operative 
removal is still recommended due to the risk for packet 
rupture during endoscopic removal.!'° 


DISPOSITION 


The level (intensive care or floor) and duration of 
medical care are dependent on the severity and duration 
of toxicity. If signs and symptoms of toxicity are mild to 
moderate and resolve after a 4 to 6-hour observation 
period in the ED, patients may be medically discharged. 
Patients with altered mental status, persistent abnormal 
vital signs, nonsinus rhythms, or significant end-organ 
toxicity (e.g., rhabdomyolysis) should be admitted for 
further care and observation. Patients with cocaine- 
associated chest pain who are not at high risk for acute 
coronary syndrome may be admitted to a 9- to 12-hour 
chest pain observation unit. These patients may 


subsequently be discharged with close follow-up if they 
“rule out” for MI by troponin testing and cardiovascular 
complications do not occur during their 12-hour 
observation. Body packers and stuffers usually require 
ICU admission for observation and treatment.!!’ After 
clinical toxicity has resolved, referral for psychiatric 
follow-up care may be needed, as may serologic testing 
for viral hepatitis and human immunodeficiency virus. 
Evaluation for complications attendant to intravenous 
drug abuse (e.g., endocarditis, sexually transmitted 
diseases, etc.) should also be considered.!8 
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Dissociative Agents: Phencyclidine, Ketamine, 
and Dextromethorphan 


IVAN E. LIANG, MD Ææ EDWARD W. BOYER, MD, PHD 


At a Glance... 


m Phencyclidine, ketamine, and dextromethorphan are structurally 
related chemicals referred to as dissociative agents. 

m The dissociative agents produce their psychotomimetic effects 
by antagonizing N-methyl-D-aspartate receptors in the central 
nervous system. 

Ææ Clinical effects of overdose include euphoria, a trance-like state, 
nystagmus, and, occasionally, violent behavior; hyperthermia, 
rhabdomyolysis, metabolic acidosis, and cardiovascular collapse 
may ensue. Coma and seizures may occur in severe overdose. 

m Patients are often anesthetic and may be unaware of serious 
injuries. 

m All of the dissociative agents may produce a positive urine 
toxicology screen for phencyclidine. 

m Treatment for dissociative agent overdose is supportive. 
Benzodiazepines or haloperidol are preferred agents for 
chemical restraint. 


Phencyclidine (phenylcyclohexyl piperidine, or PCP), 
ketamine [2-(O-chlorophenyl)-2-methylamino cyclo- 
hexanone], and dextromethorphan [(+)-3-methoxy-17- 
methyl-9a,13a,14a-morphinan] (Fig. 43-1) are struc- 
turally related chemicals that are abused for their 
dissociative properties. Because these drugs are often 
used in club settings, the prevalence of their use may have 
increased dramatically over the past decade. Intoxication 
with these agents produces a syndrome of sympathetic 
activation, central nervous system depression, and 
hallucinations. 


EPIDEMIOLOGY 


Accurate estimation of the abuse prevalence of phen- 
cyclidine, ketamine, and dextromethorphan is difficult. 
Because these substances are frequently taken in 
conjunction with other drugs, individuals suffering the 
effects of multiple drug use may present with a confusing 
clinical picture that prevents clinicians from accurately 
identifying the substances used. Nonetheless, the Drug 
Abuse Warning Network (DAWN) in 2003 identified a 
dramatic increase in the use of phencyclidine in several 
metropolitan areas. Data from the American Association 
of Poison Control Centers’ Toxic Exposure Surveillance 
System (TESS) in 2002 identified 918 phencyclidine 
exposures with 6 deaths.! The DAWN data also observed 
significant increases in ketamine reports that were likely 
related to its abuse in party settings such as in raves and 
circuit parties. In 2002, TESS reported 342 ketamine 
exposures. Similarly, dextromethorphan was identified 
by DAWN as having a significantly increased prevalence 
of abuse. Data from TESS suggest that abuse or misuse of 


the drug by adolescents between ages 13 and 19 has 
increased more than 300% over a 3-year period.’ 
Dextromethorphan abuse has been observed in children 
as young as 11.° 

Dissociative agents are widely available in pill, powder, 
and injectable form. Phencyclidine is more commonly 
sold as a powder, but has been recently reported as an 
additive to marijuana cigarettes in metropolitan areas. 
Ketamine is difficult to synthesize; therefore, it is diverted 
from pharmaceutical or veterinary sources in injectable 
or powdered formulations.* Abused dextromethorphan 
is commonly diverted from over-the-counter cough and 
cold products that are widely available in stores.* Even 
individuals not intending to take dissociative agents may 
inadvertently receive them since ketamine and dex- 
tromethorphan are commonly used as adulterants in 
tablets purportedly containing methylenedioxymetham- 
phetamine (MDMA, or “Ecstasy”) .>7 


NEUROPHARMACOLOGY 


Phencyclidine, ketamine, and dextromethorphan exert 
their psychotomimetic effects by antagonizing with high 
affinity the Mmethyl-D-aspartate (NMDA) receptors in 
limbic and cortical structures, inhibiting the release of 
excitatory amino acid neurotransmitters.®” Dissociative 
drugs bind to the Ca*t cation channel of the NMDA 
receptor to modulate glutamate neurotransmission, the 
end result of which is the production of specific 
neurobehavioral findings such as dissociative, “out-of- 
body” experiences.’° When used for licit purposes such 
as procedural sedation, these experiences are known as 
“emergence reactions.” NMDA receptor antagonism may 
selectively interrupt association pathways of the brain 
before producing somesthetic sensory blockade, and 
may also selectively depress the thalamoneocortical 
system before depressing the reticular activating and 
limbic systems. Dissociative agents also produce dose- 
dependent reuptake blockade of norepinephrine, dopa- 
mine, and serotonin, which contributes to the psycho- 
motor, sympathomimetic, and psychotomimetic effects 
associated with these agents.’ In recreational doses, PCP, 
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FIGURE 43-1 Chemical structure of dissociative agents. 
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ketamine, and dextromethorphan (large via its active 
metabolite, dextrorphan) bind with high affinity to 
nonopiate © receptors, which may contribute to their 
antinoceptive and sedative activities. As a nonanalgesic 
opiate, dextromethorphan produces antitussic activity by 
selectively binding to 6 receptors without exhibiting 
classic opiate effects that occur from binding to u and K 
opiate receptors. In high doses, PCP and ketamine also 
bind to opioid and nicotine and muscarinic acetylcholine 
receptors. 


PHENCYCLIDINE 


Phencyclidine (PCP, “angel dust,” “PeaCe Pill”) was 
originally marketed in 1957 as a preinduction anesthetic 
agent that was not associated with cardiorespiratory 
depression.'!° Many patients in their postoperative 
course, however, developed extreme agitation and 
dysphoria.!? Phencyclidine therefore was removed from 
the marketplace, although it was reintroduced as the 
veterinary product Senylan (Parke-Davis, Detroit, MI). 
Phencyclidine emerged as a hallucinogen in the 1960s 
but did not reach full popularity until the 1970s.')” 
It was classified as a schedule I substance in 1978, and 
its use declined during the 1980s.'° Over the past 5 years, 
however, increasing numbers of PCP abusers appear 
to smoke the drug with another substance such 
as marijuana.!*!” 


Pharmacology 


Phencyclidine is a highly lipophilic, water-soluble weak 
base. It is rapidly absorbed following oral, intranasal, 
intramuscular, intravenous, pulmonary, or rectal admin- 
istration. Absorption is minimal in the stomach, but 
occurs rapidly in the duodenum and jejunum.!*16 Onset 
of effects occurs within 30 to 60 minutes when ingested, 
but may be as rapid as 2 minutes after smoking.'? Acute 
toxicity often persists for 4 to 6 hours, and generally 
resolves within 48 hours.!® At oral doses of between 5 and 
10 mg, toxic psychoses and violent behavior are 
described.!® Oral doses greater than 10 mg are associated 
with schizophreniform reactions, although the dose- 
response relationship is incompletely defined.'® 

Phencyclidine distributes widely in tissues. 
possesses an unusual enterogastric circulation in which 
significant amounts of the drug are actively secreted into 
the stomach and then reabsorbed in the small 
intestine.'? The concentration of PCP in gastric fluid may 
be 50 times higher than in the serum.’? The concen- 
tration in the brain may be up to nine times that of the 
serum.!*'° The slightly acidic milieu of the cerebrospinal 
fluid (CSF) induces ion trapping of the compound, an 
effect that explains the prolonged neurologic effects of 
the drug.’® 

The apparent volume of distribution of phencyclidine 
is 6.3 L/kg, and the drug is 78% protein bound.'? The 
large volume of distribution and lipophilicity contribute 
to PCP’s persistence in the body and its long duration of 
action. Phencyclidine is hepatically metabolized in a 


16,18 It 


stepwise manner, first by oxidative hydroxylation to an 
inactive metabolite that undergoes glucuronidation. 
This water-soluble derivative is the major metabolite that 
is renally eliminated. Significant first pass metabolism 
occurs after ingestion, an effect that is not observed 
following pulmonary or parenteral administration.” 
More than 90% of users excrete metabolites in the urine 
for up to 7 days after exposure, while chronic abusers do 
so for up to 4 weeks after last use.'? Ten percent of an 
ingested dose is excreted unchanged in the urine. 


Clinical Effects 


No therapeutic indications are described for PCP, 
although NMDA antagonists may have theoretical utility 
in preventing neuronal injury following cerebral 
hypoxic/ischemic insult.?°*! 

Phencyclidine exhibits a broad variety of clinical 
effects, some of which are unpredictable but which are 
generally dose related.*! Violent behavior, rotatory 
nystagmus, hypertension, anesthesia, and analgesia are 
the most characteristic signs of intoxication.*)** At 
elevated doses, PCP will produce a dissociative condition 
characterized by a catatonic, trancelike state but may 
include a sense of euphoria, omnipotence, tremendous 
strength, and sexual prowess.*’ Seizures are described 
at high doses, and coma may occur, persisting for up to 
10 days.** Lower doses of phencyclidine will produce 
ataxia, slurred speech, profuse diaphoresis, and neuro- 
muscular rigidity.* The most common causes of death 
from PCP overdose involve trauma or occur as the 
sequela of physical restraint of severely agitated patients, 
with attendant hypothermia, rhabdomyolysis, metabolic 
acidosis, and cardiovascular collapse.** 

The neurologic examination may reveal horizontal, 
vertical, or rotatory nystagmus, a prominent finding that 
occurs in over half of all intoxicated patients.*!? Pupils 
may be miotic and reactive, and reflexes are briskly 
hyperactive. Increased muscle strength is commonplace, 
and several attendants may be required to restrain 
agitated patients. Patients are anesthetic and are often 
unaware of injuries, a quality that results from the 
dissociative effects of the drug.** 

Prominent psychiatric effects of phencyclidine include 
violent, aggressive behavior that, when combined with a 
sense of tremendous strength, is troublesome for 
caretakers.?! Patients may also demonstrate mania, but 
catatonia and visual hallucinations are common.” 
Physiologic dependence on PCP in the absence of clear 
physiologic symptoms is described, as is an abstinence 
syndrome characterized by depression, anxiety, and 
irritability.*° Long-term PCP abuse is associated with 
diminished abstract thought and incidental memory.*° 

A temperature greater than 38.8°C (101.8°F) was 
identified in 2.6% of patient in one series of PCP 
intoxications.** Hyperthermia in PCP overdose may arise 
from isometric muscle contraction and may portend 
significant morbidity.”” Elevations in serum transmamines, 
rhabdomyolysis, clotting abnormalities, hepatic injury, 
and renal failure probably arise as a consequence of 
poorly treated hyperthermia and muscle trauma. 
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Diagnosis 


The diagnosis of phencyclidine poisoning can be 
inferred from history and physical examination findings, 
and is confirmed by laboratory testing. Rotatory 
nystagmus is an important clinical clue to establishing 
the diagnosis.*!** Because PCP is lipophilic and may be 
detected in the urine for up to 4 weeks, urine is the 
preferred specimen for detection.'? If present, PCP 
should elicit a positive result on qualitative urine toxi- 
cologic screen. Quantitative measurement of phen- 
cyclidine in plasma is not recommended because clinical 
signs and symptoms do not correlate well with plasma 
concentrations. 

Patients in whom phencyclidine intoxication is 
suspected should have electrolytes, blood urea nitrogen, 
creatinine, transaminases, coagulation times, glucose, and 
serum creatine phosphokinase concentrations measured. 
Hyperthermic patients deserve measurement of arterial 
pH. Clinicians should remain vigilant for electrolyte 
disturbances, metabolic acidosis, and renal failure. 


KETAMINE 


Initially developed as a veterinary anesthetic, ketamine is 
structurally similar to PCP (see Fig. 43-1). Ketamine is 
often diverted from veterinary or pharmaceutical 
sources and is sold either in powdered or liquid form or 
as an adulterant in club drug (“Ecstasy”) pills. 


Pharmacology 


The pharmacology of ketamine is similar to that of 
phencyclidine. Ketamine can be administered via oral, 
intranasal, intramuscular, intravenous, and rectal routes. ® 
Ketamine is a weakly basic amino compound (pKa of 
7.5) with close structural similarity to phencyclidine.” It 
is commercially available as 1:1 racemic mixtures of the 
S(+) and R(-) enantiomers of the hydrochloride salt. 
Ketamine undergoes rapid absorption via all routes and 
distributes within 7 to 10 minutes of intravenous admin- 
istration into highly perfused tissues such as the brain, 
heart, and lungs. Concentrations in these organs may be 
four to five times greater than corresponding plasma 
levels. Ketamine then undergoes a second redistribution 
into muscle and, eventually, adipose with a distribution 
half-life of approximately 10 to 15 minutes.®#8-30 
Ketamine and its metabolites are moderately protein 
bound in the serum 60%, 50%, and 69% for ketamine, 
norketamine, and dehydronorketamine, respectively, in 
human serum.*! Volumes of distribution of ketamine 
have been reported ranging from 2 to 5 L/kg.* 
Ketamine undergoes significant first-pass metabolism 
via hepatic Mdemethylation by CYP2D6 to produce 
norketamine, a compound with one third the activity 
of the parent compound.****°? This metabolite is sub- 
sequently hydroxylated and conjugated to water-soluble 
compounds that undergo renal elimination. Approxi- 
mately 90% of an administered ketamine dose is 
eliminated as the conjugated hydroxyl metabolite; about 





4% is excreted unchanged. Interestingly, the elimination 
half-life is approximately 2.5 to 3 hours in adults, but 
only 1 to 2 hours in children.*”? 

The onset of effects depends on the method of admin- 
istration. In general, anesthetic or therapeutic doses of 
ketamine are between 1 and 2 mg/kg (approximately 
1 mg for a 70-kg patient) for intravenous administration; 
the dose of ketamine used for recreational purposes is 
somewhat lower.* Recreational doses begin at approxi- 
mately 25 mg and are titrated upward to clinical effect. 
One method of titration, for example, involves insuf- 
flating approximately 25-mg “bumps” of ketamine until 
the user can no longer feel his or her legs. Clinical effects 
often resolve within 10 minutes of intraparenteral 
dosing, but may persist for up to 90 minutes after oral 
administration.** 


Clinical Effects 


Recommended doses of 1 to 2 mg/kg intravenously, up 
to 4 mg/kg intramuscularly, and 7 mg/kg orally will 
produce anesthesia and analgesia accompanied by 
catalepsy with minimal purposeful response to noxious 
stimuli. The eyes often remain open, with a slow 
nystagmic gaze; corneal and light responses often remain 
normal.** Hypertonic and occasionally purposeful move- 
ments may be intermittently noted.** Subanesthetic doses 
will produce a spectrum of symptoms, but will often 
interfere with normal cognition and appropriate 
responses to environment.** 

Ketamine evokes a number of physiologic responses 
besides anesthesia.**°° The drug increases sympathetic 
outflow and effect that can be blunted by sedation with 
benzodiazepines.**°" Ketamine produces elevated 
cerebrospinal fluid and intraocular pressures, although 
this effect may be abolished by maintenance of 
normocapnia and/or benzodiazepine administration.*® 
The salivary and tracheal-bronchial secretions that 
accompany ketamine administration are due to the drug’s 
cholinergic characteristics.*° Despite these secretions, 
ketamine has been associated with decreases in airway 
resistance and bronchospasm.** Respiratory failure from 
massive doses of ketamine has been described, although 
this finding occurred in multiple drug use.*® 

Hallucinations that occur as ketamine anesthesia 
decreases are described as “emergence reactions” and 
are the reason for which the drug is diverted to illicit 
use. 725 Drug users frequently describe cosmic, religious, 
or near death experiences, visualization of psychedelic 
colors, and out-of-body experiences that can be charac- 
terized as ranging from pleasurable to nightmarish.’ 
During the episode, patients may be mildly agitated, 
sympathomimetic, or frankly psychotic and delirious. 
Incidence of emergence reactions is low among children, 
but has been reported to be as high as 30% in adults.” 


Diagnosis 


Establishing the diagnosis of ketamine intoxication 
requires the recognition of subtle physical examination 
findings. When used illicitly, ketamine does not, in general, 
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produce the extreme agitation of phencyclidine.” Instead, 
intoxicated patients may demonstrate a distinctive, 
plodding gait as the legs dissociate from the remainder 
of the body.’ Patients may lose fine motor control and 
experience nausea and vomiting with movement. They 
may deliver pronouncements that are confusing to sober 
observers.’ In addition to the acute dissociative effects, 
ketamine is associated with dystonia, paranoia, and 
rhabdomyolysis.” This latter finding occurs almost 
exclusively in patients who receive physical restraints 
without chemical sedation. 

Dependence on ketamine has been described. The 
chronic effects of ketamine abuse include poor concen- 
tration, inhibited learning capabilities, and decreased 
memory. Ketamine users have described “flashbacks” up 
to several months after use of the drug.’ In addition, 
habitual users describe tolerance to established doses of 
ketamine, which can be explained by the ability of 
ketamine to induce the expression of cytochrome P-450 
enzyme subtypes.*® 

The diagnosis of ketamine intoxication may be 
confused by the observation that ketamine produces a 
false-positive result on qualitative urine assays for 
phencyclidine.*® 


DEXTROMETHORPHAN 


The easy availability of dextromethorphan in over-the- 
counter preparations contributes to its increasing abuse 
by younger adults. Data from the TESS database suggest 
that abuse or misuse of the drug has increased more 
than 300% over a 3-year period in adolescents between 
the ages of 13 and 19.* Abused dextromethorphan 
products are sometimes known by users as “Triple C” 
from the three Cs whose imprint is used to identify some 
products that are preferred for abuse, but gelcap formu- 
lations of dextromethorphan are also called “Skittles” or 
“Red Hots” because of the similarity in appearance 
between the drug and the popular candies.*”** Unwitting 
users may not recognize that some over-the-counter 
dextromethorphan formulations may contain acetamin- 
ophen or anticholinergic agents, which cause their own 
toxicity. 


Pharmacology 


Dextromethorphan is available in oral formulation; it is 
well absorbed following ingestion with maximum serum 
concentrations at 2.5 hours.” The major metabolite of 
dextromethorphan, dextrorphan, achieves peak plasma 
concentrations at 1.6 to 1.7 hours following ingestion.” 
The volume of distribution of dextromethorphan in 
humans is not firmly established, but is thought to be 
large (5.0 to 6.7 L/kg).*? Dextromethorphan and its 
metabolites undergo renal elimination, with less than 
0.1% of the drug being eliminated in the feces.” The 
half-life of the parent compound is approximately 2 to 
4 hours in individuals with normal metabolism. 
Dextromethorphan is metabolized by cytochrome 
CYP2D6. In humans, CYP2D6 is a genetically poly- 
morphic enzyme responsible for metabolizing numerous 


substances.*! Rapid metabolizers—those individuals with 
extensive CYP2D6 activity and, hence, increased rates of 
dextromethorphan metabolism—constitute about 85% 
of the U.S. population. Dextromethorphan undergoes 
3-demethylation to dextrorphan and, to a lesser extent, 
N-demethylation to 3-methoxymorphinan.*’*! Both of 
these metabolites are further demethylated to 3-hydroxy- 
morphinan. Dextrorphan is the active metabolite that 
produces neurobehavioral effects, while dextromethor- 
phan does not exhibit the same actions. Dextromethor- 
phan is therefore a prodrug, and the metabolic 
conversion of dextromethorphan to dextrorphan is an 
important determinant of the abuse potential of dex- 
tromethorphan in an individual. Experienced dex- 
tromethorphan users describe tachyphylaxis to the drug, 
but whether this effect is from alterations in cytochrome 
function or other effects is not known. 


Clinical Effects 


The dose of ingested dextromethorphan determines 
the neurobehavioral outcome. Recreational users of 
dextromethorphan describe several intensities of effect 
from the drug, known as “plateaus.”** The first plateau is 
a mild stimulant effect similar to that of methylene- 
dioxyamphetamine. The second plateau is described as 
similar to a combination of concurrent ethanol and 
marijuana intoxication, although some users describe 
hallucinations as occurring at this stage.* The third level 
is a dissociative, “out-of-body” state like that produced by 
a low recreational dose of ketamine, and the fourth 
plateau is a fully dissociative condition similar to that 
produced by ketamine intoxication.“ Neurobehavioral 
effects begin within 30 to 60 minutes of ingestion and 
persist for approximately 6 hours. 

To produce nominal effects from dextromethor- 
phan—the first plateau—online drug encyclopedias 
such as Erowid (www.erowid.org) describe a dose of 
between 100 and 200 mg (1.5-2.5 mg/kg). The second 
plateau may be achieved with 200 to 400 mg (2.5-7.5 
mg/kg), and the third plateau can be achieved with 300 
to 600 mg (7.5-15 mg/kg) of the drug. An ingested dose 
of 600 to 1500 (>15 mg/kg) mg of dextromethorphan 
may produce a full-blown dissociative state. These doses 
depend on several factors, such as an individual’s 
CYP2D6 subtype and body weight as well as the degree 
of tolerance to dextromethorphan. 

The clinical presentation of dextromethorphan 
intoxication therefore depends on the ingested dose. 
Minimally intoxicated persons may develop tachycardia, 
hypertension, vomiting, mydriasis, diaphoresis, nystagmus, 
euphoria, loss of motor coordination, and giggling or 
laughing.* In addition to the above findings, persons 
with moderate intoxication may demonstrate halluci- 
nations and a distinctive, plodding ataxic gait that has 
been compared to “zombie-like” walking.“ Severely 
intoxicated individuals in a dissociated state may be 
agitated or somnolent.****+* Extremely agitated patients 
may develop hyperthermia and metabolic acidosis. 

Experienced dextromethorphan users describe a 
rapidly developing and persistent tolerance to the drug.“ 
Dependence on dextromethorphan is rarely described.*°*® 
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Although dextromethorphan is not thought to have 
addictive properties, susceptible individuals may develop 
craving and habitual use of the drug.***? An abstinence 
syndrome may be associated with cessation of dex- 
tromethorphan abuse that is characterized by dysphoria 
and intense cravings.*°*%°9°! Toxic psychosis and 
cognitive deterioration may arise from chronic use of the 
drug.4650.51 

Toxicity in the setting of dextromethorphan abuse 
can arise from additional sources. Over-the-counter 
cough formulations frequently contain, in addition to 
dextromethorphan, other pharmaceutical agents such as 
chlorpheniramine, acetaminophen, or pseudoephedrine.” 
Chlorpheniramine is an H, receptor antagonist. Conse- 
quently, individuals who have abused chlorpheniramine- 
containing dextromethorphan formulations may also 
exhibit anticholinergic signs and symptoms, such as 
tachycardia; warm, dry, flushed skin; dry mucosa; mydriasis; 
agitated delirium; urinary retention; and gastrointestinal 
dysmotility (see Chapter 39). Severe chlorpheniramine 
intoxication has also been associated with seizure activity, 
rhabdomyolysis, and hyperthermia.” Pseudoephedrine 
intoxication may mimic that of chlorpheniramine except 
that patients may exhibit diaphoresis. In contrast, 
overdose of acetaminophen, an antipyretic and analgesic 
that is a component of over 100 cough and cold 
preparations, produces delayed hepatic injury and, 
potentially, death. Lastly, because dextromethorphan is 
produced as the crystalline hydrobromide salt, bromism 
is a rare consequence that has been identified in heavy 
chronic abusers of dextromethorphan.”* 

Drug interactions exist between dextromethorphan 
and other substances, the best characterized of which is 
serotonin syndrome. Dextromethorphan and its active 
metabolite, dextrorphan, block reuptake of serotonin in 
central nerve terminals. This condition typically occurs 
from the interaction between dextromethorphan and 
selective serotonin reuptake inhibitors or monoamine 
oxidase inhibitors, but concurrent administration of 
antibiotics (e.g., linezolide), opiate analgesics (e.g., 
meperidine and tramadol), or drugs of abuse (e.g., 
Syrian rue) could precipitate the condition.* Patients 
with serotonin syndrome may demonstrate the clinical 
triad of mental status changes, autonomic instability, and 
muscular hypertonicity” (see Chapters 10A and 29). 


Diagnosis 


The diagnosis of dextromethorphan intoxication relies 
on epidemiologic, historical, and physical examination 
findings. Younger adolescents may be at increased risk 
for dextromethorphan abuse.” In addition, data from 
the National Institute on Drug Abuse’s Community 
Epidemiology Working Group and other sources suggests 
that pharmaceutical abuse may be more prevalent 
among females.°”°? On history, patients may report the 
abuse of dextromethorphan-containing products. The 
diagnosis of dextromethorphan intoxication is otherwise 
made on clinical grounds, with attention directed to 
signs and symptoms of dissociative use: tachycardia, 
hypertension, diaphoresis, ataxia, nystagmus, and, 
potentially, hallucinations, but clinicians should remain 





aware that specific findings depend on the degree to 
which individuals are intoxicated. The differential 
diagnosis of dextromethorphan intoxication includes 
other potentially serious toxidromes. Patients with 
ataxia, nystagmus, and mental status changes may suffer 
from ketamine or phencyclidine abuse, lithium intoxi- 
cation, phenytoin or carbamazepine poisoning, serotonin 
syndrome, Wernicke-Korsakoff syndrome, and sedative- 
hypnotic, including ethanol, abstinence syndromes.*® 

Although dextromethorphan does not produce true 
positive results on toxic screens or cross-react with the 
opiate portion of the screen, the molecule may produce 
false-positive results on qualitative urine assays for 
phencyclidine.°”! 


TREATMENT 


Supportive management is often sufficient to care for 
dissociative agent overdose.”®456 Because airway reflexes 
are preserved in dissociative agent toxicity, relatively few 
patients require orotracheal intubation and airway 
support. Excessive airway secretions can be controlled by 
atropine or glycopyrrolate; clinicians should be aware 
that phencyclidine may hyperstimulate oropharyngeal 
musculature, and care should be taken to prevent 
laryngospasm during passage of an orotracheal tube. 

Basic emergency measures that include measurement 
of vital signs and intravascular access should be per- 
formed immediately. All patients should receive intra- 
venous saline solution; this therapy corrects dehydration 
and prevents renal failure secondary to rhabdomyolysis 
from muscle breakdown. Hypertension and tachycardia 
may respond well to sedating agents such as diazepam, 
but nitroprusside may be necessary in patients who fail 
chemical sedation. 

Patients should receive sedation if necessary. Auditory, 
tactile, and visual stimuli should be minimized. The 
technique of “talking down” a patient, often applied 
effectively to ketamine and dextromethorphan overdose, 
is generally ineffective in PCP poisoning; the practice 
may even provoke hostile behavior in PCP-poisoned 
patients. Combative or hostile patients should receive 
chemical sedation with either benzodiazepines or 
phenothiazines. The preferred agent is intravenous 
lorazepam (initial dose 0.1 mg/kg, total dose titrated to 
desired level of sedation). However, intramuscular 
haloperidol (5 to 10 mg) has been demonstrated to 
improve schizophreniform symptoms seen in PCP 
poisoning. Notably, phenothiazines may produce 
unintended adverse reactions such as anticholinergic 
reactions, dystonia, or seizure activity. These adverse 
reactions are, however, rare. Physical restraints are highly 
undesirable and may contribute to mortality by enforcing 
isometric muscle contractions that are associated with 
severe lactic acidosis and hyperthermia.?’ If used, physical 
restraints must be rapidly replaced with chemical 
sedation. 

Hyperthermia and metabolic acidosis arise from 
excess muscle activity; treatment of these findings may 
require neuromuscular blockage and mechanical 
ventilation. Although benzodiazepines have a beneficial 
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effect in moderate cases, severely ill, hyperthermic 
patients (T 2 40° C) should receive immediate paralysis 
with nondepolarizing agents such as vecuronium 
followed by orotracheal intubation and ventilation. 
Clinicians should avoid succinylcholine because of the 
risks of arrhythmia from rhabdomyolysis-associated 
hyperkalemia. There is no role for antipyretics in the 
management of hyperthermia from dissociative agent 
overdose; the increase in body temperature is due to 
muscular activity, not an alteration in the hypothalamic 
temperature set point. 

Activated charcoal is indicated in cases of recent 
dextromethorphan ingestion (e.g., less than 1 hour after 
ingestion), but is of unclear benefit in PCP or ketamine 
toxicity since these agents are infrequently administered 
via oral routes. Because PCP is actively secreted in the 
stomach, multiple-dose activated charcoal may offer 
some benefit, although its efficacy has not been 
rigorously established. Continuous gastric suctioning has 
also been recommended for evacuating PCP-laden 
secretions. Close monitoring of electrolytes is warranted 
since continuous suctioning may remove potassium, 
hydrogen, and other essential ions. 

There are no antidotes for dissociative agent 
poisoning. Respiratory depression, rarely described in 
severe dextromethorphan intoxication, intermittently 
responds to high-dose intravenous naloxone.* Clinicians 
should consider physostigmine to reverse anticholinergic 
signs if present. 

Laboratory assessment of intoxicated individuals 
should include measurement of serum electrolytes, 
hepatic and renal function, acid-base status, serum 
creatinine phosphokinase, a toxic screen, and urinalysis. 
In addition, physicians should always measure the serum 
acetaminophen concentration and treat potentially toxic 
concentrations or hepatic injury with Macetylcysteine. 
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At a Glance... 


m Amphetamine abuse and toxicity account for significant 
morbidity, mortality, and emergency medicine and intensive 
care unit admissions. 

m The impact of amphetamine toxicity is amplified by its 
association with violent crime and trauma. 

© The ability of the various amphetamine-related compounds to 
cause significant behavioral and multiple organ system 
dysfunction contributes to the clinical challenge. 

m After decontamination, treatment is primarily supportive. 

= Community education and prevention approaches can reduce 
the incidence of this increasing problem. 


INTRODUCTION AND RELEVANT 
HISTORY 


Amphetamines and related stimulant compounds 
represent an increasingly important class of recreational 
drugs of abuse in the United States as well as in many 
other parts of the world. In some locales, they rival cocaine 
as a cause of drug-related Emergency Department (ED) 
and intensive care unit (ICU) admissions. Although 
altered mental status, psychiatric disorders, and cardio- 
vascular symptoms are most commonly encountered 
with amphetamine use, toxic manifestations in nearly 
every organ system have been reported (Box 44-1). 

The amphetamine-like compounds have a long medical 
history. Related phenylisopropylamines including the 
alkaloids ephedrine, obtained from Ephedra mahuang, 
and norpseudoephedrine, or cathine, obtained from 
Catha edulis, have been used for more than 5000 years in 
China and 600 years in East Africa, respectively.’ 
Ephedrine was classified as a food additive in the United 
States. Because of this classification, the Food and Drug 
Administration (FDA) had little regulatory jurisdiction 
over it. Documentation of increasing cases of toxicity and 
deaths associated with its use resulted in an FDA ban of 
ephedrine in April 2004. 

Although racemic B-phenylisopropylamine was first 
synthesized in 1887, initial investigations into the phar- 
macology of amphetamine derived from the basic 
phenylethylamine structure (Fig. 44-1) were not reported 
until 1930 by Piness.*° Early medicinal uses of amphet- 
amine included the treatment of rhinitis and asthma.! 
The Smith, Kline and French Pharmaceutical Company 
introduced the Benzedrine Nasal Inhaler in the United 
States in 1932. Each inhaler contained 250 mg of 
synthetic racemic amphetamine base with menthol and 
various other aromatics.* Abuse of amphetamines was 
quickly noted and increased with a 1936 report claiming 


enhanced intellectual performance with use of the 
inhaler.*” Because of reports of medical complications, 
amphetamines became prescription drugs in the United 
States in 1938; however, inhalers initially remained 
available without prescription. Limited use and abuse of 
amphetamine and related compounds continued until 
World War II, when they were extensively used by the 
Allies and the Axis powers as stimulants in combat. D- 
Amphetamine is still used by the U.S. military as a “go 
pill” for sustained operations and during deployments, 
and often followed by a benzodiazepine as a “no go pill.” 

The psychologically addicting characteristics were first 
realized when amphetamine abuse became epidemic in 


BOX 44-1 


Cardiac 


Chest pain 
Myocardial infarction 
Palpitations 
Arrhythmias 
Cardiomyopathy 
Myocarditis 
Hypertension 

Sudden death 


Psychiatric 


Anxiety 
Depression 
Paranoia 
Delirium/ 
hallucinations 
Psychosis 
Suicide 
Aggressive behavior 
Euphoria/ 
hyperactivity 
Irritability 


Neurologic 


Headaches 

Seizures 

Cerebral infarcts/strokes 

Cerebral vasculitis 

Cerebral edema 

Mydriasis 

Cerebral hemorrhage 
Subarachnoid 
Intraventricular 
Intracerebral 


Respiratory 


Pulmonary edema 
Dyspnea 

Bronchitis 

Pulmonary hypertension 
Hemoptysis 

Pleuritic chest pain 
Asthma exacerbations 
Pulmonary granuloma 


Other 

Hyperpyrexia 

Renal failure 

Ischemic colitis 
Obstetric complications 
Anorexia/weight loss 
Rhabdomyolysis 
Nausea/vomiting 
Disseminated vasculitis 


Estimated frequency of events: +, reported rare case; ++, commonly 
reported; +++, frequently seen or reported with chronic use or overdose. 
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Phenylethylamine Amphetamine Methamphetamine 


a NH, NH, NH. 
p CH; 
CH; CH, 
3,4-Methylenedioxymethamphetamine 
(MDMA) 
OH O NH, 
CH3 
CH; 


4-Methyl-2,5- 
Dimethoxyphenylethylamine 
(DOM/STP) 


HCO 


NH; 
CH, 
HC 


H3CO 





Ephedrine 


3,4-Methylenedioxy- 
amphetamine 
(MDA) 





O NH, 
< o CH3 


FIGURE 44-1 Chemical structures of several amphetamine-like 
compounds. The basic phenylethylamine structure is labeled. Both 
a and ß side chain positions and the phenyl ring itself can be 
modified to alter the pharmacologic effects of these related 
compounds. 


several countries including Japan and Sweden after 
World War II.° The 1950s and 1960s brought widespread 
abuse of amphetamines to the United States. Abuse was 
initially limited to use as an anorectic or as a stimulant in 
an effort to improve intellectual and physical perfor- 
mance or to combat fatigue.’ A second pattern of abuse 
emerged later, with recreational use of amphetamines in 
an attempt to achieve a euphoric state.’ In addition to 
oral use, nasal and intravenous routes were popularized 
at this time. 

Large amounts of amphetamines were legally 
produced in the United States, peaking in 1965 with 
more than 10 billion pills (10,000 kg) manufactured.’ 
Much of this amphetamine was diverted from legitimate 
pharmaceutical sales, mainly for the treatment of obesity, 
to illicit street use. Additional amphetamine-like com- 
pounds that have emerged have limited proven medical 
uses and varying abuse potential (Box 44-2). Compounds 
such as methamphetamine, propylhexedrine, aminorex 
fumarate, fenfluramine, and methylphenidate (Ritalin) 
are a few of these agents. After the passage of the 
Controlled Substances Act of 1970, manufacture and 
distribution of amphetamines were better regulated in 
the United States, and legal production was markedly 
reduced.’ 

The use of the phenethylamine derivative and 
amphetamine-like compound methylphenidate (Ritalin) 
has increased over the last 20 years primarily for the 
treatment of attention-deficit hyperactivity disorder 
(ADHD) in children and increasingly in adults. Toxic 
effects are similar to those of other amphetamines with 
agitation, tachycardia, and lethargy being the most 





BOX 44-2 


Aminorex fumarate 

Amphetamine 

Benzphetamine 
4-Bromo-2,5-methoxyphenylethylamine (2-CB/MFT) 
Cathinone (khat) 

Cinnamedrine 

Desoxyphedrine 

Dextroamphetamine 

Diethylpropion 
4-Bromo-2,5-dimethoxyamphetamine (DOB) 
4-Methyl-2,5-dimethoxyamphetamine (DOM/STP) 
Fenfluramine 

Mescaline (3,4,5-trimethoxyphenylethylamine) 
3,4-Methylenedioxyamphetamine (MDA) 
3,4-Methylenedioxyethamphetamine (MDEA) 
3,4-Methylenedioxymethamphetamine (MDMA) 
Methamphetamine 

Methcathinone 

Methylphenidate 

Methoxyamphetamine (PMA) 

Pemoline 

Phendimetrazine 

Phenmetrazine 

Phentermine 

Phenylephrine 

Phenylethylamine 

Phenylpropanolamine 

Propylhexadrine 

Pseudoephedrine 


common symptoms.® Exposures in children tend to be 
due to dosing errors or ingestion of a sibling’s drug. 
Teenage and adult exposures tend to be associated with 
abuse or suicide attempts. 

With reduced amounts of diverted pharmaceutical- 
grade amphetamines such as D-amphetamine (Dexedrine), 
large-scale illegal manufacture and illegal importation of 
amphetamines began. Methamphetamine is synthesized 
easily in crude street laboratories from readily available 
precursors such as L-ephedrine.® Methamphetamine 
provides illicit users with equal or longer acting stimulant 
and euphoric action than that of D-amphetamine. 
During the past 20 years, “designer” illicit amphetamines 
have enjoyed popularity on the street (see Box 44-2). 


EPIDEMIOLOGY 


Colorful names have been used to refer to metham- 
phetamines on the street, including “meth,” “speed,” 
“crystal,” and “crank.” Studies in the late 1980s established 
the illicit manufacture of methamphetamine to be a 
3 billion dollar per year industry in the United States, 
localized primarily in Hawau, California, Oregon, and 
Texas.! By the early 1990s, the crude techniques had 
given way to illicit manufacturers who were able to 
synthesize very pure methamphetamine. A 99% to 100% 
pure form of methamphetamine called “ice” (because of 


its purity) demonstrates increased volatility when heated. 
Inhaling these volatile vapors, or “smoking meth,” 
provides the same “rush” as IV use of methamphetamine. 
Increasing use has been noted in many western states, 
and nearly epidemic use is reported in some parts of 
Hawaii and California. 

Death associated with amphetamine use has been 
frequently reported the past 25 years to the present.” 
These deaths are often associated with assault, suicide, or 
homicide.?!° Cocaine was involved in one fifth and 
methamphetamine in about one eighth of all homicides 
in San Diego County in 1987.'* By 1989, metham- 
phetamine accounted for 60% of illicit drug seizures by 
San Diego County law enforcement agencies and 40% of 
all drug rehabilitation referrals in the area.!? A large 
university teaching hospital in San Diego found an 
increase in the detection of amphetamine compounds 
on toxicology screens from 3% to 10% of all tests during 
a 7- to 8-year period.'* Predominantly men (56%) be- 
tween the ages of 21 and 30 years (61%) had positive 
results.!4 Between 1986 and 1988, a 1.7-fold increase in 
ED visits for methamphetamine abuse was reported 
nationwide.'? White males that are unemployed and of 
low income are most likely to use methamphetamine.” 
Abuse of methcathinone, a cathinone-methamphet- 
amine analog easily made as an oxidative product of 
ephedrine, has been widely reported in Russia and most 
recently in the midwestern United States. pMethoxy- 
amphetamine (PMA) is a substituted synthetic amphet- 
amine used in the recreational drug culture including at 
“raves.” A number of fatal overdoses of this drug have been 
reported in South Australia and the United States.'°'® 

Stimulants are used differently in different regions. In 
California in 2003, the DEA identified methamphet- 
amine as the primary drug threat, with MDMA (“ecstasy”) 
as the most popular “club” or “rave” drug.'? The 2002 
federal drug seizures in California alone included 9551 
kg of cocaine and 311.2 kg of methamphetamine along 
with the destruction of 1718 clandestine drug labo- 
ratories. In contrast, in Florida in 2002, 26,258 kg of 
cocaine and only 103.1 kg of methamphetamine were 
seized. A 2000 report noted that more than 35 million 
individuals abuse amphetamines compared with approxi- 
mately 15 million who regularly abuse cocaine 
worldwide.*° 


STRUCTURE AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 


As noted above, the various “designer” illicit amphet- 
amines (see Box 44-2) have additional hallucinogenic 
properties gained by methoxyl group substitutions on the 
phenyl ring, especially at the 3,4 position (see Fig. 44-1). 
These drugs include agents such as 3,4-methylene- 
dioxymethamphetamine (MDMA), 3,4-methylenedioxyam- 
phetamine (MDA), and 2,5-dimethoxy-4-methylam- 
phetamine (DOM). These agents have had intermittent 
popularity on the streets of various communities. The 
addition of the methyl group on the nitrogen of D- 
amphetamine generates methamphetamine, a longer 
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acting compound with more profound euphoric action. 
The appetite suppression effect is unchanged. 


PHARMACOLOGY AND 
PATHOPHYSIOLOGY 


Amphetamines have complicated and diverse pharma- 
cologic mechanisms. They work primarily (as indirect 
sympathomimetics) by affecting the release of cate- 
cholamines at the neuronal presynaptic terminal.'® 
Amphetamines and related compounds work indirectly 
to cause neuronal stimulation by increasing postsynaptic 
catecholamines. This is accomplished by blocking the 
presynaptic uptake transport activity from the synaptic 
cleft, by blocking presynaptic vesicular storage, and by 
reducing cytoplasmic destruction of catecholamines 
by inhibiting mitochondrial monoamine oxidase.'® 
Together these activities increase the rate of postsynaptic 
receptor stimulation. Both central and peripheral 
norepinephrine and dopamine neurotransmitters are 
affected. Some amphetamine-related compounds (e.g., 
ephedrine) are thought also to have the ability to directly 
stimulate sympathetic receptors (direct sympatho- 
mimetics), but this is probably not a major mechanism 
of action for most of these compounds.’ Amphetamines 
lack the local anesthetic effects of cocaine on cardiac 
and nervous tissue. The catecholamine toxicity of 
amphetamines is similar qualitatively to that of cocaine. 

Increased norepinephrine postsynaptically causes 
sympathetic nervous system stimulation. This results in 
bronchodilation and increased heart rate, cardiac 
output, pupil size, and blood pressure, all of which are 
seen in the fight-or-flight response.' The central nervous 
system (CNS) effects of amphetamine appear to be 
mediated primarily by dopaminergic alterations, which 
cause changes in mood, excitation, motor movements, 
and appetite.' Some evidence suggests that repeated 
high-dose amphetamine exposure in both adults and 
fetuses or neonates results in long-lasting destruction or 
depletion of central dopamine neurons.! Further 
alteration in mood, psychotic behavior, and aggressive- 
ness may be the result of CNS serotonin release or 
reuptake blockade.* The extent to which serotonin 
neurotransmission alterations function in the clinical 
manifestations of amphetamine toxicity is controversial.'° 


PHARMACOKINETICS 


Amphetamines are weak bases with pK, values around 
8.8 to 10.4. For example, amphetamine has a pK, of 
9.9.7?! Amphetamines are easily absorbed across most 
biologic membranes including gut, airway, nasopharynx, 
muscle, and vagina. Peak plasma concentrations occur 
in minutes by the intravenous route, in about 30 minutes 
by the intramuscular or topical nasal route, and within 
2 to 3 hours after ingestion.’ Tissue redistribution is 
extensive, and the high lipid solubility of the 
amphetamines leads to increased concentrations relative 
to serum in the liver, kidneys, and lungs. This results in 
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large volumes of distribution ranging from 3 to 6 L/kg 
for amphetamine, phentermine, and phenylephrine and 
12 to 33 L/kg for fenfluramine and methylphenidate.’ 

Cerebrospinal fluid levels are about 80% of plasma 
levels at steady state. Therapeutic levels of amphetamine 
itself range between 30 and 40 ng/mL (0.030 to 0.040 
mg/L), and death is associated with average levels of 
8600 (range, 500 to 44,000) ng/mL in the blood.’?! 
Wide variations in doses and blood levels are reported to 
cause toxicity. This is in part related to the tolerance to 
amphetamines that can develop. The serum half-lives of 
various amphetamine-related compounds are urine pH 
dependent and range between 7 and 34 hours.”! The 
more acidic the urine, the shorter the half-life because of 
reduced renal reabsorption of ionized urinary 
amphetamines. This leads to increased renal clearance 
of the iodized amphetamines. 

Both active and inactive metabolites exist. Metabolism 
that results in aromatic hydroxylation, aliphatic hydrox- 
ylation, and n-dealkylation of amphetamines can give rise 
to active metabolites such as the potent hallucinogen 
p-hydroxyamphetamine.’ Other metabolic pathways, 
including deamination and subsequent side chain 
oxidation, produce inactive amphetamine derivatives.’ 
Glucuronide and glycine conjugation pathways result in 
urinary excretion of metabolites.*’ As much as 30% of 
amphetamine is excreted unchanged in the urine, whereas 
between 86% and 97% of ephedrine, pseudoephedrine, 
and phenylpropanolamine is excreted unchanged.’?! 


Altered 
consciousness 
Dilated pupils 
Nausea/vomiting 
Confusion 


Aggressive 
behavior 
Stroke 
Psychosis 
Seizures 
Coma 














Tachypnea 
Pulmonary edema 
Pleuritic chest pain 
Hemoptysis 






Ulcers 
Ischemic colitis 
Anorexia/weight loss 
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Methylphenidate is metabolized by various pathways 
to ritalinic acid, phydroxymethylphenidate, or lactam. 
Increasing evidence suggests that the co-ingestion of 
ethanol and methylphenidate results in the novel 
metabolite ethylphenidate that may contribute to its 
toxicity. 3 

Concomitant use of drugs such as the opiates (“speed- 
balling”) can increase the overall toxicity of amphet- 
amines. However, major alterations of the metabolic 
pathways of amphetamine have not been postulated as 
an explanation for the increased toxicity.” Simultaneous 
use of methamphetamine and ethanol has more 
psychological and cardiac effects than use of metham- 
phetamine alone. This response also is presumed to be 
pharmacodynamic in nature rather than a result of any 
specific pharmacokinetic interaction.”* 


TOXICOLOGY 


The amphetamines can cause toxic effects to every organ 
system. Both acute and chronic and direct and indirect 
abnormalities have been reported. Figure 44-2 summarizes 
the clinical presentation of acute amphetamine toxicity. 
The exact prevalence and incidence of the toxicities 
summarized in Box 44-1 have not been determined and 
probably vary with route, dose, and length of exposure to 
each of the amphetamine-related agents. 
















Tachycardia 
Hypertension 
Hypotension 

Dysrhythmias (atrial 

or ventricular) 


Renal failure 


Rhabdomyolysis 
DIC 
Hyperpyrexia 
Obstetrical 
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FIGURE 44-2 Major signs and symptoms associated with acute amphetamine toxicity. 


Central Nervous System Toxicity 


The CNS is the target organ for the pharmacologic 
effects of most amphetamine-related compounds. As 
such, significant CNS toxicity can result from use of 
amphetamines. With the resurgence of amphetamines as 
drugs of abuse in the 1960s, it was quickly recognized 
that the initial sensation of extreme physical and mental 
powers following amphetamine use could rapidly 
deteriorate with high doses or chronic moderate doses 
to recurrent affective lability, confusion, and 
hallucinations.”*”© In a series of 127 amphetamine- 
poisoned patients presenting to an ED, 57% were 
determined to have altered mental status.?’ Agitation, 
suicidal ideation, hallucinations, delusions, confusion, 
and despondent affect were the most common major 
signs and symptoms noted. The presenting manifes- 
tations of headache affected 4%, seizure 3%, and 
paresthesia 2%.?’ An additional 10% were unresponsive.”’ 

Tolerance to the autonomic effects of amphetamine 
has been reported for body temperature, blood pressure, 
heart rate, and respirations. The anorectic effects of 
amphetamines exhibit tolerance as well.*® In contrast, 
the motor stimulant and stereotypic behavior effects of 
amphetamine display progressive enhancement with 
repeated intermittent administration.” This is termed 
behavioral sensitization or reverse tolerance. 

Researchers have postulated that the acute paranoid 
delusional psychosis associated with amphetamine use 
may produce a psychosis similar to schizophrenia that 
persists through behavioral sensitization long after 
elimination of the amphetamine.*? Whether this 
represents emergence of an underlying psychiatric 
disorder or simply a lowering of the threshold for drug- 
induced psychosis is not known.*??! When challenged 
with large doses of IV methamphetamine, patients 
dependent on amphetamine developed drug-induced 
psychosis.°' This same dose of methamphetamine failed 
to produce drug-induced psychosis in non—amphetamine 
users.°' Drug-induced psychotic states have been reported 
with abuse of most of the stimulant amphetamine- 
related compounds, including cathinone, pemoline, and 
phenmetrazine.**** Psychosis is common with derivatives 
of amphetamine that are hallucinogens, such as 
mescaline, DOM, MDA, pmethoxyamphetamine, and 
MDMA.” Although tolerance to the hallucinogenic 
properties of these agents has been noted, prolonged 
psychotic reactions are also well documented.” Acute 
severe hallucinations with bizarre and risky behavior due 
to the use of agents such as MDA, MDMA, and 3,4- 
methylenedioxyethamphetamine have resulted in 
traumatic deaths.” Mild to moderate amphetamine- 
induced agitated behavior and psychosis can be treated 
with benzodiazepines (e.g., diazepam or lorazepam), but 
severe symptoms should be treated with high-potency 
antipsychotic agents (e.g., haloperidol, droperidol, or 
thiothixene).’?7° Minimizing sensory stimuli with low 
doses of benzodiazepines in combination with low doses 
of antipsychotic agents has been a useful approach to 
amphetamine-induced psychosis. 
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In addition to behavioral effects including agitation, 
hallucinations, and psychosis, amphetamine use is 
associated with several other neurologic toxicities. 
Amphetamine-induced changes in sexual function and 
performance including enhancement and inhibition are 
complicated and have been reviewed.?” 

Cases of juvenile parkinsonism associated with MDMA 
have been reported.*® Positron-emission tomography 
(PET) scans suggest that amphetamine compounds have 
profiles of binding to the dopamine transporter and 
changes in synaptic dopamine levels similar to cocaine.” 
The chorea of patients with Huntington’s disease is 
exacerbated by use of amphetamines.*? The dopamin- 
ergic receptor blocker haloperidol was shown to inhibit 
the amphetamine-induced exacerbation of the choreoa- 
thetoid movements. Choreoathetoid movement disor- 
ders have also been seen with acute and chronic amphet- 
amine exposures in patients who do not have Huntington’s 
disease.*!* Treatment of acute amphetamine-induced 
choreoathetoid movement disorders includes supportive 
care, gastrointestinal decontamination with activated 
charcoal, and administration of haloperidol.*! 

Seizures have been reported with severe intoxications 
of amphetamine and related compounds.?”** The 
seizures have been isolated or associated with hyper- 
pyrexia, coma, metabolic acidosis, and shock. IV benzo- 
diazepines (e.g., diazepam, lorazepam), phenytoin, and 
barbiturates (e.g., pentobarbital, amobarbital) have been 
used to terminate amphetamine-induced seizures.’* 

Intracerebral hemorrhage is associated with the use of 
amphetamines and related compounds. Amphetamine- 
related cerebral hemorrhage has occurred in patients 
with arteriovenous malformations*® and drug-induced 
cerebral vasculitis.47°° Both oral and IV amphetamine 
exposures have resulted in cases of cerebral vasculitis.4”>! 
Traditional approaches to intracerebral hemorrhage 
have focused on supportive care, correction of the 
hypotension, use of corticosteroids, and employment of 
antifibrinolytic agents such as €-aminocaproic acid.*”° 
Treatment directed at the vasculitis in these cases has 
included use of dexamethasone and cyclophosphamide 
therapy.*”* The efficacy of these agents in the treatment 
of amphetamine-associated vasculitis is unknown. 

Ischemic strokes have been reported with amphet- 
amine compounds taken orally, intravenously, and by 
inhalation.°* Supportive care and hypervolemic hemodi- 
lution therapy using albumin or 10% dextran 40 has 
been advocated after angiographic demonstration of 
cerebral artery spasm and occlusion.’ Elective 
extracranial/intracranial bypass was performed in at 
least one case of amphetamine-associated occlusive 
stroke, but its efficacy is unproved.” A case of transient 
cortical blindness in an infant exposed to methamphet- 
amine has been reported.” The blindness resolved within 
12 hours without specific therapy. It was postulated to 
represent a manifestation of amphetamine-induced 
cerebral vasospasm.’ 

Methamphetamine neurotoxicity in human abuse is 
thought to be in part due to necrotic and apoptotic 
mechanisms. The central nervous system is the main 
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target of the pharmacologic actions of the amphet- 
amines and is also the most frequent organ system to 
manifest amphetamine-induced toxicity. 


Cardiovascular System Toxicity 


In a retrospective study of patients with amphetamine 
toxicity presenting to an ED, hypertension and 
tachycardia were commonly encountered. The same 
study found that patients complained of chest pain 9% 
and palpitations 3% of the time.” Direct pharmacologic 
effects of the amphetamines most likely account for the 
frequently encountered hypertension and the tachy- 
cardia. In a double-blind, placebo-controlled study of 
eight healthy adults, modest doses of MDMA increased 
heart rate, blood pressure, and myocardial oxygen 
consumption in a magnitude similar to that of 
dobutamine without causing the positive inotropic 
effects of dobutamine.” Hypertension and agitated 
behavior associated with amphetamine use are initially 
approached by minimizing stimulus or sensory inputs 
and by using sedating agents. If more specific treatment 
is needed, the use of IV nitroprusside or oral or IV calcium 
channel blockers (e.g., nifedipine or nicardipine) may 
be indicated. B blockers should not be used in the 
treatment of amphetamine-induced hypertension with- 
out concomitant & blockade, because unopposed oO 
blockade can produce intense vasospasm and paradoxical 
hypertension. 

Appetite suppressants and amphetamine derivatives 
have been associated with an increased risk of cardiac 
valvular insufficiency.°°°® The use of fenfluramine or 
dexfenfluramine for 4 months or longer was associated 
with an increased risk of valvular changes.°? Fenflu- 
ramine has been used with the phenylethylamine 
derivative phentermine (Fen-Phen) extensively to 
suppress appetite. By 1997, reports of aortic mitral 
regurgitation associated with the use of these drugs 
surfaced. The mechanism of this effect is unknown; 
incidence estimates vary from less than 1% to greater 
than 20% after exposure to Fen-Phen for more than 
4 months.®°! Some echocardiographic improvement with 
cessation of use has been noted. These findings coupled 
with evidence of associated pulmonary hypertension 
resulted in the removal of fenfluramine from the market. 

Ectopic ventricular beats as well as supraventricular 
and ventricular tachyarrhythmias have been reported 
with amphetamine use. Direct catecholamine effects and 
ischemic effects secondary to coronary vasospasm 
generated by amphetamine use are probably responsible 
for the arrhythmias.°* Although not normally studied, 
short-acting B-adrenergic receptor blockers (e.g., esmolol), 
calcium channel blockers (e.g., verapamil, diltiazem), or 
lidocaine can be used to treat these arrhythmias. 
Correction of hypoxia and electrolyte abnormalities also 
is required. 

Myocardial infarction associated with amphetamine 
use is thought to be secondary to direct cardiac toxicity 
(myocarditis), vasospasm, and thrombus formation.°°? 
Cardiac irritability and myocardial infarction in a 13-year- 
old has been reported after amphetamine overdose.” In 


addition to treatment with nitrates and analgesics, at 
least one report describes the use of thrombolytics in 
treating amphetamine-induced myocardial infarctions.°° 
Profound hypotension, bradycardia, and metabolic 
acidosis have occurred with massive amphetamine 
overdoses. Treatment includes aggressive hemodynamic 
support with intravascular volume replacement and vaso- 
pressor agents (e.g., norepinephrine or phenylephrine). 
Direct-acting catecholamines (norepinephrine or 
phenylephrine rather than dopamine) are preferred 
because massive overdoses may result in a relative 
catecholamine-depleted state. 

Both acute and chronic cardiomyopathies have been 
associated with amphetamine use. This effect is thought 
to be secondary to direct amphetamine toxicity and 
indirect hypertension.© Treatment includes avoidance 
of amphetamines, use of diuretics and digoxin, and 
afterload reduction (e.g., nitroprusside acutely and 
angiotensin-converting enzyme inhibitors such as 
captopril for long-term use).°° IV amphetamine use is 
associated with bacterial endocarditis, which can lead to 
abnormal cardiac valves, dilated cardiomyopathy, and 
formation of mycotic aneurysms. Acute aortic dissection, 
necrotizing angiitis, and both visceral and cerebral 
aneurysms have also been reported to occur in 
amphetamine users.®®?6” 

Arterial or tissue-extravasated amphetamine quickly 
leads to tissue ischemia. Immediate intra-arterial or local 
tissue injection of O-adrenergic blocking agents such as 
phentolamine or phenoxybenzamine is indicated to 
reverse the local vasopressor effects of amphetamines. 
General supportive or symptomatic care is most 
important to maintain the cardiac system during acute 
amphetamine toxicity. 


Pulmonary System Toxicity 


Respiratory symptoms including chest pain and dyspnea 
have been presenting complaints of patients with 
amphetamine toxicity presenting to an ED.’ The actual 
incidence of respiratory toxicity with amphetamines is 
not known. The incidence and types of toxicity may vary, 
depending on the amphetamine compound and the route 
of exposure. One review examined pulmonary effects 
of exposure to amphetamine-related compounds.” 
Although amphetamines are often snorted, inhaled, and 
smoked, the literature does not note an association 
with barotrauma. On the other hand, a few case reports 
have associated cocaine, which has similar routes of 
administration, with barotrauma. 

Despite increased use of inhaled or smoked metham- 
phetamine, no extensive reports of exacerbation of 
reactive airway disease have been noted. In comparison, 
the association between asthma and cocaine, which has 
similar pharmacologic properties and patterns of abuse 
to methamphetamine, is much stronger. One death due 
to asthma has been reported with the use of the 
hallucinogenic amphetamine MDMA.” In that case, a 
young man was found dead clutching an inhaler and 
had pathologic features of asthma at postmortem 
examination. The contribution of his MDMA use to his 


asthma death is speculative. Thirteen patients in two 
small case series have noted obstructive findings asso- 
ciated with 20% to 60% reductions in carbon monoxide 
diffusion capacity after IV methylphenidate use.®:” 
These patients showed variable responses to B-adrenergic 
agonist bronchodilators (e.g., albuterol) and were noted 
to have panlobular emphysema. Foreign particle 
embolization from IV dosing of methylphenidate was 
postulated as the cause rather than a direct drug effect, 
as similar findings have been found with other IV drugs 
(e.g., methadone). 

Case reports describe acute noncardiogenic pulmonary 
edema associated with amphetamine toxicity.°® Not only 
smoking but also ingesting amphetamines has been 
associated with the development of pulmonary edema.” 
At least one death with pulmonary edema has been 
related to the use of MDMA.*° Animal data suggest, at 
least in part, a direct amphetamine toxicity leading to 
leaky pulmonary capillaries partly mediated by free- 
radical and oxidant injury.” Alternatively, edema may 
occur owing to indirect neurogenic (e.g., seizure) or 
cardiovascular (e.g., shock, hydrostatic leak) con- 
sequences. Although noncardiogenic pulmonary edema 
with cocaine abuse is reported more frequently in the 
literature than with amphetamine abuse, its mechanism 
also has not been determined and may be similar.” 

The literature has for some time described amphet- 
amine use associated with pulmonary hypertension. 
Users of IV amphetamines obtained from nasal inhalers 
available until the 1960s were noted to have pulmonary 
artery foreign body granulomas and muscle hypertrophy.*® 
Long-term inhalation of methamphetamine and 
propylhexedrine also has been associated with marked 
pulmonary hypertension at autopsy in at least one case 
and in a second case of sudden death.’4” Proposed 
mechanisms include direct toxic endothelial injury 
caused by the drugs or their contaminants, recurrent 
hypoxic insults, direct spasm in genetically determined 
sensitive hosts, vasculitis, and dysregulation of the 
mediators of vascular tone such as nitric oxide. The 
amphetamine-like anorectic agents fenfluramine and 
aminorex fumarate have also been associated with 
several European reports of pulmonary hypertension. 
Pulmonary artery vasodilation and remodeling agents 
have been used for these drug-induced cases of pul- 
monary hypertension, along with the avoidance of 
stimulants and supportive care, including supplemental 
oxygen for hypoxic patients. 

With the increased incidence of smoking metham- 
phetamine, the authors have noted pulmonary toxicities 
similar to those reported with the use of the stimulant 
crack cocaine. These include hemoptysis, alveolar hemor- 
rhage, and alveolar accumulation of carbonaceous 
material associated with cough, bronchitis, sinusitis, and 
thermal epiglottitis.°° Basic airway management and 
supportive care are the only approaches to these 
complications. In severe cases of amphetamine-induced 
pulmonary edema, aggressive mechanical ventilatory 
support with the addition of positive end-expiratory 
pressure and high levels of inspired oxygen flow often 
are required. 
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Systemic Toxicity 


Severe systemic toxicity has been reported with over- 
doses of amphetamine-related compounds. A pattern of 
fulminant hyperthermia, convulsions, disseminated 
intravascular coagulation (DIC), hepatocellular damage, 
rhabdomyolysis, acute renal failure, arrhythmias, and 
refractory hypotension has been seen with use of 
MDMA.” 

Hyperthermia, shock, pulmonary edema, rhabdomy- 
olysis, acute renal failure, and DIC have been en- 
countered with use of “designer” amphetamines as well 
as with phenmetrazine and methamphetamine.4®45-76-78 
In certain parts of the country, trauma may have a high 
association with methamphetamine. Severe metabolic 
acidosis associated with methamphetamine use has 
exaggerated the estimated severity of the injury in trauma 
patients.” Aggressive cooling, cardiopulmonary support, 
large amounts of intravascular volume replacement, 
electrolyte replacement, temperature control measures, 
and early extracorporeal hemodialysis are needed to 
overcome the amphetamine-induced hyperthermia with 
severe rhabdomyolysis in these patients.**”° If cooling 
and sedation do not control the hyperthermia, then 
neuromuscular blockade and mechanical ventilation may 
be needed.” This combination of severe systemic toxicity 
from amphetamines appears to predict a poor outcome. 

Hepatotoxicity with hepatocellular damage has 
occurred with use of MDMA and other amphetamines.*°** 
Postulated mechanisms for the hepatotoxicity include 
direct toxic effects, lipid peroxidation, necrotizing angiitis, 
contaminants, hypotension, and genetic variations in 
metabolism, which create toxic intermediates. Treatment 
consists of supportive care and avoidance of amphet- 
amines. At least one liver transplant has been attempted. 
To further complicate this issue, a case of thrombo- 
cytopenic purpura after MDMA-induced acute liver 
failure has been reported.* 

In addition to the severe systemic toxicities described 
above, reversible ischemic colitis induced by metham- 
phetamine abuse has been reported. Abdominal pain 
was the presenting complaint in 4% of amphetamine- 
poisoned patients presenting to an ED.?’ The exact 
incidence of amphetamine-related ischemic bowel and 
hemorrhagic colitis in abusers of amphetamines is 
unknown.** Diagnostic efforts to rule out necrotic bowel 
would be prudent in amphetamine-associated cases of 
persistent abdominal pain, particularly with bloody 
stools. Giant gastric and duodenal ulcers are strongly 
associated with methamphetamine use. 

Skin changes including lichenoid drug eruptions and 
burns complicated by “rave” use of amphetamine 
derivatives have been noted.5°*7 


Obstetric and Prenatal Toxicity 


Gestational exposure to amphetamines has been 
postulated but not proved to have lasting effects on 
neonates.®*® After illicit amphetamine exposure, infants 
have had hypoglycemia, sweating, poor feeding, poor 
visual tracking, and seizures.*® As with cocaine exposure, 
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fetal amphetamine exposure was associated with intra- 
uterine growth retardation, decreased head circumfer- 
ence, preterm delivery with fetal distress, anemia, and 
placental abruption in one study. An amphetamine 
withdrawal pattern similar to that of cocaine withdrawal 
was noted in these infants. This pattern consisted of 
abnormal sleep patterns, tremors, hypertonia, high- 
pitched cry, poor feeding, vomiting, sneezing, frantic 
sucking, and tachycardia. Although long-term behavioral 
and neurologic follow-up of these infants is not yet 
available, early reports suggest that chaotic lifestyles with 
minor neurologic abnormalities continue for these 
infants after discharge from the hospital. Other studies 
have reported reduced birth weight with methamphet- 
amine exposure relative to normal populations but no 
increase in other adverse outcomes.® In a report of eight 
cases of fetal and infant deaths, blood levels of 
methamphetamine averaged 0.36 ug/mL (range, 0.03 to 
1:20 g/mL) 

A large retrospective study in the United States and 
Canada of vasoactive compounds such as pseudo- 
ephedrine, phenylpropanolamine, ephedrine, and 
methylenedioxymethamphetamine exposure during the 
first 2.5 months of pregnancy resulted in doubling the 
risk of gastroschisis and small intestinal atresia.” 
Combination exposure to vasoactive drugs and 20 or 
more cigarettes per day increased the risk with an odds 
ratio of 3.6 (1.3 to 10.3) for gastroschisis and 4.2 (1.1 to 
16.2) for small bowel atresia.°' One hypothesis is that 
these small intestine defects are the result of vascular 
disruption by toxins in early gestation. 

Pregnant women exposed to amphetamines are at 
increased risk of serious obstetric complications, including 
intracranial hemorrhage, seizures, and amniotic fluid 
embolism.* No specific therapy has been identified for 
neonates or pregnant women heavily exposed to 
amphetamines. Identification of at-risk women before 
pregnancy and during prenatal care would afford an 
opportunity to educate. Unfortunately, many pregnant 
women using amphetamines do not seek prenatal care 
and may be unable or unwilling to reduce their 
gestational exposures. 


DIAGNOSIS 


The clinician should consider the diagnosis of toxicity 
from amphetamine-related compounds in the differ- 
ential diagnosis when behavioral stimulation is coupled 
to evidence of catecholamine excess. Inadvertent expo- 
sure to amphetamines can occur in pediatric patients, 
particularly around adults participating in illegal 
manufacture and distribution. 

Urine screening tests primarily utilizing immunoassay 
techniques exist for amphetamine-related compounds 
and are often part of “drug abuse” screens.’* Confir- 
mation of urine and blood samples is made by a gas 
chromatography coupled with mass spectroscopy (GC- 
MS) analysis.” Urine can remain positive for greater 
than 48 hours after exposure depending on route, rate 
of absorption, urine pH, and hydration status.9* Many 


laboratories used to monitor persons in sensitive 
occupations have thresholds for reporting positive 
amphetamine results in the urine. Drug detected below 
these thresholds is not reported. Some laboratories 
require the D-isomer of methamphetamine to be present 
along with detectable amphetamine (a metabolite) to 
report a urine sample positive for methamphetamine. 
For example, selegiline is metabolized to L-amphetamine 
and L-methamphetamine (both have minimal toxicity) 
and will be reported as positive for methamphetamine 
unless an isomer analysis is performed.” Other drugs 
such as clobenzorex, a Mexican anorectic drug, are 
metabolized to actual D-amphetamine and will give a 
positive result on confirmation by GC-MS analysis.°° 
Infrared transmission spectroscopy has been used to 
detect methamphetamines.*” A rapid-detection, non- 
aqueous capillary electrophoresis-fluorescence spec- 
troscopy method for MDMA has been reported.*® The 
use of hair analysis for amphetamine-related compounds 
has also been reported but is of little use clinically 
because of interlaboratory variability.°7!”" 


MANAGEMENT 


An algorithm for the general approach to a suspected 
amphetamine-poisoned patient is shown in Table 44-1. 
No prospective human trials have evaluated different 
treatment options. Most recommendations are based on 
animal studies or case reports of humans. For example, 
the efficacy of activated charcoal in treating oral 
methamphetamine exposure has been demonstrated in 
a study in mice but lacks human trials.'°° Early 
recommendations to acidify the urine in amphetamine 
overdoses were based on a single case.'°* The risks of 
systemic acidification and the potential problems for the 
kidneys when rhabdomyolysis is present have prevented 
this recommendation from being widely adopted until 
controlled trials have demonstrated improved patient 
outcomes. Clinicians must be aware of the problem of 
contaminants in addition to the direct toxic effects of 
amphetamines. A cluster of at least 14 cases of acute lead 
poisoning was found in IV methamphetamine users in 
Oregon in 1988. Amphetamine products manufactured 
in clandestine laboratories may be grossly contaminated 
with toxic heavy metals and chemicals. In addition, the 
authors have noticed a cluster of 20 cases of acute 
botulism poisoning associated with illicit drug use.'10° 
General supportive care; decontamination of the 
gastrointestinal tract with activated charcoal for inges- 
tions; and control of behavior, seizures, arrhythmias, and 
temperature remain the mainstay of therapy for 
amphetamine-poisoned patients. An animal model failed 
to demonstrate the utility of multiple doses of activated 
charcoal after IV methamphetamine.'®’ In the absence 
of renal failure, dialysis and hemoperfusion have no role 
in amphetamine overdose. Specific measures when avail- 
able for each complication associated with amphetamine 
use have been mentioned above. Vaccines and antibodies 
directed against methamphetamine are currently under 
development to treat overdoses and long-term drug 





Amphetamine and Related Compound Toxicity and Treatment and Decision Algorithm 


Suspected Amphetamine Toxicity 


MILD AMPHETAMINE TOXICITY 


Evaluate 
Decontamination of oral ingestions/activated 
charcoal 
Observe 
Psychologic support/environmental control 
Health care maintenance 
HIV testing 
Hepatitis screening, etc. 


SEVERE AMPHETAMINE TOXICITY 


Immediate Supportive Care 
Airway control 
Oxygenation 

Vascular access 
Appropriate monitoring 


Decontaminate/Antagonists 

Oral ingestion/activated charcoal 

Consider empirical 50% dextrose, thiamine, 
naloxone 

Avoid benzodiazepine antagonists 


Terminate Seizures 
Benzodiazepines (e.g., diazepam, lorazepam) 
Barbiturates (e.g., pentobarbital, phenobarbital) 


Control Severe Psychotic Agitation 

Minimize sensory stimulation 

Benzodiazepines (e.g., diazepam, lorazepam) 

Butyrophenones (e.g., droperidol, haloperidol) 

Protect from aggressive or self-destructive 
behavior 


Correct Immediate Metabolic, Oxygenation, 
and Electrolyte Abnormalities 
Avoid acidification of the urine 


Local a blockers for Exuded or Intra-Arterial 
Amphetamines (e.g., Phenoxybenzamine, 
Phentolamine) 


Treat Hyperthermia 
Passive/active cooling measure 


Treat Arrhythmias 

Antiarrhythmic (e.g., lidocaine) 
Supraventricular arrhythmias (e.g., esmolol) 
Electrolyte correction 
Acid—base/oxygenation correction 


Second-Level Evaluations to Check for 
Persistent Abnormalities 


EVALUATE FOR OTHER AGENTS 


Initiate specific treatment 
for additional agents 

Consider interactions with 
amphetamine 

Monitor for early and late 
toxicities of other agents 


Persistent Hypotension 


Intravascular volume resuscitation 
Acute cardiopulmonary support 
Central hemodynamic monitoring 


Pulmonary Edema/Respiratory Failure 
Ventilator 

Oxygen 

Positive end-expiratory pressure 


Rhabdomyolysis 

Alkalize urine (e.g., intravenous bicarbonate) 
Calcium replacement (e.g., calcium gluconate) 
Intravascular volume 


Renal Failure/Rhabdomyolysis/Renal Ischemia 
Hemodialysis 
Intravascular volume 


Supportive Care 


Observation/monitoring 

Psychologic and pharmacologic support for 
amphetamine abstinence and long-term 
recovery 

Health maintenance/education (e.g., HIV and 
hepatitis testing) 

Coronary Artery Ishemia 

Calcium channel blockers (e.g., nifedipine, 
diltiazem) 

B blockers (e.g., esmolol, metoprolol) 

Nitrates (e.g., nitroglycerin) 

Hypertension 

Sedation (e.g., diazepam, haloperidol) 

Calcium channel blockers (e.g., nifedipine, 
nicardipine) 

B blockers (e.g., esmolol) 

Nitroprusside 

Electrolyte Abnormalities 

Correct hypokalemia (e.g., potassium chloride) 

Correct hypocalcemia (e.g., calcium gluconate) 

Correct hypoglycemia (e.g., dextrose as D5) 


Central Nervous System 
Abnormality 

Seizures 

Strokes 

Bleeds 

Vasculitis 

Agitation 
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abuse.'° Infectious diseases should be considered. 
Patients should be evaluated for complications attendant 
to IV drug abuse such as bacterial endocarditis, viral 
hepatitis, and human immunodeficiency virus. Once the 
acute symptoms of amphetamine poisoning have passed, 
treating physicians should consider referring patients 
for rehabilitation or psychiatric care to break up the 
destructive drug abuse pattern. 


REFERENCES 


iF 


B 


3. 


10. 


ll. 


12. 


T3. 


14. 


15. 


16. 


17, 


18. 
19, 


20. 


a 


22. 


20: 


24. 


Cho AK: Ice: a new dosage form of an old drug. Science 
1990;249:631-634. 

Gawin FH, Ellinwood EH Jr: Cocaine and other stimulants: 
actions, abuse, and treatment. N Engl J Med 1988;318:1173-1182. 
Piness G, Miller H, Alles GA: Clinical observations on 
phenylaminoethanol sulfate. JAMA 1930;94:790-791. 


. Anderson RJ, Reed WG, Hillis LD, et al: History, epidemiology, 


and medical complications of nasal inhaler abuse. J Toxicol Clin 
Toxicol 1982;19:95-107. 


. Myerson A: Effect of benzedrine sulphate on mood and fatigue in 


normal and in neurotic persons. Arch Neurol Psychiatry 


1936;36:816-822. 


. Derlet RW, Heischober B: Methamphetamine. Stimulant of the 


1990s? West J Med 1990;153:625-628. 


. Linden CH, Kulig KW, Rumack BH: Amphetamines. Top Emerg 


Med 1985;7:18-32. 


. Klein-Schwartz W: Abuse and toxicity of methylphenidate. Curr 


Opin Pediatr 2002;14:219-223. 


. Ellinwood EH Jr: Assault and homicide associated with 


amphetamine abuse. Am J Psychiatry 1971;127:1170-1175. 
Kalant H, Kalant OJ: Death in amphetamine users: causes and 
rates. Can Med Assoc J 1975;112:299-304. 

Katsumata S, Sato K, Kashiwade H, et al: Sudden death due 
presumably to internal use of methamphetamine. Forensic Sci Int 
1993;62:209-2 15, 

Bailey DN, Shaw RF: Cocaine- and methamphetamine-related 
deaths in San Diego County (1987): homicides and accidental 
overdoses. J Forensic Sci 1989;34:407—422. 

Beebe DK, Walley E: Smokable methamphetamine (“ice”): an old 
drug in a different form. Am Fam Physician 1995;51:449-453. 
Bailey DN: Amphetamine detection during toxicology screening 
of a university medical center patient population. J Toxicol Clin 
Toxicol 1987;25:399-409. 

Wermuth L: Methamphetamine use: 
influences. J Drug Educ 2000;30:423-433. 
Caldicott DG, Edwards NA, Kruys A, et al: Dancing with “death”: 
p-methoxyamphetamine overdose and its acute management. J 
Toxicol Clin Toxicol 2003;41:143-154. 

Kraner JC, McCoy DJ, Evans MA, et al: Fatalities caused by the 
MDMA-related drug paramethoxyamphetamine (PMA). J Anal 
Toxicol 2001;25:645-648. 

Martin TL: Three cases of fatal paramethoxyamphetamine 
overdose. J Anal Toxicol 2001;25:649-651. 

U.S. Drug Enforcement Agency: http://www.dea.gov/pubs/ 
states /california.html. Accessed 1/6/05. 

Rawson RA, Gonzales R, Brethen P: Treatment of methamphet- 
amine use disorders: an update. J Subst Abuse Treat 2002;23: 
145-150. 

Baselt RC, Cravey RH: Amphetamine. In Disposition of Toxic 
Drugs and Chemicals in Man. Foster City, CA, Chemical 
Toxicology Insitute, 1995, pp 44-47. 

Markowitz JS, DeVane CL, Boulton DW, et al: Ethylphenidate 
formation in human subjects after the administration of a single 
dose of methylphenidate and ethanol. Drug Metab Dispos 
2000;28:620-624. 

Markowitz JS, Logan BK, Diamond F, Patrick KS: Detection of the 
novel metabolite ethylphenidate after methylphenidate overdose 
with alcohol coingestion. J Clin Psychopharmacol 1999;19:362-366. 
Mendelson J, Jones RT, Upton R, Jacob P III: Methamphetamine 
and ethanol interactions in humans. Clin Pharmacol Ther 
1995;57:559-568. 


hazards and social 


26. 


2i 


28. 


29, 


30. 
Ii 


32. 
Fk 


oo: 


39; 


30. 


37. 


38. 
a9. 
40. 


4l. 


42. 


43. 


44. 


45. 


46. 


47. 
48. 


49. 


50. 


Ap 


52. 


. Kramer JC, Fischman VS, Littlefield DC: Amphetamine abuse: 


pattern and effects of high doses taken intravenously. JAMA 
1967;201:305-309. 

Smith DE, Fischer CM: An analysis of 310 cases of acute high-dose 
methamphetamine toxicity in Haight-Ashbury. Clin Toxicol 
1970;3:117-124. 

Derlet RW, Rice P, Horowitz BZ, Lord RV: Amphetamine toxicity: 
experience with 127 cases. J Emerg Med 1989;7:157-161. 
Robinson TE, Becker JB: Enduring changes in brain and behavior 
produced by chronic amphetamine administration: a review and 
evaluation of animal models of amphetamine psychosis. Brain Res 
1986;396:157-198. 

Sato M: A lasting vulnerability to psychosis in patients with 
previous methamphetamine psychosis. Ann N Y Acad Sci 
1992;654: 160-170. 

Ellinwood EH: Amphetamine Psychosis. 1. Description of the 
individuals and process. J Nerv Ment Dis 1967;144:273—283. 

Bell DS: The experimental reproduction of amphetamine 
psychosis. Arch Gen Psychiatry 1973;29:35—40. 

Polchert SE, Morse RM: Pemoline abuse. JAMA 1985;254:946-947. 
Castellani S, Petrie W, Ellinwood E: Drug-induced psychosis: 
neurobiological mechanisms. In Alterman A (ed): Substance 
Abuse and Psychopathology. New York, Plenum Press, 1985, pp 
173-210. 

Schechter MD, Glennon RA: Cathinone, cocaine and meth- 
amphetamine: similarity of behavioral effects. Pharmacol 
Biochem Behav 1985;22:913-916. 

Dowling GP, McDonough ET, Bost RO: “Eve” and “Ecstasy”: a 
report of five deaths associated with the use of MDEA and MDMA. 
JAMA 1987;257:1615-1617. 

Dubin WR, Weiss KJ, Dorn JM: Pharmacotherapy of psychiatric 
emergencies. J Clin Psychopharmacol 1986;6:210—222. 

Meston CM, Gorzalka BB: Psychoactive drugs and human sexual 
behavior: the role of serotonergic activity. J Psychoactive Drugs 
1992;24:1—40. 

Kuniyoshi SM, Jankovic J: MDMA and parkinsonism. N Engl J 
Med 2003;349:96-97. 

Fowler JS, Volkow ND: PET imaging studies in drug abuse. J 
Toxicol Clin Toxicol 1998;36:163-174. 

Klawans HL, Weiner WJ: The pharmacology of choreatic 
movement disorders. Prog Neurobiol 1976;6:49-80. 

Rhee KJ, Albertson TE, Douglas JC: Choreoathetoid disorder 
associated with amphetamine-like drugs. Am J Emerg Med 
1988;6:131-133. 

Lundh H, Tunving K: An extrapyramidal choreiform syndrome 
caused by amphetamine addiction. J Neurol Neurosurg Psychiatry 
1981;44:728-730. 

Henry JA, Jeffreys KJ, Dawling S: Toxicity and deaths from 3,4- 
methylenedioxymethamphetamine (“ecstasy”). Lancet 1992;340: 
384-387. 

Simpson D, Rumack B: Methylenedioxyamphetamine clinical 
description of overdose, death, and review of pharmacology. Arch 
Intern Med 1987;141:1507-1509. 

Chan P, Chen JH, Lee MH, Deng JF: Fatal and nonfatal 
methamphetamine intoxication in the intensive care unit. J 
Toxicol Clin Toxicol 1994;32:147-155. 

Lukes SA: Intracerebral hemorrhage from an arteriovenous 
malformation after amphetamine injection. Arch Neurol 1983; 
40:60-61. 

Salanova V, Taubner R: Intracerebral haemorrhage and vasculitis 
secondary to amphetamine use. Postgrad Med J 1984;60:429-430. 
Matick H, Anderson D, Brumlik J: Cerebral vasculitis associated 
with oral amphetamine overdose. Arch Neurol 1983;40:253-254. 
Hughes JC, McCabe M, Evans RJ: Intracranial haemorrhage 
associated with ingestion of “ecstasy.” Arch Emerg Med 
1993;10:372-374. 

Conci F, D’Angelo V, Tampieri D, Vecchi G: Intracerebral 
hemorrhage and angiographic beading following amphetamine 
abuse. Ital J Neurol Sci 1988;9:77-81. 

Brorholt-Petersen JU, Christensen HR: (Fatal intracerebral 
hemorrhage after amphetamine intake). Ugeskr Laeger 2000; 
162:4156-4157. 

Rothrock JF, Rubenstein R, Lyden PD: Ischemic stroke associated 
with methamphetamine inhalation. Neurology 1988;38:589-592. 


53: 


54. 


o5, 


56. 


57. 


58. 


D9. 


60. 


6l. 


62. 


63. 


64. 


65. 


66. 


67. 
68. 


69. 


70. 


71. 


72. 


To 


74. 


75. 


76. 


Tis 


Gospe SM Jr: Transient cortical blindness in an infant exposed to 
methamphetamine. Ann Emerg Med 1995;26:380-382. 

Davidson C, Gow AJ, Lee TH, Ellinwood EH: Methamphetamine 
neurotoxicity: necrotic and apoptotic mechanisms and relevance 
to human abuse and treatment. Brain Res Brain Res Rev 
2001:36:1-22. 

Lester SJ, Baggott M, Welm S, et al: Cardiovascular effects of 3,4- 
methylenedioxymethamphetamine. A double-blind, placebo- 
controlled trial. Ann Intern Med 2000;133:969-973. 

Khan MA, Herzog CA, St Peter JV, et al: The prevalence of cardiac 
valvular insufficiency assessed by transthoracic echocardiography 
in obese patients treated with appetite-suppressant drugs. N Engl 
J Med 1998;339:713-718. 

Weissman NJ, Tighe JF Jr, Gottdiener JS, Gwynne JT: An 
assessment of heart-valve abnormalities in obese patients taking 
dexfenfluramine, sustained-release dexfenfluramine, or placebo. 
Sustained-Release Dexfenfluramine Study Group. N Engl J Med 
1998;339:725-732. 

Devereux RB: Appetite suppressants and valvular heart disease. N 
Engl J Med 1998;339:765—766. 

Jick H, Vasilakis C, Weinrauch LA, et al: A population-based study 
of appetite-suppressant drugs and the risk of cardiac-valve 
regurgitation. N Engl J Med 1998;339:719-724. 

Gardin JM, Schumacher D, Constantine G, et al: Valvular abnor- 
malities and cardiovascular status following exposure to dexfenflu- 
ramine or phentermine/fenfluramine. JAMA 2000;283:1703-1709. 
Wee CC, Phillips RS, Aurigemma G, et al: Risk for valvular heart 
disease among users of fenfluramine and dexfenfluramine who 
underwent echocardiography before use of medication. Ann 
Intern Med 1998;129:870-874. 

Davis GG, Swalwell CI: Acute aortic dissections and ruptured 
berry aneurysms associated with methamphetamine abuse. J 
Forensic Sci 1994;39:1481—1485. 

Furst SR, Fallon SP, Reznik GN, Shah PK: Myocardial infarction 
after inhalation of methamphetamine (letter). N Engl J Med 
1990;323:1147-1148. 

Sztajnkrycer MD, Hariharan S, Bond GR: Cardiac irritability and 
myocardial infarction in a 13-year-old girl following recreational 
amphetamine overdose. Pediatr Emerg Care 2002;18:E11-E15. 
Frishman WH, Del Vecchio A, Sanal S, Ismail A: Cardiovascular 
manifestations of substance abuse. 2. Alcohol, amphetamines, 
heroin, cannabis, and caffeine. Heart Dis 2003;5:253-271. 

Hong R, Matsuyama E, Nur K: Cardiomyopathy associated with 
the smoking of crystal methamphetamine. JAMA 1991;265: 
1152-1154. 

Swalwell CI, Davis GG: Methamphetamine as a risk factor for 
acute aortic dissection. J Forensic Sci 1999;44:23—26. 

Albertson TE, Walby WF, Derlet RW: Stimulant-induced 
pulmonary toxicity. Chest 1995;108:1140-1149. 

Schmidt RA, Glenny RW, Godwin JD, et al: Panlobular 
emphysema in young intravenous Ritalin abusers. Am Rev Respir 
Dis 1991;143:649-656. 

Sherman CB, Hudson LD, Pierson DJ: Severe precocious 
emphysema in intravenous methylphenidate (Ritalin) abusers. 
Chest 1987;92:1085-1087. 

Pare JP, Cote G, Fraser RS: Long-term follow-up of drug abusers 
with intravenous talcosis. Am Rev Respir Dis 1989;139:233-241. 
Maury E, Darondel JM, Buisinne A, et al: Acute pulmonary edema 
following amphetamine ingestion. Intensive Care Med 1999; 
Z29;002-909, 

Huang KL, Shaw KP, Wang D, et al: Free radicals mediate 
amphetamine-induced acute pulmonary edema in isolated rat 
lung. Life Sci 2002;71:1237-1244. 

Nishida N, Ikeda N, Kudo K, Esaki R: Sudden unexpected death 
of a methamphetamine abuser with cardiopulmonary abnor- 
malities: a case report. Med Sci Law 2003;43:267-271. 
Schaiberger PH, Kennedy TC, Miller FC, et al: Pulmonary 
hypertension associated with long-term inhalation of “crank” 
methamphetamine. Chest 1993;104:614-616. 

Kendrick WC, Hull AR, Knochel JP: Rhabdomyolysis and shock 
after intravenous amphetamine administration. Ann Intern Med 
1977;86:381-387. 

Callaway CW, Clark RF: Hyperthermia in psychostimulant 
overdose. Ann Emerg Med 1994;24:68-76. 


CHAPTER 44 Amphetamines and Derivatives 


78 


79. 


80. 


SL 


82. 


Ba; 


84. 


85. 


86. 
87. 


88. 


89. 
90. 


ole 


92. 


o 


94. 


95; 


96. 


97. 


98. 


99, 


100. 


101. 


102. 


103. 


104. 


791 





Wallace ME, Squires R: Fatal massive amphetamine ingestion 
associated with hyperpyrexia. J Am Board Fam Pract 2000;13: 
302-304. 

Burchell SA, Ho HC, Yu M, Margulies DR: Effects of methamphet- 
amine on trauma patients: a cause of severe metabolic acidosis? 
Crit Care Med 2000;28:2112-2115. 

Jones AL, Jarvie DR, McDermid G, Proudfoot AT: Hepatocellular 
damage following amphetamine intoxication. J Toxicol Clin 
Toxicol 1994;32:435—444. 

Andreu V, Mas A, Bruguera M, et al: Ecstasy: a common cause of 
severe acute hepatotoxicity. J Hepatol 1998;29:394-397. 
Shannon M: Methylenedioxymethamphetamine 
“Ecstasy”). Pediatr Emerg Care 2000;16:377-380. 
Schirren CA, Berghaus TM, Sackmann M: Thrombotic thrombo- 
cytopenic purpura after Ecstasy-induced acute liver failure. Ann 
Intern Med 1999;130:163. 

Johnson TD, Berenson MM: Methamphetamine-induced 
ischemic colitis. J Clin Gastroenterol 1991;13:687-689. 

Pecha RE, Prindiville T, Pecha BS, et al: Association of cocaine 
and methamphetamine use with giant gastroduodenal ulcers. Am 
J Gastroenterol 1996;91:2523-2527. 

Deloach-Banta LJ: Lichenoid drug eruption: crystal methamphet- 
amine or adulterants? Cutis 1994;53:97-98. 

Cadier MA, Clarke JA: Ecstasy and Whizz at a rave resulting in a 
major burn plus complications. Burns 1993;19:239-240. 

Dixon SD: Effects of transplacental exposure to cocaine and 
methamphetamine on the neonate. West J Med 1989;150: 
436-442. 

Catanzarite VA, Stein DA: “Crystal” and pregnancy—methamphet- 
amine-associated maternal deaths. West J Med 1995;162:454—457. 
Stewart JL, Meeker JE: Fetal and infant deaths associated with 
maternal methamphetamine abuse. J Anal Toxicol 1997;21:515-517. 
Werler MM, Sheehan JE, Mitchell AA: Association of vaso- 
constrictive exposures with risks of gastroschisis and small 
intestinal atresia. Epidemiology 2003;14:349-354. 

Lekskulchai V, Mokkhavesa C: Evaluation of Roche Abuscreen 
ONLINE amphetamine immunoassay for screening of new 
amphetamine analogues. J Anal Toxicol 2001;25:471-475. 
Valentine JL, Middleton R: GC-MS identification of sympatho- 
mimetic amine drugs in urine: rapid methodology applicable for 
emergency clinical toxicology. J Anal Toxicol 2000;24:21 1-222. 
Smith-Kielland A, Skuterud B, Morland J: Urinary excretion of 
amphetamine after termination of drug abuse. J Anal Toxicol 
1997;21:325-359. 

Meeker JE, Reynolds PC: Postmortem tissue methamphetamine 
concentrations following selegiline administration. J Anal Toxicol 
1990;14:330-331. 

Tarver JA: Amphetamine-positive drug screens from use of 
clobenzorex hydrochlorate. J Anal Toxicol 1994;18:183. 
Chappell JS: Infrared discrimination of enantiomerically enriched 
and racemic samples of methamphetamine salts. Analyst 
1997;122:755-760. 

Fang C, Chung YL, Liu JT, Lin CH: Rapid analysis of 3,4 
methylenedioxymethamphetamine: a comparison of nonaqueous 
capillary electrophoresis/fluorescence detection with GC/MS. 
Forensic Sci Int 2002;125:142-148. 

Nakahara Y, Kikura R: Hair analysis for drugs of abuse. 18. 3,4 
Methylenedioxymethamphetamine (MDMA) disposition in hair 
roots and use in identification of acute MDMA poisoning. Biol 
Pharm Bull 1997;20:969-972. 

Rohrich J, Kauert G: Determination of amphetamine and 
methylenedioxy-amphetamine-derivatives in hair. Forensic Sci Int 
1997;84:179-188. 

Kronstrand R, Grundin R, Jonsson J: Incidence of opiates, 
amphetamines, and cocaine in hair and blood in fatal cases of 
heroin overdose. Forensic Sci Int 1998;92:29-38. 

Kintz P, Cirimele V: Interlaboratory comparison of quantitative 
determination of amphetamine and related compounds in hair 
samples. Forensic Sci Int 1997;84:151-156. 

McKinney PE, Tomaszewski C, Phillips S, et al: Methamphetamine 
toxicity prevented by activated charcoal in a mouse model. Ann 
Emerg Med 1994;24:220-223. 

Gary NE, Saidi P: Methamphetamine intoxication: a speedy new 
treatment. Am J Med 1978;64:537-540. 


(MDMA, 


CENTRAL NERVOUS SYSTEM 





105. Lead poisoning associated with intravenous-methamphetamine 107. Hutchaleelaha A, Mayersohn M: Influence of activated charcoal 
use—Oregon, 1988. MMWR Morb Mortal Wkly Rep 1989;38: on the disposition kinetics of methamphetamine enantiomers in 
830-831. the rat following intravenous dosing. J Pharm Sci 1996;85: 

106. Sandrock CE, Murin S: Clinical predictors of respiratory failure 541-545. 
and long-term outcome in black tar heroin-associated wound 108. Kantak KM: Vaccines against drugs of abuse: a viable treatment 


botulism. Chest 2001;120:562-566. option? Drugs 2003;63:341-352. 


4 5 Hallucinogens 


STEPHEN J. TRAUB, MD 


At a Glance... 


m Most hallucinogens are indoleamine or phenylethylamine 
derivatives that are structurally similar to the neurotransmitter 
serotonin. 

m = Hallucinogens commonly used today include lysergic acid 
diethylamide, mescaline, 5-methoxy-N, N-diisopropyltryptamine 
(“foxy methoxy"), and psilocybin (in “magic mushrooms”). 

Ææ Hallucinogens produce disturbances of perception, mood, and 
thought. 

m Occasionally, hallucinogens produce negative experiences, often 
referred to as a “bad trip.” 

m Treatment of hallucinogen toxicity is primarily supportive; 
agitation often necessitates “talking the patient down” and/or 
treatment with benzodiazepines. 

m Hallucinogen persisting perceptual disorder, more commonly 
known as “flashbacks,” is a syndrome whereby previous users 
of LSD experience perceptual distortions despite abstinence 
from the drug. 

m Hallucinogens rarely cause life-threatening alterations in 
physiology, but severe impairments in judgment may lead to 
severe disability or death. 


The term hallucination is derived from the Latin word 
hallucinan, which means “to wander in mind.” Halluci- 
nations are false sensory perceptions that occur in the 
absence of real external stimuli; hallucinogens are 
substances that produce these perceptions. Many drugs 
may produce hallucinations, but those classified as 
hallucinogens or “psychedelics” produce disturbances of 
perception, mood, and thought as their primary effect 
with each use. 


HISTORY 


Although most commonly associated with the “psychedelic” 
era of San Francisco’s Haight-Ashbury district during the 
1960s, hallucinogens have a rich history and have been 
used by humans for millennia.! Hallucinogens have been 
and still are regularly used as integral parts of religious 
rituals. The Aztecs consumed _ psilocybin-containing 
mushrooms (teonanacail, or “flesh of the gods”) during 
their ceremonies. Mescaline, the major active alkaloid of 
the peyote cactus (Lophophora williamsii), is still used in 
religious ceremonies by Native American tribes in the 
Desert Southwest of the United States. 

The modern era of hallucinogen use was inadver- 
tently ushered in by Albert Hoffman of Sandoz 
Laboratories in 1943. Hoffman was working with 
synthetic ergot derivatives in an attempt to create new 
vasoactive medications when he inadvertently absorbed 


one of them, lysergic acid diethylemide (LSD), 
percutaneously. Soon afterward, he reportedly began to 
experience sensations we now recognize as characteristic 
of hallucinogen use: 


The external world became changed as in a dream. 
Objects appeared to gain in relief; they assumed 
unusual dimensions; and colors became more 
glowing. Even self-perception and the sense of time 
were changed. When the eyes were closed, colored 
pictures flashed past in a quickly changing 
kaleidoscope. After a few hours, the not unpleasant 
inebriation, which had been experienced whilst I was 
fully conscious, disappeared.’ 


Sandoz later marketed LSD as Delysid. It was touted 
as a cure for several psychiatric ailments, including 
alcoholism’ and, interestingly, schizophrenia.* It was 
also used regularly by psychiatrists for analytical 
psychotherapy®® and as an adjunct to treat those with 
terminal illness. LSD, however, was prohibited from use 
in the United States in 1966, and the drug was classified 
as a schedule I substance by the Drug Enforcement 
Agency as part of the Controlled Substances Act of 1970. 
This dramatically curtailed further human research with 
hallucinogenic drugs. 

The use of hallucinogens as a means to “expand 
the mind” was popularized in the 1960s. In 1960, 
Dr. Timothy Leary, a Harvard psychologist, used 
psilocybin for the first time. His interest in this drug led 
to the development of the Harvard Psilocybin Project, in 
which hallucinogens were given to volunteers. Leary first 
tried LSD in 1962, and shortly thereafter began touting 
its benefits. He was (not coincidentally) fired from his 
Harvard position in 1963 but went on to become one of 
the strongest public advocates of hallucinogen use. The 
popularity of LSD and other hallucinogens grew during 
the rest of that decade, until it reached its height of 
popularity in the late 1960s. 

At the same time that Leary was urging people to 
“tune in, turn on, and drop out,” however, more 
established institutions began paying attention to—and 
expressing alarm at—the “epidemic” of hallucinogen 
use. A review of LSD in the New England Journal of 
Medicine in 1968 opened with the statement that “no 
drug use by man has stimulated greater public debate 
than lysergic acid diethylamide,” and opined that “the 
widespread use of LSD, or similar drugs waiting in the 
psychedelic wings, could lead to a whole generation of 
psychedelic dropouts, incapable of and uninterested in 
addressing themselves to the important sociologic 
problems that challenge our times. If this happened, the 
very structure of this democratic society would be 
threatened.”’ 
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EPIDEMIOLOGY 


Although the use of LSD and other hallucinogens has 
decreased since the 1960s, it has not disappeared. 
According to a 1999 report by the National Institutes of 
Health National Institute on Drug Abuse, approximately 
10% of the U.S. population aged 12 and older has 
experimented with hallucinogens. Use generally begins 
between ages 15 and 19, peaks at age 19, and becomes 
less common after age 30.9 Whites are more likely than 
African Americans or Hispanics to report hallucinogen 
use? and are less likely to perceive that LSD is a 
dangerous drug. 

A recent report from the Drug Abuse Warning Network 
(DAWN) notes a significant decline in emergency 
department (ED) visits related to LSD from 1994 to 
2001.19 DAWN estimates that in 2001, LSD was associated 
with 2821 ED visits in the coterminous United States; this 
represents a 45% decline from that reported in 1994. In 
2001, LSD accounted for only 11% of ED visits associated 
with club drugs and 0.4% of all drug-related ED visits. 
Still, adolescents (12 to 17 years of age) and young adults 
(18 to 25 years) account for 34% and 48% of all ED visits 
related to LSD, respectively. 

Members of previous generations may have relied on 
friends to tell them about their experiences with hallu- 
cinogenic drugs before trying them. Today, however, 
websites such as Erowid (www.erowid.org) and Lycaeum 
(www.lycaeum.org) contain information and descriptions 
(many very positive) of the effects of hallucinogen use. 
These websites are attractive to adolescents and young 
adults and may serve to reinforce the use of hallu- 
cinogenic drug use in this group of patients. 


CLASSIFICATION 


There are several classes of hallucinogens that are 
commonly used today. They include the indoleamines, 
phenylethylamines, piperazines, arylcyclohexylamines, 
tetrahydrocannabinoids, anticholinergics, and diterpene 
alkaloids (Table 45-1). The indoleamines include 
lysergamides (e.g., LSD) and alkyltryptamines (e.g., 
N,N-dimethyltryptamine [DMT], psilocybin, and bufote- 
nine). The phenylethylamines include mescaline, di- 
methoxymethylamphetamine, methylenedioxymetham- 
phetamine, and other amphetamine derivatives. Piper- 
azines are structurally similar to phenylalkylamines and 
include benzylpiperazine and _ trifluromethylpheny!l- 
piperazine. The synthetic amphetamine and pipera- 
zine derivatives are discussed in Chapter 44. The aryl- 
cyclohexylamines include phencyclidine, ketamine, and 
dextromethorphan and are discussed in Chapter 43. 
Tetrahyrocannabinoids include marijuana and hashish 
and are discussed in Chapter 41. The anticholinergics 
include belladonna alkaloids and a wide variety of 
pharmaceutical agents (see Chapter 39). The diterpene 
alkaloids are found in the plant Salvia divinorum. This 
chapter will largely discuss the two primary hallucinogen 
classes, indoleamines and phenylalkylamines, as well as 
diterpene alkaloids. 


Lysergamides 


The lysergamides or ergolines include the synthetic D- 
lysergic acid diethylamide and naturally occurring indole 
alkaloids from the morning glory and Hawaiian baby 
wood rose plants. LSD is synthesized from lysergic acid 
and diethylamine; the former is derived from the wheat 
or rye fungus Claviceps purpurea. Seeds from the morning 
glory plants Ipomoea violaceae and Rivea corymbosa 
(Mexican ololiuqui), the Hawaiian baby woodrose 
(Argyreia nervosa), and the Hawaiian woodrose (Merremia 
tuberose) contain D-lysergic acid amide and D-isolysergic 
acid amide; these indole alkaloids have about one tenth 
the potency of LSD."! LSD is the most potent hallucino- 
genic drug known, with psychedelic effects occurring 
with doses as little as 25 to 50 ug.'* The psychedelic 
effects from morning glory occur after ingestion of 
approximately 250 seeds." 


Tryptamines 


The alkyltryptamines include both synthetic and naturally 
occurring compounds. These agents include DMT, o- 
methyl- and o-ethyltryptamine (AMT and AET), 5- 
methoxy-N,N-diisopropyltryptamine (5-MeO-DIPT, “foxy 
methoxy,” or “methoxy”), 5-methoxy-N, Mdimethyltrypt- 
amine (5-MeO-DMT), psilocin, psilocybin, and bufote- 
nine (5-hydroxydimethyltryptamine [5-OH-DMT]). Both 
bufotenine and 5-MeO-DMT are present in the 
secretions and skin of the cane toads, Bufo genus. The 
toad Bufo alvarius (Colorado River toad) produces 
the hallucinogen 5-MeO-DMT.'°? AMT and 5-MeO-DIPT 
are relatively new, potent, synthetic, hallucinogenic 
tryptamines popularized by their easy access via the 
Internet and as club drugs.'*’° These drugs were recently 
made schedule I by the Drug Enforcement Admin- 
istration.'* DMT is another hallucinogenic tryp- 
tamine that is produced synthetically (known as the 
“businessman ’s trip”) and found naturally in the bark of 
the yackee plant (Vivola calophylla). In Brazil, DMT is 
known as yurema and is basic to the Brazilian Indian 
Kariri religion.'° DMT is prepared as snuff from the 
seeds, leaves, and pods of Piptadenia peregrina, Prestonia 
amazenicum, Anadenanthera peregrina (yopo tree), and 
Mimosa hostilis. The dose of tryptamines necessary to 
produce hallucinations varies according to the agent and 
route of exposure. Hallucinogenic effects have been 
demonstrated with oral doses of 4 to 10 mg for 5-MeO- 
DIPT, 100 mg for AMT, and 0.2 to 0.4 mg/kg IV for 
DMT.!#5!7 Another naturally occurring, hallucinogenic 
alkaloid is ibogaine, which is derived from the shrub 
Tabernanthe igoba. 

Psilocybin and psilocin are found naturally in mush- 
rooms that belong mainly to the genera Psilocybe, 
Conocybe, Gymnopilus, Lycoperdon, Pluteus, Panaeolus, and 
Stropharia (see Chapter 23).'%!*'9 Some specific 
mushrooms containing psilocybin and/or psilocin 
include Psilocybe mexicana, Psilocybe cubensis, Strophana 
cubensis, Psilocybe semilanceata, Psilocybe pelliculosa, Panaeolus 
subbalteatus, Psilocybe cyanescens, Gymnopilus spectabilis, 
and Psilocybe baeocystis. Psilocybin mushrooms are usually 
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Classes of Hallucinogens 


CHEMICAL NAMES 


Indoleamines 


LYSERGAMIDES (ERGOLINES) 
p-Lysergic acid diethylamide 


p-Lysergic acid amide 


ALKYTRYPTAMINES 


a-methyltryptamine 
N,N-dimethyltryptamine (DMT) 


5-methoxy-N, N-dimethyltryptamine (5-MeO-DMT) 
Psilocybin (4-phophoryloxy-DMT) 
Psilocin (4-OH-DMT) 


5-methoxy-N, N-diisopropyltryptamine (5-MeO-DIPT) 
Bufotenine (5-OH-DMT) 

Diethyltryptamine 

Ibogaine 


Phenylethylamines 


Mescaline (3,4,5-trimethoxyphenethylamine) 
3,4-methylenedioxymethamphetamine (MDMA) 
3,4-methylenedioxyethamphetamine (MDEA) 
Methylenedioxyamphetamine (MDA) 
4-bromo-2,5-dimethoxyamphetamine (DOM) 
Paramethoxyamphetamine (PMA) 


Arylcyclohexylamines (Piperidine Derivatives) 
Phencyclidine (PCP) 

Ketamine 

Dextromethorphan 

Piperazines 

Benzylpiperazine (BZP) 
Trifluoromethylphenylpiperazine (TFMPP) 
Methylenedioxybenzylpiperazine (MDBP) 
m-chlorophenylpiperazine (mCPP) 
p-methoxyphenylpiperazine (MeOPP) 
Tetrahydrocannabinoids 


Tetrahydrocannabinol (A?-THC, A'-THC) 


Diterpene Alkaloids 
Salvinorin A, C 
Myrisicin, saffrole 
Anticholinergic Agents 


Atropine (p,L-hyoscyamine) 
Scopolamine (L-hyoscine) 


PLANTS OR NATURAL SOURCES; SYNTHETIC AGENTS; "SLANG NAMES” 


LSD; Delysid; “acid,” “blotter,” “stamps,” “dots,” “trips,” “paper,” 
“a-bombs,” “pyramids” 

Ipomoea violaceae (morning glory), Rivea corymbosa (Mexican ololiuqui), 
Argyreia nervosa (Hawaiian baby woodrose), Merremia tuberose 
(Hawaiian woodrose) 


AMT; “alpha” 

Piptadenia peregrine, Anadenanthera peregrina, Prestonia amazenicum, 
Mimosa hostilis, Vivola calophylla; “businessman’s trip” 

Bufo alvarius 

Psilocybe sp, Panaeolus sp, Conocybe sp, 

Inocybe sp, Gymnopilus sp, Lycoperdon sp, Pluteus genus; “magic 
mushrooms,” “shrooms,” “alice” 

“Foxy methoxy,” “foxy” 

Ch'an Su 

DET 

Tabernanthe igoba 


Peyote cactus (Lophophora williamsii 
Ecstasy; “XTC,” “X,” "E," “Adam, “the hug drug” 
M Eve” 


“Serenity, tranquility, and peace” [STP] 


H M 


Angel dust; “hog, 
Ketalar, ketaject, ketanest, “special K,” "K,” “K-hole,” "vitamin K” 
"DXM,” “dex,” “robotripping,” “CCC,” “skittles,” “red devils” 


wacky weed,” “T,” “killer weed” 


weg 


“Legal Ex “legal Xa u Aan 


Dronabinol (Marinol); Cannabis sativa (marijuana, hashish) 


Salvia divinorum; sage 
Myristica fragrans (nutmeg, mace) 


Atropa belladonna (deadly nightshade), Datura stramonium (jimson weed) 
Transderm Scop; Datura stramonium (jimson weed), Hyoscyamus niger 
(henbane) 





found in moist warm climates but are widely distributed 
across the United States. These mushrooms grow over- 
night in cow pastures after a rainfall. Characteristically, 
the stalks of some psilocybin mushrooms turn blue with 
handling secondary to oxidation.'® Psilocybin is quite 
stable; both dried mushrooms and boiled extract 
retain their hallucinogenic potency. Concentrations of 
psilocybin vary greatly from mushroom to mushroom 
(both within and between species), by season, and by 
location.'® The initial hallucinogenic effects (e.g., 


detachment and relaxation) of psilocybin are evident 
with as little as 4 mg of toxin.!®19 There is a dosage effect, 
with a dose of 12 mg or more producing vivid hallu- 
cinations. Due to the varied psilocybin content of each 
mushroom, it may take the ingestion of from 3 to 
60 mushrooms to achieve the desired effect. In general, 
4 to 8 mg of psilocybin is present in 20 g of fresh and 2 g 
of dried mushroom. Psilocybin sold on the street may be 
nonspecific mushrooms adulterated with LSD or other 
substances. 
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Phenylethylamines 


Mescaline is the active phenylethylamine alkaloid from 
the peyote cactus (Lophophora williamsii), which is found 
in the deserts of the southwestern United States and 
Mexico. Peyote is a spineless cactus, which forms buttons 
with seven to ten ribs. The cactus contains about 6% 
mescaline when dried. Peyote buttons are the round 
fleshy tubercles from the cactus. One peyote button 
contains about 40 to 50 mg of mescaline. The average 
hallucinogenic dose of synthetic mescaline is 5 mg/kg 
body weight or 4 to 12 peyote buttons.*° The legal use of 
peyote and mescaline in the United States is limited to 
Indian tribes in the Native American Church, who use 
peyote as part of religious ceremonies. 


Nutmeg 


Both nutmeg and mace are narcotic hallucinogens 
derived from a tall evergreen tree, Myristica fragrans, 
native to the Molucca Islands of the South Pacific and 
now cultivated on Grenada and Trinidad. Nutmeg is the 
dried seed kernel of the fruit and mace is derived from 
the fleshy outer covering of the seed.?!?? Nutmeg and 
mace are commonly used as spices. The volatile oils 
present in nutmeg and mace contain the active 
ingredients, which include myristicin, saffrole, and 
terpenes. The toxic dose of nutmeg is one to three whole 
nutmegs, or 5 to 15 g of the ground spice. To produce 
toxicity from ingestion of nutmeg, the seeds must first be 
crushed to release the active oils. 


Salvinorin A and C 


Salvia divinorum is a perennial herb in the mint family 
native to certain areas of the Sierra Mazateca region of 
Oaxaca, Mexico. Salvia is used medicinally and for 
divination by Mazatec Indians. Numerous species of 
Salvia are found in North and South America. Salvia is 
grown locally as sage or imported from Mexico. The 
active component of S. divinorum is salvinorin A and C, 
neoclerodane diterpenes (terpenoid essential oils). The 
hallucinogenic dose of Salvia is 10 to 20 fresh leaves 
chewed or two to five dried leaves smoked or vaporized. 
This is equivalent to inhaling 200 to 500 ug of salvinorin 
A.**?° Thus, salvinorin A is a very potent hallucinogen, 
similar to LSD. 


STRUCTURE, STRUCTURE-ACTIVITY 
RELATIONSHIPS, AND PHARMACOLOGY 


The neurotransmitter serotonin (5-hydroxytryptamine 
[5-HT]) is thought to play a major role in the pharma- 
cology of most hallucinogens.*° The two major classes of 
hallucinogens, indoleamines and phenylalkylamines, 
display similar euphoric and psychedelic effects, are 
cross-tolerant, and are close structural analogs to 
serotonin (Fig. 45-1).?77° These observations suggest that 
these hallucinogens share a common mechanism of 
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FIGURE 45-1 Chemical structures of serotonin and select 
hallucinogens. 


action that involves serotonin. Evidence for this is 
solidified by numerous human studies that demonstrate 
a strong correlation between the relative affinity that 
these compounds have for 5-HT5, receptors and their 
potency as hallucinogens.”™’! When normal subjects are 
pretreated with adequate doses of the 5-HT»>, antagonists 
ketanserin or risperidone, the hallucinogenic effects of 
psilocybin are completely blocked.” These findings 
suggest further that the 5-HT,, receptor mediates the 
psychedelic effects of indoleamines and _ phenylethy- 
lamines. The importance of receptor subtype selectivity 
is underscored by the fact that drugs and medications 
that increase overall serotonergic tone (such as the 
serotonin selective reuptake inhibitors) do not produce 
the same clinical effects as hallucinogens. Partial agonist 
activity at 5-HT», receptors is central to the hallucinatory 
effects of these agents, and binding at other serotonin 
receptor subtypes likely modulates these effects. Both 
hallucinogen classes are also agonists at 5-HT oc 
receptors.*° In addition, the indoleamines are agonists at 
5-HT,, and dopamine Ds receptors.*’ Interestingly, LSD 
has the structures of both serotonin and dopamine 
embedded in its nucleus; this latter finding may explain 
its dopamine receptor agonist properties. 


In general, addition of methyl hydroxyl groups to the 
benzene ring of the tryptamines or phenylethylamines 
increases lipophilicity, central nervous system (CNS) 
penetration, and hallucinogenic potency. For instance, 
addition of a methyl hydroxy group to bufotenine 
creates 5-MeO-DMT, a hallucinogen with greater CNS 
potency. Addition of methyl hydroxy groups to the 
benzene ring of phenylethylamines (e.g., mescaline) 
markedly increases CNS penetration and effects. 

Anatomically, the regions of the brain that appear to 
be the major targets of hallucinogens are the olfactory 
bulb, locus ceruleus, dorsal raphe nucleus, nucleus 
accumbens, and cerebral cortex (in particular, the medial 
prefrontal cortex) .*°°*+°° These brain regions are heavily 
concentrated with 5-HTə4 receptors. These brain areas 
receive and process a large amount of sensory inputs 
from the body and environment and transfer this 
information to the cerebral cortex via extensive cortical 
projections.*°°’ The cerebral cortex is responsible for 
final processing and interpretation of neuronal data. 
Hallucinogens facilitate neuronal activation in the 
aforementioned brain areas in response to external 
stimuli. They activate afferent inputs to the cortex while 
also filtering out tonic inhibitory influences; the end 
result is asynchronous neuronal activation of numerous 
cortical regions. 

Although serotonin pathways are integral to hallu- 
cinogen effects, other neurotransmitters are involved, 
and include glutamate, norepinephrine, dopamine, and 
y-aminobutyric acid (GABA).*°°* Hallucinogen binding 
to central 5-HT5, receptors activates release of nor- 
epinephrine from the locus ceruleus, serotonin from 
raphe nuclei, GABA from specific cortical interneurons, 
and glutamate from multiple cortical areas.*° Enhanced 
glutamate activity is diffuse and asynchronous and results 
in cognitive, perceptual, and affective distortions. 

Tolerance to hallucinogens develops rapidly after 
regular use of these drugs.” This is likely due, at 
least in part, to a rapid down-regulation of 5-HT 9, 
receptors.*!47 Cross-tolerance between hallucinogens is 
also reported.?’8 Tolerance occurs to the euphoric and 
psychedelic effects, but not to autonomic effects. 

Although some users elect to use hallucinogens 
extensively, this class of drugs is not considered physio- 
logically addicting. Tolerance does develop to the 
psychedelic effects, but no withdrawal syndrome has 
been observed. A recent review* noted that there are no 
studies in which animals are trained to self-administer 
hallucinogens; animal self-administration is an important 
predictor of addiction. In rhesus monkeys, LSD was 
actually a negative reinforcer.“ 

The hallucinogenic mint S. divinorum contains the 
psychoactive neoclerodane diterpenes salvinorin A and 
C. These bioactive compounds are structurally distinct 
from other naturally occurring hallucinogens (e.g., 
indoleamines and phenylalkylamines) and do not bind 
5-HT, receptors. Rather, salvinorin A and C are potent, 
selective, opioid, K receptor agonists and activate the 
dynorphin peptide system to induce analgesia, sedation, 
and perceptual distortion.*34548 
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PHARMACOKINETICS 


Formulations and Route of 
Administration 


Most hallucinogens are ingested but may also be chewed 
and absorbed orally, administered sublingually, insuf- 
flated, smoked, or injected intramuscularly or intra- 
venously. LSD is a clear or white, odorless, tasteless 
powder. The powder is formulated as capsules, tiny tablets 
(“microdots”), and small gelatin squares (“windowpanes’”) 
or applied to postage stamp-sized sheets (“blotter acid”) 
or sugar cubes.” Each unit dose varies from 50 to 300 ug 
or more.'? LSD is typically ingested but may be smoked 
or injected. Exposure to natural lysergamides (e.g., 
morning glory) occurs following ingestion of seeds. The 
hallucinogenic tryptamines are typically ingested with 
the exception of DMT and 5-methoxy-DMT; these 
latter compounds are often insufflated, smoked, or 
injected IV. S. divinorum is administered in many ways; it 
is smoked (roll dried leaves into a “joint”), ingested 
(“oral infusion”), or chewed (“the quid”) and absorbed 
sublingually or from the buccal mucosa. 

Bufotenine can be isolated from secretions of the 
parotid and sebaceous glands of Bufo toads. “Toad 
licking” has been touted by some as a means to 
intoxication with this hallucinogen. This is misguided 
for two reasons. First, N,Mhydroxydimethyltryptamine 
is not well absorbed from the gastrointestinal (GI) 
tract and does not readily cross the blood-brain barrier; 
hallucinations will not result from toad licking. 
Second, several species of toads secrete potent 
cardioactive steroids or bufadienolides (e.g., bufalin) 
from their skin glands. Thus, toad licking may result 
in serious cardiac toxicity without a hallucinogenic 
effect.” 


Absorption, Peak Clinical Effects, and 
Duration of Clinical Effects 


Certain pharmacokinetic parameters and clinical 
characteristics for select hallucinogens are provided 
in Tables 45-2 and 45-3. The time of onset and duration 
of clinical effects from hallucinogens vary according 
to the route of exposure and agent administered. In 
general, most hallucinogens are rapidly absorbed and 
distributed to the CNS after ingestion; clinical effects 
begin within 30 to 60 minutes after ingestion, peak by 
2 to 4 hours, and last 4 to 8 hours. Certain agents 
have a very rapid onset and short duration of effects 
(e.g., DMT), whereas others may have effects that 
last 12 to 24 hours or more (e.g., mescaline, nutmeg, 
and ibogaine). 


Metabolism and Excretion 


Most agents are extensively metabolized in the liver (by 
N-demethylation, hydroxylation, and glucuronidation) 
to inactive metabolites (see Table 45-2). Mescaline is also 
excreted unchanged in the urine. 
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Pharmacokinetics of Select Hallucinogens 


TIME TO PEAK 





SERUM CONCENTRATION ELIMINATION PROTEIN ROUTE OF ACTIVE 
HALLUCINOGEN AFTER ORAL DOSING (hr) HALF-LIFE (hr) BINDING (%) Vd (L/kg) METABOLISM METABOLITE 
LSD 3-5 2-4 80-90 0.27 Hepatic No 
Psilocybin 1-2 1.8-4.5 z 2.5-5 Hepatic Yes (psilocin) 
DMT 15 0.5-1.5 38-53 Hepatic No 
Mescaline 2 6 Renal (55%-60%); No 
hepatic 


*Data not available. 


DMT, N,N-dimethyltryptamine; LSD, lysergic acid diethylamide; Vd, volume of distribution. 


Pharmacokinetic data obtained from references 18 and 55. 


Time of Onset and Duration of Effects of Select Hallucinogens 





HALLUCINOGEN HUMAN RECREATIONAL DOSE 


LSD Oral: 25-250 ug (3 ug/kg) 
IV: 140 ug (2 ug/kg) 

AMT Nasal insufflation: 100 mg 

DMT Smoke: 30-150 mg 


IV/IM: 0.2-0.4 mg/kg 


5-MeO-DMT IV or smoked: 5-10 mg 
5-MeO-DIPT Oral: 5-30 mg 
Psilocybin Oral: 4-12 mg (0.02 mg/kg); 
20-30 fresh mushrooms or 1-2 g 
dried mushroom* 
Mescaline Oral: 200-600 mg (5 mg/kg) 
Nutmeg Oral: 5-15 g ground spice; 


1-3 nutmegs 
Oral: 1 mg 
Smoked: 200-500 ug 


Salvia divinorum 


TIME OF ONSET OF CLINICAL EFFECTS 


DURATION OF CLINICAL 
EFFECTS (hr) 


Oral: 0.5—1 hr 4-12 

Smoke, nasal: 5 min 8-16 

Oral: 15 min 

IV: 1-5 min 0.5-1 

IM: 10 min 

Oral: 30-60 min 

IV: 1-5 min 0.33-0.5 

Oral: 20 min 3-6 

Smoke: 10 min 

Oral: 20-30 min 4-6 

45-60 min 10-12 
2-4 hr 24 

15 min 1-3 


*The recreational dose of mushroom varies by mushroom genus and species, season, geographic location, and habituation of the user. 
AMT, a-methyltryptamine; DMT, N,N-dimethyltryptamine; 5-MeO-DIPT, 5-methoxy-N,N-diisopropyltryptamine; 5-MeO-DMT, 5-methoxy-N, N- 
dimethyltryptamine; IM, intramuscularly, IV, intravenously; LSD, lysergic acid diethylamide; 

Adapted from references 2, 18, 19, 43, and 55, and from Shulgin AT: Profiles of psychedelic drugs. Psilocybin. J Psychedelic Drugs 1980, 12:79. 





TOXICOLOGY 


Physiologic Disturbances 


In addition to their CNS effects, most hallucinogens 
produce a variety of autonomic (parasympathetic and 
sympathetic) effects that include mydriasis, tachycardia, 
hypertension, cutaneous flushing, salivation, lacrimation, 
hyper-reflexia, nausea, vomiting, abdominal cramps, 
hyperthermia, and tachypnea. These effects may occur 
directly from the drug or indirectly from the anxiety and 
CNS stimulation produced by the hallucinogen. The 
sympathomimetic effects from hallucinogens, for instance, 
may be mediated by stimulation of noradrenergic 
neurons in the locus ceruleus. Physiologic effects occur 
concurrently with the CNS disturbances. Other non- 
specific effects include dizziness, ataxia, vertigo, weakness, 
headache, and paresthesias. Seizures have been rarely 
reported. Nutmeg, mescaline, and psilocybin ingestion 


have a greater frequency of GI adverse effects (i.e., nausea, 
vomiting, epigastric cramps) than those associated with 
other hallucinogens.!®°! An anticholinergic-type syndrome 
has been associated with nutmeg intoxication.°” Although 
life-threatening physiologic disturbances are unusual, 
one series of eight patients with massive LSD overdose 
developed hyperthermia, coma, respiratory arrest, and 
coagulopathy.°° 


Central Nervous System Psychedelic 
Effects 


Acute perceptual distortions are the common thread 
that links the hallucinogens. Inanimate objects may 
begin to pulsate or move. Concrete physical boundaries, 
such as a wall or a person’s face, may appear to waver or 
even blend in with the surroundings; users frequently 
perceive that inanimate objects are “melting.” Geometric 
patterns are frequently described, and may be readily 


“visible” even when the eyes are closed. An object that 
moves across the user’s visual field may leave a “trail” that 
persists for several seconds. Synesthesias (the melding of 
sensory modalities) may occur, in which users may hear 
colors or see sounds. Sensory inputs such as sights or 
noises may seem more striking, and ordinary thoughts 
may seem quite profound. The user’s sense of time may 
be markedly distorted, or completely lost. Time con- 
traction is common such that the user overestimates 
chronologic time. 

Most people who knowingly ingest hallucinogens 
welcome these perceptual distortions and find the 
experience quite pleasant. Occasionally, however, users 
have a profoundly dysphoric experience when using 
hallucinogens, typically referred to as a “bad trip.” The 
reason why one experience with hallucinogens is good 
and another bad is not entirely clear. Drug dose, the 
user’s environment, and the user’s attitude when taking 
the drug may all play a role. An interesting but 
uncontrolled convenience study of LSD users compared 
a group of 25 users with positive experiences with 25 
users with negative experiences. There were no historical 
or clinical variables that accurately predicted a bad trip. 
Those with bad trips were not more likely to have a 
previous psychiatric diagnosis.‘ 


Dose-Response Characteristics 


The usual recreational doses that produce hallu- 
cinogenic effects in humans are listed in Table 45-3. 
Psychedelic effects are dose related, such that low doses 
produce mild illusions and perceptual distortions 
whereas large doses may produce severe neurovegetative 
disturbances, extreme anxiety or dysphoria, disorientation, 
or the inability to discriminate between reality and 
illusion (true hallucinations).'° In general, hallucinogens 
have a remarkably low likelihood for producing 
significant acute morbidity and mortality. For instance, 
LSD has a therapeutic index of approximately 1000.55 


“Flashbacks”: Hallucinogen Persisting 
Perception Disorder 


Perceptual distortions may recur months or years after 
hallucinogen abstinence. Commonly referred to as 
“flashbacks,” these perceptual distortions are formally 
known as hallucinogen persisting perception disorder 
(HPPD). HPPD is a recognized psychiatric diagnosis in 
which distressing “geometric hallucinations, false 
perceptions of movement in the peripheral visual fields, 
flashes of color, intensified colors, trails of images of 
moving objects, positive afterimages, halos around 
objects, macropsia, and micropsia”’® cannot be ascribed 
to an acute drug intoxication or another psychiatric 
illness or condition. 

The physiologic basis of HPPD is incompletely 
understood. Various theories have been proposed, 
including an LSD-induced decrease in tonic inhibitory 
tone in visual areas of the brain” and/or LSD-induced 
sensitization of areas of visual processing within the brain.°8 
A genetic predisposition has also been postulated. 
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Although several quantitative studies have addressed 
HPPD, this literature suffers from methodologic flaws, 
and firm conclusions are difficult to draw.” 

Various pharmacologic treatments have been proposed 
to treat HPPD, which include clonidine®!*? and clonaz- 
epam.°** Interestingly, risperidone (which possesses 
antagonist activity at the 5-HT, receptor) has been 
reported to exacerbate this condition,” as have the 
serotonin selective reuptake inhibitors.” 


Hallucinogen-Induced Psychiatric 
Disorders 


Prolonged perceptual distortions and hallucinosis that 
last a few days may occasionally occur after hallucinogen 
use. In addition, hallucinogens may induce acute anxiety, 
panic disorder, major depression, or schizophrenic 
episodes in susceptible individuals. There is some 
evidence that repeated hallucinogen use is a risk factor 
for the development of chronic or persistent thought 
disturbances.®” One case series described four patients 
diagnosed with schizophrenia within a few years of 
ingesting LSD between 50 and 300 times.” The lack of a 
control group in this study significantly limits their 
findings. In addition, all of the patients were in their 
early 20s and an age at which first psychotic breaks occur 
in those who subsequently develop chronic schizophrenia. 
Another paper compared 46 schizophrenics and 46 
controls and found no statistical difference in drug use 
in general, but a trend toward more LSD use among 
schizophrenics.® A poorly chosen control group (all 
controls were employed, students, or hospital volunteers) 
significantly limits this study’s findings. Subsequent 
reviews of this subject”7! have noted the flawed 
methodology of these and other similar reports, and 
concluded that there is no significant association between 
hallucinogen use and chronic thought disorders. 


Chromosomal Abnormalities 


Reports suggesting that LSD use led to chromosomal 
damage both in vitro” and in vivo” surfaced in the late 
1960s and early 1970s and received sensational media 
attention. Subsequent reports, 47” however, disputed the 
link between LSD use and chromosomal damage. The 
belief that LSD damages human chromosomes is no 
longer widely held. 


Morbidity and Mortality Due to 
Impaired Judgment 


Hallucinogens are generally thought to be “safe” drugs, 
in that they do not produce the potentially life- 
threatening alterations in physiology that one might see 
with opiates, barbiturates, or cocaine. It should be noted, 
however, that significant injury or death may result from 
decisions that are made when hallucinogens have 
markedly impaired the user’s judgment. People under 
the influence of hallucinogens have mistakenly believed 
they could fly’® or have stared directly into the sun’?*! 
with disastrous consequences. 
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DIAGNOSIS 


The diagnosis of hallucinogen intoxication is made 
clinically and based on a positive history of exposure and 
suggestive physical findings. Most patients should be 
able to provide a history of hallucinogen use. Suggestive 
physical findings include mild to moderate sym- 
pathomimetic and GI effects coupled with a patient with 
ongoing perceptual and sensory illusions (e.g., visual 
distortions). Hallucinogens do not produce any 
characteristic abnormalities of the electrolytes or the 
complete blood count, so these basic ancillary tests are 
unlikely to aid in the diagnosis. Standard urinary 
toxicology (immunoassay) screens do not detect LSD or 
most other hallucinogens; specialized urinary testing kits 
for LSD are commercially available but not stocked by 
most hospitals. Even when available, false-positive test 
results®*® limit the utility of such kits (Box 45-1). It 
should be understood that drugs of abuse screens 
designed to detect amphetamines and PCP are both 
insensitive and nonspecific for detection of designer 
drugs that are frequently abused. Confirmatory testing 
by gas chromatography/mass spectroscopy or high- 
pressure liquid chromatography is sensitive and specific, 
but the results of such testing often take days to return. 

In the absence of a clear history of hallucinogen use, 
patients who have ingested this class of drugs are best 
approached as an undifferentiated patient with an 
alteration in mental status. A thorough history and physical 
examination should be obtained. Comprehensive 
ancillary testing, both basic (blood glucose level, serum 
electrolytes, complete blood count) and advanced 
(computed tomography of the head, lumbar puncture) 
should be considered. 


Differential Diagnosis 


The manifestations of hallucinogen intoxication may be 
similar to intoxication with anticholinergic, sympatho- 


BOX 45-1 


Ambroxol (mucolytic) 
Amitryptyline 
Brompheniramine 
Bupivacaine 
Diphenhydramine 
Doxepin 
Doxylamine 
Ergonovine 
Fentanyl 
Imipramine 
Lidocaine 
Methylphenidate 
Metoclopramide 
Prilocaine 
Ranitidine 
Tramadol 





mimetic (e.g., cocaine, amphetamines, methylxanthines), 
and other psychotropic (e.g., lithium) agents; withdrawal 
from alcohol or sedative-hypnotics; functional psychiatric 
disorders (e.g., acute panic disorder, schizophrenia); 
CNS or systemic infections; traumatic head injury; 
cerebrovascular accidents; and several metabolic distur- 
bances (e.g., uremia, hepatic encephalopathy, hypo- 
natremia, or hypoglycemia). In addition, the various 
hallucinogenic classes may be difficult, if not impossible, 
to differentiate from each other clinically. Patients may 
be differentiated from anticholinergic agent toxicity by 
the absence of delirium, repetitive picking behavior, 
urinary retention, ileus, or dry skin. Patients may be 
differentiated from amphetamine poisoning by the 
absence of stereotypic behavior (e.g., formication, lip 
smacking, and teeth grinding). Unlike those with 
hallucinogen intoxication, patients with functional 
psychoses are alert and oriented, have auditory hallu- 
cinations predominantly, lack synesthesias, and cannot 
differentiate their illusion from reality (true hallucinosis). 


MANAGEMENT 


Most patients with hallucinogen intoxication have an 
uncomplicated course and do not require medical 
treatment. For those patients who require hospital 
evaluation due to unexpected adverse clinical effects, 
treatment is largely supportive. 

Although uncharacteristic for hallucinogen poisoning, 
patients with significant CNS or respiratory depression 
should have their airway protected, breathing assisted, 
and cardiovascular support provided as necessary. 
Supplemental oxygen, continuous pulse oximetry, and 
parenteral thiamine, dextrose (or rapid fingerstick 
glucose determination), and naloxone should be 
considered for patients with altered mental status or 
seizures. Significant CNS or respiratory depression, 
seizures, and hypotension are unlikely findings after 
hallucinogen use; their presence should prompt a search 
for another process. Hypertension, when present, is 
usually mild and rarely requires treatment. In the event 
that the clinician is concerned about hypertension in 
an agitated, hallucinating patient, a benzodiazepine 
(i.e., lorazepam, 1 to 2 mg IV) is an appropriate first 
intervention. 

GI decontamination is not routinely necessary for 
hallucinogen poisoning unless there is concern for co- 
ingestants. Since hallucinogens are rapidly absorbed 
after ingestion, the effectiveness of GI decontamination 
is marginal. In addition, since uncomplicated hallu- 
cinogen poisoning usually resolves without sequelae, the 
risks involved in performing decontamination procedures, 
particularly in the anxious patient, may outweigh any 
benefits. If GI decontamination is performed, single- 
dose administration of activated charcoal (1 g/kg orally 
or by nasogastric tube) is the preferred method. 
Orogastric lavage is not recommended for this group of 
patients due to lack of efficacy and associated procedural 
morbidity. Gastric emptying procedures have not been 
found to have an effect on the severity and duration of 


symptoms when performed on series of patients 
intoxicated with hallucinogenic mushrooms.*°*" 

Patients that are anxious, frightened, or agitated due 
to negative or punitive distortions (a bad trip) should be 
provided rest and reassurance in a dark, quiet environ- 
ment; this approach has been advocated successfully for 
over 30 years." In the event that concurrent sedation is 
indicated, benzodiazepines are the preferred pharmaco- 
therapy, providing safe, nonspecific sympatholysis.®’ The 
use of atypical antipsychotic agents, which specifically 
antagonize 5-HT, receptors (e.g., ziprasidone, risperidone, 
clozapine), are theoretically attractive for the treatment 
of bad trips but have not been adequately studied. 


DISPOSITION 


Most patients with hallucinogen poisoning develop only 
mild toxicity and are medically safe for psychiatric 
evaluation (if necessary) and disposition after an 
observation period of 4 to 6 hours in the ED. Patients 
who have continued evidence of agitation, perceptual 
distortions, and physiologic disturbances at 6 hours 
should be admitted to a monitored bed for continued 
observation. 
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At a Glance... 


m GHB, a schedule | drug, is a potent central nervous system 


depressant that is abused illicitly for its sedative, euphoric, and 
hallucinogenic effects. 

m GHB has also been popular as a sports and dietary health 
supplement for its growth hormone-releasing, anxiolytic, and 
soporific effects as well as numerous other unproven “natural 
health benefits." 

m GBL and 1,4-BD are chemical precursors that are converted in 
vivo to GHB via simple enzymatic biotransformation steps; GVL, 
GHV, and THF are GHB structural analogs with anecdotal case 
reports of abuse and overdose. 

m Acute toxicity from GHB and its chemical precursors and 
analogs consists primarily of central nervous system and 
respiratory depression; chronic abuse of GHB, GBL, and 1,4-BD 
has resulted in chemical dependency and a severe withdrawal 
state upon abrupt cessation. 

m Treatment of acute GHB overdose and its withdrawal state 
consists of aggressive supportive care. 


Despite the known dangers of illicit y-hydroxybutyric 
acid (GHB) abuse, greatly publicized by the harmful, 
illicit, and unlawful use of GHB by high-profile 
celebrities, such as professional basketball player Tom 
Gugliotta,! Hollywood actor Nick Nolte,? and Max Factor 
heir Andrew Luster,** GHB has developed into a favorite 
party drug in popular culture during the past 15 
years.”®> GHB and its many chemical precursors and 
structural analogs, most notably y-butyrolactone (GBL) 
and 1,4-butanediol (1,4-BD), have become fashionable 
and trendy recreational drugs during the past decade as 
reports of its “natural” euphoric and hallucinogenic 
properties popularized its illicit abuse. GHB, GBL, and 
1,4-BD represent an emerging group of drugs among the 
broad class of recreational drugs known as “club drugs.” 
According to the National Institute on Drug Abuse/ 
National Institutes of Health, the term club drugs derived 
from the association of these drugs with dance clubs and 
all-night dance parties called “raves,” and include other 
such drugs as N-methyl-3,4-methylenedioxymetham- 
phetamine (see Chapter 44), ketamine (see Chapter 43), 
flunitrazepam (see Chapter 35), methamphetamine, 
(see Chapter 44), and lysergic acid diethylamide (see 
Chapter 45). Like most club drugs, GHB, GBL, and 1,4- 
BD are physically and psychologically addictive, with 
acute and chronic toxicity that may be severe or lethal. 
However, GHB, GBL, and 1,4-BD possess many epidemi- 
ologic characteristics and pharmacologic properties that 
are distinctive from other club drugs. Ironically, before 
their recent emergence as popular recreational club 
drugs, GHB, GBL, and 1,4-BD had a relatively quiescent 


history of medical research and licit therapeutic use 
spanning more than six decades. This chapter will review 
the unique history and complex evolution of GHB into a 
contemporary drug of abuse as well as its pharmacology, 
toxicology, and clinical diagnosis, management, and 
disposition. 


RELEVANT HISTORY 


Of the three principal GHB analogs, GBL was discovered 
first, in 1947, 13 years before GHB and 19 years before 
1,4-BD.'°'! GHB was subsequently discovered in 1960 by 
the French scientist Henri Laborit, who synthesized it as 
a structural analog of the inhibitory neurotransmitter 
y-aminobutyric acid (GABA), which was capable of 
traversing the blood-brain barrier (BBB) after peripheral 
administration.!*'* Three years after its laboratory 
synthesis, GHB was discovered to be a naturally occurring 
neurochemical in the mammalian brain.!*!® In 1966, 
Sprince and colleagues were the first investigators to 
make the association of 1,4-BD with GHB. Noting the 
close structural similarity of 1,4-BD with GHB, they 
demonstrated that 1,4-BD could produce an anesthetic 
response similar to that of GHB and GBL. In this rodent 
study, GHB, GBL, and 1,4BD all produced an anesthetic 
state that was characterized by the loss of voluntary 
movement, righting reflex, struggle response, and body 
and limb tone, as well as myoclonic jerking. They further 
demonstrated that the electroencephalographic (EEG) 
tracings of GHB, GBL, and 1,4-BD had very similar wave 
patterns.!” As a result of these discoveries, GHB found its 
first clinical application as an anesthetic agent in the 
early 1960s.'*'* Several clinical studies in the 1960s, 
involving a total of 376 patients, confirmed the potential 
of GHB to serve as an adjuvant to anesthesia.!®!9 
However, those same studies also documented several 
adverse reactions to GHB anesthesia, including the 
occurrence of gross muscular movements when rapidly 
administered, as well as inadequate analgesia (abrupt 
rise in systolic and diastolic pressure during surgical 
incision), emergence delirium, and bradycardia. Al- 
though GHB continues to be investigated and used as an 
anesthetic adjuvant abroad,*?** it has never gained wide- 
spread acceptance in the United States for this clinical 
application. 

In the decades since its initial scientific discovery as a 
GABA-mimetic neurochemical, GHB has been diverted 
from an investigational drug with legitimate research 
applications and licit medical uses to the toxic ingredient 
in banned nutritional supplements and illicit recreational 
drugs. An important milestone in this devolution 
occurred in 1977, when Takahara and colleagues reported 
that an intravenous dose of 2.5 g of GHB resulted in a 
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significant increase in plasma growth hormone (GH) 
and REM sleep in six healthy male subjects.” This 
discovery launched concerted efforts to study and 
develop GHB as a potential therapeutic agent for sleep 
disorders such as narcolepsy. However, as an unintended 
and misappropriated consequence of this and similar 
other studies, GHB became popular as a sports sup- 
plement and “natural” soporific. Subsequently, in the 
late 1980s, GHB was introduced to the health and dietary 
supplement market with dubious claims that it could 
metabolize fat, enhance muscle building, and improve 
sleep. However, it was quickly associated with severe 
adverse effects and deaths as overzealous self-adminis- 
tration of GHB-containing nutritional supplements 
resulted in a wellcharacterized toxidrome of coma, 
cardiorespiratory depression, apnea, seizure-like activity, 
and, in several instances, death.5®” Accordingly, the U.S. 
Food and Drug Administration (FDA) intervened in 
November 1990 to prohibit over-the-counter (OTC) sale 
of GHB in nutritional supplements.’ However, GHB 
purveyors easily circumvented the FDA ban on OTC 
sale of GHB-containing products by substituting GBL 
for GHB as the active ingredient. Predictably, toxic 
effects similar to GHB, including deaths, were reported 
and confirmed to be attributable to GBL soon after its 
substitution into dietary health supplements.*?*°4 
Consequently, the FDA issued a recall of GBL-containing 
health supplements in February 1999, which was easily 
evaded by the substitution of GBL with 1,4BD.°°° 
Predictably, the consequences of 1,4-BD misuse and 
abuse were clinically similar to that of GHB and GBL, 
including death.°?* 

In the midst of its emergence as an illicit drug, GHB 
received both orphan drug and investigational new drug 
(IND) status from the FDA for clinical trials as a thera- 
peutic agent for narcolepsy. Confounding and nearly 
preventing its clinical development as a narcolepsy 
treatment, GHB also developed forensic notoriety as a 
chemical submission agent used in the commission of 
drug-facilitated sexual assault, or “date rape.” After 
several highly publicized GHB-related date rape deaths, 
the Hillory J. Farias and Samantha Reid Date-Rape 
Prohibition Act (Public Law 106-72) was legislated by 
Congress and signed into law by President Clinton on 
March 11, 2000.44 Under this federal statute, GHB 
received dual scheduling as a schedule III drug for IND 
use in clinical trials for narcolepsy and as a schedule I 
drug for illicit purposes. GBL, which has numerous 
legitimate uses as an industrial solvent, was recognized as 
a federal list I chemical under this federal statute. Under 
this law, authority was granted to federal law enforce- 
ment agencies to monitor the commercial and industrial 
sale and distribution of GBL for potential diversionary 
activity. There was no specific mention of 1,4-BD in this 
federal law, but 1,4-BD, which also has many legitimate 
uses as an industrial solvent, was classified by the FDA as 
a class I health hazard in response to several 1,4-BD- 
related deaths in 1999.?9%7°842 This FDA categorization 
recognized 1,4-BD to be a potentially life-threatening 
health hazard but did not impose any regulatory actions 
on its commercial sale or distribution. 


EPIDEMIOLOGY 


National statistics from the American Association of Poison 
Control Centers—Toxic Exposure Surveillance System 
(AAPCC-TESS) , Drug Abuse Warning Network (DAWN), 
and Monitoring the Future Study (MTFS) have demon- 
strated a trend of escalating GHB abuse and poisoning 
throughout the past decade. In 2002, 1386 exposures 
with GHB and its analogs and precursors were reported 
to the AAPCC-TESS, representing more than a twofold 
increase from approximately 600 GHB cases reported in 
1996. Among these, 1181 exposures (85%) required 
treatment in a health care facility and resulted in 272 
major outcomes and 3 deaths.* Eighty-five percent of 
these exposures involved individuals over the age of 19. 
According to DAWN, emergency department (ED) 
episodes related to GHB increased significantly from 
1994 to 1999, and GHB mentions increased dramatically 
from 1997 to 2000 (Fig. 46-1).*° Since 2000, trends in ED 
mentions of GHB appear to have leveled off, with GHB 
mentions lower in 2002 than in 2000 (Fig. 46-2). ED 
mentions of GHB appeared to have peaked in 2000, but 
there was nevertheless a significant long-term increase in 
ED episodes for GHB from 1995 to 2002 (2197% 
increase, from 145 to 3330). Almost half (46%) of these 
ED mentions of GHB were attributed to patients age 20 
to 25, nearly 90% were white, and two thirds were male. 
In 2001, the estimated rate of GHB ED mentions per 
100,000 population, by metropolitan area, was highest for 
San Francisco (9.3%), Dallas (6.7%), New Orleans 
(5.6%), and Atlanta (4.6%), and GHB abuse increased 
in 9 of the 21 cities monitored in 2001.4” Overdose 
was the predominant reason for ED contact in episodes 
involving GHB (88%), and the recreational pursuit of 
its psychic effects was the predominant motive for use 
among patients with adverse events from GHB (46%). 
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FIGURE 46-1 Emergency department trends for GHB. Final 
estimates from the Drug Abuse Warning Network (DAWN), 
1995-2002. (Compiled from the Substance Abuse and Mental 
Health Services Administration, Office of Applied Studies: 
Emergency Department Trends from DAWN, Final Estimates 
1995-2002, DAWN Series: D-24. DHHS Publication No. SMA 03- 
3780. Rockville, MD, Department of Health and Human Services, 
2003.) 
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FIGURE 46-2 A, GHB powder, GHB powder dissolved in a water vial and in water bottles, and GHB capsules and drinking solutions. B, 
GBL in various dietary supplements. C, 1,4-Butanediol in various dietary supplements and in a 55-gallon drum confiscated by the Drug 
Enforcement Agency. 


Seventy-four percent of ED visits for GHB intoxication 
involved another club drug. Alcohol was the most fre- 
quently mentioned co-ingestant in visits that involved 
GHB (54%), followed by marijuana (14%) and 3,4- 
methylenedioxymethamphetamine (MDMA, or “Ecstasy,” 
12%).*® While most GHB abusers are young adults, 
adolescents have also abused GHB, and the 2002 MTFS 
reported an annual prevalence rate of GHB use of 0.8%, 
1.4%, and 1.5% in grades 8, 10, and 12, respectively.“ 
These prevalence rates have shown little change since 
they were first measured for GHB in 2000. Although 
epidemiologic data are unavailable for each specific 
GHB analog, the rising abuse of GHB documented by 
AAPCC-TESS, DAWN, and MITFS likely reflects a parallel 
increase in GHB analog abuse as well. 

The illicit use of GHB and its precursors appears to 
have plateaued in the United States, but recent inter- 
national statistics have reported GHB abuse to be on the 
rise worldwide. The escalating international abuse of 
GHB has resulted in its scheduling by the United Nations 
(UN). On March 20, 2001, the UN’s Commission on 
Narcotic Drugs, at the recommendation of the World 
Health Organization, added GHB to schedule IV of 
the 1971 Convention on Psychotropic Substances.°??! 
Schedule IV mandates international licensing for manu- 


facture, trade, and distribution of GHB and requires all 
nation signatories of this treaty to comply with pro- 
hibition of and restrictions on export and import of 
GHB, and to “adopt measures for the repression of acts 
contrary to these laws and regulations.” However, since 
the implementation of this international GHB schedule 
in 2001, most of the literature reporting toxicity from 
acute overdoses with GHB has emerged from outside the 
United States, including the United Kingdom,” Spain,” 
Switzerland,‘ the Netherlands,” and Australia and New 
Zealand.°°°’ In Spain, GHB was responsible for 3.1% of 
all toxicologic emergencies in an urban public hospital 
ED during a 15-month study period and ranked second 
in illicit drugs requiring emergency consultation.** 
Conversely, while European and Asian countries have 
reported recent rises in acute poisonings from GHB and 
its chemical precursors and structural analogs, virtually 
all of the reports of GHB dependence and withdrawal 
have emerged from the United States. 

Illicit use of GHB and its analogs have primarily 
occurred in one of four settings: in the recreational setting 
of dance raves or night clubs, in the athletic setting of 
bodybuilding gyms and fitness centers, in the home 
consumer setting of individuals seeking its “natural 
health benefits,” and in the criminal setting of drug- 
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facilitated sexual assault. At raves and nightclubs, GHB is 
used to achieve effects that have been equated to a 
combination of alcohol (euphoria, disinhibition, and 
anxiolysis) and ecstasy (enhanced sensuality, emotional 
warmth).°! Current street names for GHB and its 
precursors and analogs include liquid ecstasy, liquid E, 
Fantasy, grievous bodily harm, Georgia home boy, great 
hormones at bedtime, great human benefit, organic 
quaalude, liquid X, soap, salty water, easy lay, and liquid 
FX.42°5°! In gyms and health food stores, GHB is sold 
as a performance-enhancing additive in bodybuilding 
formulas and drinks that are promoted as growth 
hormone releasers and muscle builders. GHB and its 
analogs have also been sold to home consumers as 
“natural” health food and nutritional supplements 
purporting to enhance weight loss, sexual potency, 
baldness reversal, and eyesight improvement, and to 
decrease aging, depres-sion, insomnia, and alcohol, and 
drug addiction.” Products containing GHB, GBL, or 
1,4-BD and marketed for these purposes—Somatomax 
PM, Natural Sleep-500, Renewtrient, Revivarant or 
Revivarant G, Blue Nitro or Blue Nitro Vitality, GH 
Revitalizer, Gamma G, Remforce, Invigorate, Jolt, 
Renewtrient, Verve Revitalize Plus, Serenity, Enliven, 
GHRE, SomatoPro, NRG3, Thunder Nectar, Weight 
Belt Cleaner, Inner G, Serenity, Soma Solutions, Blue 
Nitro, and others—are generally no longer sold because 
of law enforcement pressure; however, comparable 
products with similar brand names are available (see 
Fig. 46-1) .°°.4°8°! Criminally, GHB has been employed in 
the commission of date rape, and the Drug Enforcement 
Agency (DEA) has documented 15 drug-facilitated 
sexual assaults involving 30 victims under the influence 
of GHB.” In the only known published study on the 
prevalence of drugs used in cases of alleged sexual 
assault, urine specimens from 1179 cases were submitted 
to forensic toxicologists nationwide to test specifically for 
date rape drugs. Approximately 711 samples (60%) 
tested positive for one or more drugs, and GHB was 
specifically detected in 48 of these positive samples 
(6.75%).°° 

Presently, the major distributors of street GHB are 
clandestine laboratories, both domestic and foreign, that 
manufacture GHB using a relatively simple synthesis 
procedure with commercially available, easily accessible, 
and inexpensive solvents (GBL) and reagents (a base, 
such as sodium hydroxide). An alternative source for 
GHB has been home synthesis via recipes and kits that 
have been available thorough the Internet and mail 
order.**.* Once synthesized, GHB is a clear and odorless 
liquid that is often distributed in “spring water” bottles 
and dispensed to the user by the water-bottle cap, with a 
“capful” being the most common dosage unit.?°°? GBL 
and 1,4-BD have been directly substituted for GHB in 
such packaging. In many instances, these illicit 
preparations are disguised by adding food coloring and 
flavoring agents and stored in water or sports drink 
bottles or in unsuspecting packaging such as eye-dropper 
bottles, glass vials, and mouthwash bottles. At nightclubs, 
bars, and “rave” parties, GHB is often sold for $5 to $20 
per capful, which is orally consumed in an average dose 


of 1 to 5 g.°*! When consumed by the capful, one 
55-gallon drum of GBL can yield 240,000 capfuls, 
potentially yielding $1.9 million per 55-gallon drum.°? 
While oral ingestion of liquid GHB is the most common 
route of consumption, capsule and tablet forms are also 
available, as is powdered GHB, which is snorted or 
dissolved in a liquid.®' Because of its salty taste, powdered 
or liquid GHB is typically mixed into a beverage. The 
quality, purity, and concentrations of GHB in these illicit 
preparations are usually so varied that the user is often 
unaware of the actual dose that is being consumed. 

An important epidemiologic trend in GHB abuse is 
the increased use of analogs. To evade law enforcement 
detection, GHB distributors have recently developed and 
distributed new analogs, which are abused in substitution 
of GHB or used to synthesize GHB. The list of GHB 
analogs known to be used for these purposes continues 
to evolve and expand. At present, this list includes GBL, 
1,4-BD, GHV, GVL, and THEF.**®!° Both GBL and 1,4-BD 
are well documented to be abused as chemical pre- 
cursors of GHB, which will rapidly metabolize to GHB 
after ingestion. Although rarely reported in cases of 
acute GHB poisoning, THF is also a chemical precursor 
of GHB. GVL is abused as a substitute for GHB because 
it metabolizes to GHV, an analog with physiologic effects 
similar to GHB. Among the GHB analogs, only GBL is 
used as a precursor ingredient for the illicit synthesis of 
GHB. GHB analogs are usually distributed as liquids and 
orally consumed. Despite federal anti-GHB legislation, 
GHB analogs remain legally available in products not 
intended for human consumption, since GBL, 1,4-BD, 
GVL, and THF have legitimate uses as solvents for 
industrial production of polyurethane, pesticides, elastic 
fibers, coatings on metals and plastics, and other 
manufacturing products. Exploiting this legal loophole, 
GHB purveyors have recently diverted these analogs into 
thinly veiled household products sold as “fish tank 
cleaner,” “ink stain remover,” “ink cartridge cleaner,” and 
“nail enamel remover” for approximately $100 per bottle. 


STRUCTURE AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 


GHB has several endogenous structural analogs and 
chemical precursors as well as several well-characterized 
synthetic structural analogs and precursors. The chemical 
structures, structure-activity relationships, and biotrans- 
formation steps of GHB and its numerous endogenous 
and synthetic analogs are shown in Figure 46-3. The 
structure-activity relationships of GHB and these analogs 
have been methodically examined with the use of 
[7H]GHB binding studies by Bourguignon and col- 
leagues and are summarized in Table 46-1.°° 


PHARMACOLOGY 


GHB has a dual pharmacologic profile, with the intrinsic 
neuropharmacology of endogenous GHB distinct and 
divergent from that of exogenously administered GHB. 
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FIGURE 46-3 Chemical structures, biotransformation reactions, and metabolic steps of gamma-hydroxybutyric acid and its chemical 
precursors and analogues. Numbered enzymes/reactions include 7, tetrahydrofuran hydroxylase; 2, 2-hydroxy tetrahydrofuran 
dehydrogenase; 3, 2-hydroxy tetrahydrofuran isomerase; 4, alcohol dehydrogenase; 5, aldehyde dehydrogenase; 6, nonezymatic 
hydrolysis or peripheral tissue and serum lactonases; 7, GHB dehydrogenase or hydroxyacid-oxoacid transhydrogenase; 8, succinic 
semialdehyde reductase; 9, B-oxidation; 70, succinic semialdehyde dehydrogenase, 77, GABA transaminase; and 72, an uncharacterized 
reaction (involving 2-carbon condensation?) forming 4,5-dihydroxyhexanoic acid from succinic semialdehyde. 


The principal difference between their profiles is that 
the intrinsic neuropharmacologic activity of endogenous 
GHB appears to be mediated by the GHB receptor, while 
the neuropharmacologic activity of exogenously admin- 
istered GHB is likely mediated by the GABA(B) receptor. 
Whereas other pharmacologic aspects of endogenous 
GHB are presently well characterized, research on 
exogenous GHB neuropharmacology is only in its nascent 
stages. Therefore, while other pharmacologic differences 
probably exist between endogenous and exogenous 
GHB, they are under investigation and have yet to be 
clarified. 


Endogenous GHB 


Although the precise physiologic function of endogenous 
GHB is unknown, GHB is a putative neurotransmitter or 
neuromodulator because it possesses the requisite 
pharmacologic properties for recognition as such: 


1. It has a discrete regional and subcellular distribution 
in the central nervous system (CNS).°*7? 


2. It has subcellular systems for synthesis, vesicular 
uptake, and storage in presynaptic terminals.”!7392 

3. It is released in a Ca**-dependent manner following 
depolarization of neurons.’!9% 

4. Subsequent to neuronal release, GHB binds to GHB- 
specific receptors and modulates neurotransmitter 
systems, 7196118 

5. Following neuronal release, GHB activity is termi- 
nated by active uptake from the synaptic cleft for 
metabolism by specific cytosolic and mitochondrial 
enzymes, 7119-140 

6. Localized application of GHB can produce a response 
that mimics the action of endogenous GHB released 
by nerve stimulation (i.e., synaptic mimicry) .!41!*° 


These pharmacologic properties of GHB are major 
preconditions if GHB is to play a role in interneuronal 
signaling or neuromodulation. GHB is heterogeneously 
distributed throughout the mammalian CNS, with its 
highest concentrations found in the hippocampus, 
basal ganglia, hypothalamus, striatum, and substantia 
nigra.©*7! GHB is concentrated in the cytosolic and 
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Structure-Activity Relationships of Substituted GHB and Structurally Related Synthetic Compounds 





GHB RECEPTOR BINDING (% INHIBITION) 


SUBSTITUTION/MODIFICATION 
NO. AND NAME OF GHB DERIVATIVE ON GHB MOLECULE AT 10 pmol/L AT 1 pmol/L IC% pmol/L 


Endogenous Structural Analogs 


1 GABA y-NH, NA 
2 Trans-4-hydroxycrotonic acid (T-HCA) | Unsaturation of GHB by double bond 64 44 2.9 
between « and B carbon 


Endogenous Precursors 


3 y-butyrolactone (GBL) Lactone ring of GHB NA 
4 y-crotonolactone (GCL) Unsaturation of GBL by double bond NA 
between « and ß carbon 
5 1,4-Butanediol (1,4-BD) Substitution of —C-OH for —C-OOH NA 
Synthetic Structural Analogs 
6 5-Hydroxyvaleric acid Lengthening of GHB chain by one carbon 53 22 NR 
7 y-methyl-GHB y-CH; 63 12 NR 
8 y-phenyl-GHB y — \ 56 13 6.8 
9 y-(p-chlorophenyl)-GHB y L a NR 
10 y-(p-methoxyphenyl)-GHB y — \oos, NR 


11 y-benzyl-GHB y -a Y NR NR 2.3 

12 y-benzyl-GHB (R enantiomer) Yan wei NR NR 1.8 

13 y-benzyl-GHB (S enantiomer) vcr) NR NR 25.0 

14 y-(p-methoxybenzy!)-GHB y cr Noc, NR NR 0.1 
(NCS 435) 


Synthetic Structural Precursors 


15 y-valerolactone (GVL) Addition of y-CH3 on GBL; precursor of NA 
y-methyl-GHB 
16 Tetrahydrofuran (THF) Cyclic ether ring precursor of GBL and GHB NA 


The names and structures of endogenous and synthetic GHB analogues and precursors are presented with respect to their substitutions and 
modifications on the GHB molecule: 


O 


y Ol 
3 i OH 
4 2 


The structure-activity relationships of these endogenous and synthetic GHB analogs and precursors have been examined by binding studies with 
[PH]GHB. The GHB analogs and precursors in this table have been tested at concentrations of 1 and 10 umol/L for their ability to inhibit [PH]GHB 

(25 umol/L) binding to GHB receptors on rat brain membrane preparations. The IC; concentrations were available for the most active compounds. Not 
depicted in the table, GHB itself produced 55% and 35% inhibition of PH]GHB binding at concentrations of 10 and 1 umol/L, respectively, and shows 
an IC; value of 6.6 pmol/L. The GHB derivatives that demonstrated a greater potency than GHB (IC; < 6.6 mol/L) for inhibiting [7H]GHB binding to 
GHB receptors were the endogenous structural analog T-HCA (IC; 2.9 umol/L) and the synthetic structural analogs y-benzyl-GHB (IC; 2.3 umol/L), 
R-y-benzyl-GHB (IC; 1.8 umol/L), and y-(p-methoxybenzyl)-GHB (NCS 435, IC; 0.1 umol/L). Of note, none of the endogenous or synthetic GHB ring 
analogs (GBL, GCL, GVL, THF) were recognized by the GHB receptor, evidence that the open form of ring analogs is necessary for GHB receptor 
binding. Also, the endogenous precursor 1,4-BD and the endogenous structural analog GABA were recognized by the GHB receptor. IC<o, 

inhibition concentration of 50%; NA, no affinity; NR, not reported. 





synaptosomal fractions in studies of the subcellular 
distribution of GHB in rat brain, signifying a mechanism 
for its presynaptic synthesis and accumulation.!*/ 

As summarized in Figure 46-3, the subcellular presyn- 
aptic synthesis of endogenous GHB involves three pre- 
cursors (GABA, GBL, and 1,4BD) and five enzymes 
(GABA-transaminase [GABA-T], succinic semialdehyde 
reductase [SSR], alcohol dehydrogenase [ADH], aldehyde 
dehydrogenase, and serum and peripheral tissue lac- 
tonases). The major precursor of endogenous brain 
GHB is GABA,’!:’”8 which is converted to succinic semi- 
aldehyde (SSA) by the brain mitochondrial enzyme, 
GABA-T. SSA can enter into one of two subsequent 
biotransformation pathways. In the major pathway, SSA 
is oxidized by the mitochondrial enzyme succinic 
semialdehyde dehydrogenase (SSADH) to succinic acid. 
Production of succinic acid by SSADH allows entry of the 
GABA carbon skeleton into the tricarboxylic acid cycle 
for catabolism to H O and CO,.”1747778 Alternatively, in 
the minor pathway, SSA is reduced by the neuronal 
cytosolic enzyme SSR to GHB. The vast majority of GABA 
enters the mitochondrial oxidative pathway to produce 
succinic acid by SSADH, because only about 0.05% (in 
vitro) to 0.16% (in vivo) of the metabolic flux coming 
from GABA enters the cytosolic reductive pathway to 
form GHB by SSR.”4°° Thus, GHB formation is colo- 
calized in GABAergic neurons, or in neurons that can 
synthesize GABA, which are regionally most prominent 
in the cerebellum, colliculi, median hypothalamus, and 
hippocampus.°08?,848° 

The second source for subcellular presynaptic 
synthesis of endogenous GHB is the precursor 1,4-BD, 
which is present at brain concentrations of about 1/10 
of those of GHB.*° 1,4-BD is the dihydroxy alcohol 
precursor of GHB, which undergoes in vivo bio- 
transformation by oxidation of one alcohol group on 
the molecule to ¥hydroxybutyraldehyde by liver ADH 
followed by the subsequent formation of GHB either by 
liver aldehyde dehydrogenase or auto-oxidation.!7°738658 
The potential sources of the small endogenous con- 
centrations of 1,4-BD found in the mammalian brain 
are the polyamines ornithine, spermine, spermidine, 
and putrescine.®’ The third source for subcellular pre- 
synaptic synthesis of endogenous GHB is the precursor 
GBL, which is also present at brain concentrations 
(200 pmol/g tissue weight) of about 1/10 of those of 
GHB.” GBL can undergo rapid in vivo biotransfor- 
mation to GHB by serum or peripheral tissue lactonases.*! 
However, in contrast to ADH and aldehyde dehydro- 
genase, no lactonase activity has been described in the 
brain cell.” Therefore, the role of GBL as a brain 
precursor to endogenous GHB is enigmatic. Neverthe- 
less, the equilibrium of GBL and GHB in the mammalian 
brain might be explained by a chemical nonenzymatic 
hydrolysis rather than an enzymatic process.” 

Although the existence of a putative GHB-specific 
receptor has been speculated”°”* and disputed for some 
time, its existence was recently verified by the cloning of 
a G protein-coupled receptor in the rat that is activated 
by endogenous GHB.” This newly cloned receptor 
exhibits no binding affinity for GABA, baclofen, or 
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glutamate, which have no capacity to displace radioactive 
GHB from this binding site, but it does exhibit binding 
affinity for the GHB structural derivative y-pphenyl- 
hydroxybutyrate (see discussion of GHB analogs earlier 
under Structure and Structure-Activity Relationships) and 
the GHB f-oxidation derivative trans-4-hydroxycrotonic 
acid and its y-pchloro-phenyl and y-pnitro-phenyl sub- 
stitute derivatives. Interestingly, however, this receptor 
exhibited no binding affinity for the GHB receptor 
specific antagonist NCS 382. This observation, in com- 
bination with the study’s additional finding that three 
distinct bands were present on Northern blot analysis 
of total RNA extracted from several rat organs (including 
brain), suggests the existence of a family of GHB 
receptors in the brain with NCS 382-sensitive and 
—insensitive subtypes identified. 

GHB modulates several neurotransmitter systems. 
GHB appears to exert a dose-related effect on both the 
GABAergic and dopaminergic systems. The administra- 
tion of low-dose GHB inhibits GABA release in the 
thalamus, thereby implicating a role for GHB in producing 
absence seizures,!®! and decreases the extracellular 
GABA concentration in the frontal cortex.!°* However, 
higher doses of GHB have been shown to enhance GABA 
concentrations in the frontal cortex.!°? The accentuation 
of GABA neurotransmission produced by high-dose 
GHB might underlie the CNS-depressant effect of GHB 
in experimental animals and overdose patients (see later 
section on Exogenous GHB). GHB also exerts a prominent 
modulatory effect on dopamine neurotransmission. 
Acute administration of GHB inhibits dopamine release 
and results in the accumulation of dopamine in the 
presynaptic cells. This effect has been shown to be 
mediated by GHB inhibition of dopamine neuron firin 
in the substantia nigra and mesolimbic regions!°*'°° and 
the subsequent autoreceptor-mediated stimulation of 
tyrosine hydroxylase activity, resulting in increased 
presynaptic dopamine production.!?®107 The attenuation 
of dopamine neurotransmission following GHB adminis- 
tration may be the pharmacologic basis for the loss of 
locomotor activity in experimental animals and overdose 
patients. Interestingly, it also has been proposed that 
GHB can produce a biphasic effect on dopamine neuro- 
transmission that is dose and time dependent. While 
attenuated dopaminergic activity is the primary response 
after GHB administration, several investigators have 
demonstrated a second phase of GHB modulation that 
ensues after the initial decrement in dopamine release, 
when dopamine neurotransmission is enhanced in the 
striatum and corticolimbic structures.”!104108 Such a 
biphasic, secondary increase of dopaminergic neuro- 
transmission might represent the pharmacologic basis 
for its reported euphoric effect and the reward mech- 
anism responsible for its abuse potential. 

Other systems modulated by GHB include the 
serotonin system, cholinergic system, and opioid system. 
GHB modulates the serotonin system by increasing 
its turnover rate, without altering total brain serotonin 
levels, likely by elevating presynaptic tryptophan con- 
centrations./!!1!0 GBL, but not GHB itself, has been 
shown to increase total brain acetylcholine concen- 
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trations by decreasing firing of cholinergic neurons. 
Such an increase in brain acetylcholine might underlie 
the pharmacologic basis for the reported analeptic effect 
of GHB in narcolepsy. Despite having no binding affinity 
for opioid receptors, GHB has been reported to 
stimulate an increase in release of endogenous opioids 
in various brain regions.!°*''*1!!® Furthermore, despite 
naloxone having no affinity for the GHB receptor, the 
administration of the opioid antagonists naloxone and 
naltrexone can attenuate or reverse the electrophysio- 
logic and behavioral actions of GHB on dopamine neuron 
firing and catalepsy in experimental animals.!!7"1!8 

After its release from GHBergic presynaptic mem- 
branes, GHB activity is terminated by an active vesicular 
uptake system driven by the vesicular inhibitory amino 
acid transporter (the same transporter that mediates the 
vesicular uptake of GABA and glycine) or by an active 
cellular uptake from the synaptic cleft by means of a high 
affinity Na*-dependent transport protein specific for 
GHB and its analogs.%°!'%!*° Once within the cell, the 
degradation of endogenous GHB in the mammalian 
brain can occur via four pathways leading to (1) succinic 
acid (which enters the tricarboxylic acid cycle, and 
represents the most quantitatively significant degradative 
pathway), (2) GABA, (3) trans-4-hydroxycrotonic acid, or 
(4) 4,5-dihydroxyhexanoic acid (see Fig. 46-3). 


111-113 


Exogenous GHB 


Although accumulating evidence favors the role of 
endogenous GHB as a neuromodulator, because it is 
synthesized, stored, and released at particular synapses 
that express GHB-specific receptors, the study of the 
pharmacologic profile of exogenous GHB is still in its 
infancy, having only recently been impelled by the 
increasing problem of GHB abuse. Nevertheless, accu- 
mulating data suggest that the GABAg receptor is 
a major component of the neural substrate mediating 
the pharmacologic, behavioral, clinical, and toxicologic 
actions of exogenous GHB and its precursors, particularly 
when the brain GHB concentration exceeds its physiologic 
concentration by two to three orders of magnitude, satu- 
rating GHB-specific receptors and producing GABA, 
receptor-mediated brain perturbations.'*”? Thus, data 
accumulated since 2001 support the role of the GABA, 
receptor in mediating acute and chronic toxicity from 
GHB and its precursor 1,4-BD. Under conditions of 
excess exogenous administration or endogenous pro- 
duction (see Human Inborn Error of Metabolism, 4 
hydroxybutric aciduria/SSADH deficiency),'* it is 
theorized that GHB may act both directly as a partial 
GABAg receptor agonist and indirectly through a GHB- 
derived GABA pool. GHB itself is a weak GABAg: receptor 
agonist with an affinity in the mmol/L range, which far 
exceeds the | to 4 Umol/L physiologic concentrations of 
GHB in the brain.!47155156 Therefore, the supraphysio- 
logic concentration of GHB that could accumulate after 
its exogenous administration may exert its effects through 
a weak, direct agonistic effect on GABAg receptor- 
mediated mechanisms. Alternatively, GHB could act as 
an indirect agonist of the GABAg receptor by its biotrans- 

















GHB GABA, 


receptor receptor 


FIGURE 46-4 Schematic model of GHB receptor pharmacology. 
a, Physiologic concentrations of GHB in the human and 
mammalian brain (nanomolar to micromolar) activate the GHB 
receptor, which exists as NCS 382-sensitive and -insensitive 
subtypes. b, Supraphysiologic concentrations of GHB (high micro- 
molar to millimolar) might be metabolized to a concentration of 
GABA sufficient enough to activate the GABAg, receptor. c, 
Supraphysiologic concentrations of GHB may alternatively result 
in the direct binding of GHB itself to the GABAB receptor. (From 
Wong CGT, Gibson KM, Snead OC Ill: From the street to the brain: 
neurobiology of the recreational drug y-hydroxybutyric acid. 
Trends Pharmacol Sci 2004;25[1]:29-34.) 


formation to GABA.” This hypothesis is supported by 
the previous observation that inordinately high 
concentrations of GHB (high pmol/L to low mmol/L) 
are needed to produce enough GHB-derived GABA 
to induce displacement and induce GABA; receptors.!°/ 
In summary, it appears that the pharmacologic and 
toxicologic effects of supraphysiologic concentrations of 
GHB, either from exogenous administration (overdose) 
or endogenous production (inherited SSADH deficiency), 
are due to saturation of GHB receptors, direct and indirect 
activation of GABA; receptors, and/or a combination of 
these effects (Fig. 46-4). 


PHARMACOKINETICS 


Human pharmacokinetic data are available only for 
GHB and are summarized in Table 46-2,)5%!® but such 
data are lacking for its precursors and analogs, GBL, 1,4- 
BD, GVL, GHV, and THF. Following oral administration, 
GHB is rapidly absorbed from the gastrointestinal tract 
and reaches peak plasma concentrations within | hour 
of dosing. Due to a probable first-pass mechanism, GHB 
has a low oral bioavailability (less than 30%). GHB does 
not bind to plasma proteins, readily crosses the placenta 
and the blood-brain barrier, and has an apparent volume 
of distribution of 202 to 384 mL/kg. Orally administered 
GHB exhibits nonlinear elimination pharmacokinetics, 
with elimination from the human body being dose 
dependent. As the oral dose is increased, there is a 
disproportionate increase in systemic exposure, and the 
elimination half-life is increased. However, plasma GHB 
was nondetectable or only at negligible concentrations 
8 hours after oral administration of 9 g (2.5 times the 
coma-inducing dose). In general, only 1% to 7% of an 
oral GHB dose is renally eliminated as parent compound 
in human urine. Therefore, metabolism is the major 
elimination pathway for GHB. 


CHAPTER 46 GHB and Related Compounds 811 





Pharmacokinetic Parameters for GHB (Sodium Oxybate) in Healthy Volunteers after Oral Dosing 





GHB ADMINISTRATION 


STUDY Cie pee Ti AUG. CL/F VIF 
POPULATION N ROUTE DOSE DURATION (pg/mL) (hr) (hr) (mL/min-kg) (mL/min-kg) (mL/kg) 
12.5 mg/kg Single 23 0.42 0.45 15.1 14 NR 
Healthy 25 mg/kg Single 23 0.5 0.37 21.2 9 NR 
volunteers! 8 Oral 50 mg/kg Single 23 075 0.38 26.1 7 NR 
Healthy 
volunteers? 15 Oral 3g Single 83.8 0.50 0.74 136 4.3 260 
Healthy 
volunteers? 12 Oral 45g Single 146 0.50 0.76 302 3.1 190 
Healthy 
volunteers 
(male)? 18 Oral 45g Single 88.3 1.25 0.65 241 3.8 202 
Healthy 
volunteers 
(female)? 18 Oral 45g Single 83.0 1.14 0.61 233 4.2 218 
Healthy 
volunteers 
(fed)° 36 Oral 45g Single 60.1 2.00 0.68 188 6.2 384 
Healthy 
volunteers 
(fasted)° 36 Oral 45g Single 142 0.75 0.57 288 37 190 
Healthy 4.59 
volunteers? 12 Oral (2 x 2250) Single 64.6 0.50 0.57 178 57 248 
459 
(2x 2.25g) Single 60.1 0.64 0.59 138 6.6 325 
Healthy 9.0g 
volunteers? 12 Oral (2 x 4.5 g) Single 142 0.72 0.83 518 3.6 249 
Healthy 
volunteers 0.33- 
(fasted)® 8 Oral 25 mg/kg Single 39.4 0.75 0.5 NR NR NR 


AUC, area under the curve from time zero to time infinity; CL/F, plasma clearance divided by absolute bioavailability; Cmax peak plasma concentration; 
NR, not reported; T,,, elimination half-life; Tmax corresponding peak time; V,,F, volume of distribution divided by absolute bioavailability. 





Special Populations 


Human pharmacokinetic data for GHB in special patient 
populations with narcolepsy, alcoholism, and liver 
cirrhosis as well as those undergoing general surgery and 
cesarean section are summarized in Table 46-3.162-168 
There are no significant variations in the kinetics of 
GHB between males and females (see Table 46-2) !°° or 
between healthy human volunteers and narcoleptic 
patients!®*163 and alcohol-dependent patients'® (see 
Tables 46-2 and 46-3). However, compared with healthy 
adult volunteers, the mean oral clearance and elimi- 
nation half-life were markedly reduced and significantly 
prolonged, respectively, in patients with biopsy-proven 
liver cirrhosis!™ (see Tables 46-2 and 46-3). 


Pharmacologic Agents 
ANESTHESIA 


GHB found its first clinical application as an anesthetic 
agent in the early 1960s. Several clinical studies in 
the 1960s, involving a total of 376 patients, confirmed 
the potential of GHB to serve as an adjuvant to 
anesthesia.!®:!”9 However, those same studies also docu- 
mented several adverse reactions to GHB anesthesia, 
including the occurrence of gross muscular movements 
when rapidly administered, as well as inadequate 


analgesia (abrupt rise in systolic and diastolic pressure 
during surgical incision), emergence delirium, and 
bradycardia. Although GHB continues to be used and 
investigated as an anesthetic adjuvant abroad,!7!"? it has 
never gained widespread acceptance in the United States 
for this clinical application. At present, GHB use as an 
anesthetic agent is limited to France, as well as Germany 
and Austria.!“4 


NARCOLEPSY 

The clinical development of GHB in the United States 
began in 1994, when the National Organization of Rare 
Disorders and the FDA Orphan Products Development 
Division encouraged the development of GHB as a 
treatment for narcolepsy based on the promising results 
of several preliminary clinical studies.!'!” After the 
safety and efficacy of GHB as a narcolepsy treatment 
were established by two randomized, double-blind, 
placebo-controlled_ studies,'®°'®’ the FDA approved 
GHB (sodium oxybate, Xyrem [Jazz Pharmaceuticals, 
Palo Alto, CA]) as a treatment for narcolepsy-related 
cataplexy on July 17, 2002. 


ALCOHOL DEPENDENCE AND WITHDRAWAL 

GHB has been widely used in Italy to treat alcohol 
dependence and withdrawal since 1988.'** The use of 
a GHB pharmaceutical for this clinical indication was 
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Pharmacokinetic Parameters for GHB (Sodium Oxybate) in Select Patient Populations after Oral or 


Intravenous Administration 





GHB ADMINISTRATION 


STUDY Ge Tee ie AUG,,4 CL/F V,/F 
POPULATION N ROUTE DOSE DURATION (pg/mL) (hr) (hr) (mL/min-kg) (mL/min-kg) (mL/kg) 
Narcoleptic 45g Single 90.0 0.75 0.67 226 4.0 226 
patients? 13 Oral 45g 8 weeks 104 0.50 0.67 254 3.5 197 
Narcoleptic 6g 
patients!’ 6 Oral (2x39) Single 91.2 0.59 0.88 295 4.2 307 
Liver disease 
(child's class 25 mg/kg 
A patients)'' 8 Oral (1.75 g) Single 68 0.75 0.53 85 4.5 198 
Liver disease 
(child's class 25 mg/kg 
C patients)! 8 Oral (1.75 g) Single 47 0.75 0.93 94.1 4.1 285 
Alcoholic- 25 mg/kg 
dependent (1.75 9) Single 54 0.5 0.45 52 9.6 NR 
patients! 10 Oral 25 mg/kg 
(1.75 g) 13 doses 55 0.5 0.43 52 9.2 NR 
50 mg/kg 
(3.5 g) Single 45 0.75 0.58 90.3 5.3 NR 
Surgical 50 mg/kg 
patients’? 3 IV (3.5 g) Single NR NR ~0.5 ND ND ND 
Surgical 30-100 mg/kg Single 
patients or bolus bolus and 
sedation! 6 IV (2.1-7 9) infusion NR NR ~0.67 ND ND ND 
Cesarian 
section 26.7-50 mg/kg Single 
patients!” 14 IV (1.9-3.5 g) infusion NR NR ND ND ND ND 


AUC, area under the curve from time zero to time infinity; CL/F, plasma clearance divided by absolute bioavailability; Cmax peak plasma concentration; 
ND, not determined; NR, not reported; T,,, elimination half-life; T,,,,, corresponding peak time; V,/F, volume of distribution divided by absolute 


bioavailability. 





based on two randomized, double-blind, placebo- 
controlled clinical trials conducted by Gallimberti and 
colleagues. In the first trial, 23 patients who met the 
Diagnostic and Statistical Manual of Mental Disorders (DSM- 
IIR) criteria for alcohol withdrawal syndrome were 
recruited for treatment with GHB 50 mg/kg/day (n = 
11) or placebo (n = 12).'®° GHB treatment resulted in a 
significant decrease in the Alcohol Withdrawal Score.'® 
This was followed by a second randomized, double-blind 
clinical trial with 71 alcoholic patients who were 
randomized to receive GHB 50 mg/kg/day (n = 36) or 
placebo (n = 35). After the study period and a 3-month 
follow-up period, GHB-treated patients significantly 
increased their days of abstinence and reduced the 
number of drinks they consumed daily. Furthermore, 
GHB-treated patients reported a significant reduction in 
Alcohol Craving Scale scores.'*° Similar results were also 
reported by fellow Italian investigators in clinical 
studies.!87188 As a result of these clinical trials, GHB is 
widely used in Italy today to treat alcohol dependence 
at the dosage of 50 mg/kg/day in three or more divided 
doses. 184 


EXPERIMENTAL THERAPIES 

Presently, GHB is undergoing clinical and preclinical 
investigations for diverse indications. Although GHB 
received FDA approval for treating narcolepsy-related 
cataplexy, it failed to receive approval for treatment of 


excessive daytime sleepiness. Therefore, GHB is presently 
undergoing clinical reevaluation for this narcolepsy 
indication. Pilot studies have shown promising results, 
since the nocturnal administration of sodium oxybate 
in narcoleptic patients recently produced significant 
improvements in sleep architecture, which coincided 
with significant improvements in daytime functioning. !°9 
GHB is also presently being evaluated as a treatment 
for fibromyalgia, with several recent clinical studies 
reporting GHB capable of effectively reducing the 
symptoms of pain, fatigue, and sleep abnormalities 
characteristic of this disorder. °®!91 Preclinically, interesting 
and compelling data recently have been generated to 
demonstrate the potential use of GHB as a neuropro- 
tective agent in stroke'%*! and traumatic brain!’ and 
spinal cord injury,'®’ as well as an angiogenesis inhibitor 
in tumors.!9°.199 


DRUG INTERACTIONS 

The potential for drug interactions by an inhibitory effect 
of GHB on human hepatic microsomal cytochrome P-450 
(CYP) isozymes has been assessed in vitro with pooled 
human liver microsomal fractions. In these studies, the 
activities of CYPI1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1, 
and CYP3A were not inhibited by GHB at concentrations 
of 3 to 300 Umol/L. Therefore, metabolic interactions of 
GHB with drugs metabolized through these pathways are 
not anticipated.“ 


TOXICOLOGY 


Clinical Manifestations 


Toxicity from GHB and its analogs have occurred in the 
settings of acute overdose/poisoning, withdrawal after 
abrupt cessation from chronic misuse, and human inborn 
error of SSADH expression. 


ACUTE OVERDOSE 

Clinical experience accumulated during the past 15 
years with acute toxicity from GHB overdose has resulted 
in a fairly homogeneous and easily recognized pattern 
of symptoms and signs. The hallmark of this “GHB 
toxidrome” is CNS and respiratory depression of 
relatively short duration.”®782442 There is a dose- 
response relationship such that the level of CNS and 
respiratory depression progressively worsens with 
increasing doses, with doses of greater than 50 mg/kg 
leading to coma, apnea, and death. ‘These dose-response 
relationships are summarized in Table 46-4. Respiratory 
depression is particularly prominent in the published 
cases of pediatric GHB/GBL poisonings. Among the 
seven published case reports of pediatric GHB/GBL 
poisonings, apnea occurred in six patients.*!°*?°! Other 
adverse clinical effects from acute GHB overdose are 
summarized by systems in Box 46-1. The occurrence of 
generalized clonic seizures is controversial because they 
have been inconsistently reported in acute GHB, GBL, 
and 1,4-BD overdoses. It is possible that such motor 


In Vivo and In Vitro Dose-Response Effects 


of GHB 


DOSE OR CONCENTRATION 
OF GHB 





CLINICAL OR PHYSIOLOGIC 
EFFECT 


Oral Dose (Humans) 


10 mg/kg Short-term amnesia 
20-30 mg/kg Sleep and drowsiness 
50-60 mg/kg Coma, cardiorespiratory 


depression, seizures 


Systemic Dose (Rodents) 


10-50 mg/kg 
75-200 mg/kg 


Memory impairment 

Absence seizures, EEG spike- 
and-wave discharges 

200-300 mg/kg Stupor, EEG slowing 

>300 mg/kg Coma, EEG burst suppression 

1.7 g/kg LDs 


In Vitro Concentration 


Nanomolar to low micromolar Activation of GHB receptor 

Low micromolar Alter GABA and glutamate 
release 

Activation of GABA(B) 
receptor, possible conversion 
to physiologically active 
concentrations of GABA 


Millimolar 


EEG, electroencephalographic; GABA, y-aminobutyric acid. 

Adapted from Wong CGT, Gibson KM, Snead OC III: From the street to 
the brain: neurobiology of the recreational drug y-hydroxybutyric acid. 
Trends Pharmacol Sci 2004;25(1):29-34. 
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activity may actually represent myoclonic movements 
mistaken for seizure activity. Such myoclonic activity has 
been clearly documented during anesthesia induction 
with GHB and occurs without epileptiform EEG 
patterns. It is further possible that such seizures may be 
attributable to hypoxia, co-ingestion with a stimulant 
drug, or withdrawal. Nevertheless, GHB has been clearly 
established to produce absence seizures in laboratory 
animals so that seizures may be a plausible adverse effect 
from acute GHB overdose. Deaths from GHB ingestion 





BOX 46-1 





Central Nervous System 


Euphoria 

Hallucinations 

Headache 

Ataxia 

Confusion 

Amnesia 

Hypotonia 

Somnolence 
Unconsciousness 

Coma 
Agitation/combativeness 
Delirium 
Seizure/myoclonic jerking 


Respiratory 


Respiratory depression 
Apnea 
Cheyne-Stokes respirations 


Cardiovascular 


Bradycardia 

Hypotension 

Right bundle branch block (pediatric) 
ST-segment elevation (pediatric) 
P-wave inversion (pediatric) 

U waves (adult) 


Gastrointestinal 


Excessive salivation 
Vomiting 


Metabolic 


Metabolic acidosis 
Respiratory acidosis 


Other 

Miosis 

Hypothermia 

Diaphoresis 

Urinary incontinence 

Acute psychosis 

Withdrawal syndrome 
Wernickle-Korsakoff syndrome 


From Shannon M, Quang LS: Gamma-hydroxybutyrate, gamma- 
butyrolactone, and 1,4-butanediol: a case report and review of the literature. 
Pediatr Emerg Care 2000;16(6):435—440. 
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have occurred, with the majority of these incidents 
involving polysubstance ingestion with either alcohol 
or a narcotic. Co-ingestion of 1,4-BD with alcohol is 
particularly dangerous because both substances are 
competitive substrates for the metabolizing enzyme 
ADH. Because ADH has a greater substrate affinity for 
alcohol than 1,4BD, the adverse effects from ADH- 
mediated biotransformation of 1,4-BD to GHB will be 
delayed in this co-ingestion.*? When co-ingested with 
GHB or GBL, alcohol has been shown to produce 
additive or potentiated toxicity as well. Lastly, given the 
proscriptive status of GHB and its analogs, improperly 
performed “kitchen synthesis” of GHB has resulted in 
caustic oral burns and subsequent esophageal strictures 
when the neutralization process for potassium hydroxide 
(a key ingredient for home synthesis of GHB from GBL) 
was inadequately performed.*” 


WITHDRAWAL SYNDROME 

The GHB withdrawal syndrome, which occurs after the 
abrupt cessation of chronic, high-dose abuse, is a rapidly 
emerging clinical disorder.**7°°*%° As of this writing, 
there are 87 published case reports of GHB withdrawal 
in the clinical literature. Eight of these cases predated 
2000,7°% 2"! with the first case report published in 1994.?°° 
The remaining 79 case reports of GHB withdrawal were 
published after 2000, which represents nearly a 10-fold 
increase in incidence during the past 5 years.4*%11233 The 
clinical experience derived from the sum of case reports 
has begun to yield a preliminary characterization of the 
GHB withdrawal state. Most of the patients experiencing 
the GHB withdrawal state have been males, with a mean 
age in the early thirties. Among these 87 case reports of 
withdrawal, GHB, GBL, and 1,4-BD were responsible for 
72 (82.8%), 11 (12.6%), and 4 (4.6%) cases, respectively. 
While most individuals did not know their exact daily 
dose, they were estimated to be about 48 g and 27 g for 
GHB and GBL, respectively, with an average daily dosing 
interval of 4 to 5 hours. The mean duration of misuse was 
just over | year. The onset of withdrawal symptoms 
occurred within a mean of 46 hours after the last dose 
of GHB, and the mean duration of the withdrawal 
syndrome was 9 days. The clinical features of the GHB 
withdrawal syndrome were similar to ethanol withdrawal 
and included, in the relative order of frequency of occur- 
rence, tremor, tachycardia, anxiety, restlessness, halluci- 
nations (primarily visual and auditory), delirium, insom- 
nia, delusions, paranoia, diaphoresis, hypertension, 
nausea or vomiting, and psychosis. Two seizures have 
been reported in GHB withdrawal, one of which was 
associated with death.?7%-7% 


HUMAN INBORN ERROR OF METABOLISM 
(4-HYDROXYBUTYRIC ACIDURIA/SUCCINIC 
SEMIALDEHYDE DEHYDROGENASE DEFICIENCY) 
Although acute poisoning from illicit GHB use has been 
seen by clinicians only in the past 15 years, chronic GHB 
poisoning from an inherited defect of GABA metabolism 
has been recognized by molecular biologists and 
geneticists for nearly 25 years. In 1981, Jakobs and 


colleagues were the first to describe a 20-month-old boy 
of related Turkish parents with developmental delay 
(absent speech), motor retardation, hypotonia, and 
ataxia, in association with elevated concentrations of 
GHB in urine, serum, and cerebrospinal fluid.'°? Based 
on the well-defined metabolic pathway of GABA, Jakobs 
and colleagues postulated that an enzyme defect of 
SSADH was responsible. Subsequent investigators 
verified this theory by demonstrating that the conversion 
of radiolabeled SSA to CO, (via the tricarboxylic acid 
[TCA] cycle) in intact cultured lymphoblasts of patients 
was only 2.4% to 6.2% of control values.*****° In patients 
with 4-hydroxybutyric aciduria, SSADH residual activity 
in these cells was significantly reduced or absent 
compared with controls.*°°?* Parental and sibling white 
blood cell extracts demonstrated a “gene-dose effect,” 
with reduction of SSADH activity to approximately 50% 
of controls. These patterns of patient and parent SSADH 
activity were consistent with an autosomal-recessive 
mode of inheritance. As a result of this error of GABA 
catabolism, Gibson and colleagues reported urine GHB 
concentrations of 130 to 7600 mmol/mol creatinine 
(normal less than 2), plasma GHB concentrations of 98 
to 1500 Umol/L (normal less than 3), and cerebrospinal 
fluid GHB concentrations of 263 to 830 Umol/L (normal 
less than 3) in their large case series. Presently, more 
than 350 patients have been diagnosed with 4-hydroxy- 
butyric aciduria or SSADH deficiency.2* Recently, Trettel 
and colleagues mapped the gene encoding for SSADH to 
chromosome 6p22.**° Shortly thereafter, Chambliss and 
colleagues identified two exon-skipping point mutations 
in the SSADH genes of four patients. These genetic 
defects alter highly conserved sequences at intron/exon 
boundaries, preventing the RNA splicing apparatus from 
recognizing the normal splice junction. These RNA 
splicing errors consequently result in SSADH deficiency.7”” 
Clinical diagnosis can be rather challenging due to some 
variability of the phenotypic expression of this disease, 
but in general, clinical findings in patients include 
psychomotor retardation, absent/delayed speech, mental 
delay, hypotonia, ataxia, hyporeflexia, seizures/EEG 
abnormalities, oculomotor apraxia, hyperkinesis, choreoa- 
thetosis, aggressive behavior, and somnolence.***.?9 


DIAGNOSIS 


Laboratory Testing 
GENERAL CONSIDERATIONS 


GHB poisoning is generally diagnosed based on clinical 
history and presentation and confirmed by laboratory 
testing. Laboratory testing for GHB and its analogs is 
confounded by several limiting considerations. First, 
there is a relatively small window of opportunity to recover 
GHB from biologic fluids. Following oral administration 
of GHB at toxic doses (12.5 to 50 mg/kg), GHB is almost 
completely eliminated from blood and urine within 2 to 
8 and 8 to 12 hours of administration, respectively.°31°7 
Second, immunoassay urine drug screens generally 


employed by hospitals do not detect GHB and its analogs. 
Third, while numerous qualitative and quantitative 
analytical methods have been developed to detect GHB 
in recent years, they are not routinely available at most 
hospitals. Fourth, even when theses analytical methods 
are available to the clinician, they are presently incapable 
of distinguishing between GHB and its numerous 
analogs. Fifth, even if a laboratory test is available to 
confirm and/or quantify the presence of GHB or its 
analogs, this information is unlikely to alter management 
or disposition of the GHB-intoxicated patient. Lastly, 
accurate interpretation of quantitative GHB analysis 
must also take into consideration complex confounding 
factors such as specimen collection and storage, 
spontaneous GHB and GBL chemical interconversion, 
and endogenous GHB production. 


SPECIMEN COLLECTION AND STORAGE 

GHB concentrations from collected biologic fluids can 
be spuriously elevated if improperly collected and 
stored. Whole blood specimens undergoing laboratory 
analysis for GHB should be collected and stored in 
purple-top anticoagulant ethylenediaminetetraacetic 
acid (EDTA) tubes, avoiding yellow-top anticoagulant- 
citrate buffer tubes, which artificially generate GHB.”°” 
Cold storage and use of sodium fluoride or sodium azide 
preservatives in urine specimens have been shown to 
minimize spurious GHB concentrations.”°!?°" 


Spontaneous Chemical Interconversion 


The proper identification of GHB versus one of its many 
analogs, especially GBL, is also complicated by a 
spontaneous chemical interconversion of GHB and GBL 
that can occur in aqueous solutions. Generally, this 
GHB-GBL interconversion is pH dependent, with GHB 
exhibiting greater stability than GBL in a variety of 
aqueous solutions. In aqueous solution with water, 
spontaneous interconversion of GBL to GHB occurs at a 
ratio of 2:1 within 202 days in pure water, within 9 days in 
acidic solution (pH 2.0), and within 15 minutes in 
alkaline solution (pH 12.0). Conversely, spontaneous 
interconversion of GHB to GBL occurred at a ratio of 
1:2 only in acidic solution (pH 2.0) and did not occur at 
all in pure water or in alkaline solution (pH 12.0).?° 
Thus, aqueous solutions of alkaline pH 7.0 favor the 
spontaneous hydrolysis of GBL to GHB and true equi- 
librium between GHB and GBL occurring at approxi- 
mately pH 2.0. 


ENDOGENOUS GHB PRODUCTION 

In clinical cases that have forensic implications (deter- 
mination of cause of death) or medicolegal allegations 
(GHB use for chemical submission/date rape), the 
endogenous production of GHB must be carefully 
considered and an analytical chemist/toxicologist 
consulted. Endogenous production of GHB can occur 
spontaneously in postmortem biologic specimens and is 
dependent on both preservative use and storage 
temperature.”* Little to no endogenous production of 
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GHB will occur in postmortem blood preserved with 
sodium fluoride 10 mg/mL and stored at either room 
temperature or refrigeration at 4° C. Conversely, 50% 
higher endogenous GHB formation can occur when 
postmortem blood was not preserved but stored under 
refrigeration. Furthermore, when stored at room tem- 
perature, endogenous GHB production nearly doubled 
the value of those unpreserved specimens stored under 
refrigeration. Therefore, both preservative use and 
refrigeration of blood specimens will reduce the con- 
founding influence of endogenous GHB production. 
While virtually all studies do not show elevation of 
endogenous GHB in postmortem urine, one investigator 
has reported elevations of endogenous GHB in both 
postmortem blood and urine specimens.””? 

In clinical cases when there is a medicolegal allegation 
of sexual assault facilitated by surreptitious placement of 
GHB into a beverage, it is important to consider that 
GBL has been discovered to be a natural constituent of a 
variety of wines. GBL has been detected in extracts from 
samples of unadulterated red and white wines at 
concentrations of 5 ug/mL and was easily quantified 
using a simple chloroform extraction technique followed 
by gas chromatography/mass spectrometry (GC/MS) 
analysis.”°° It was additionally demonstrated that grape 
juice did not contain GBL, suggesting that GBL may be a 
natural by-product of the wine fermentation process. 
The observation that many varieties of wine may contain 
GBL reinforces the need to run proper controls in the 
forensic analysis of GBL. Hence, during the analysis of 
allegedly adulterated wine samples, it is important to 
conduct appropriate comparative quantitative analyses 
to assess accurately whether the amount of GBL present 
is at a naturally occurring or elevated level before 
rendering a decision that the material has been tainted. 


QUALITATIVE SCREENING METHODS AND 
QUANTITATIVE CONFIRMATION METHODS 

The dramatic surge in GHB abuse during the 1990s led 
to rapid advances in the laboratory detection of GHB, 
which can be useful to the clinician despite the myriad 
complexities associated with accurate GHB laboratory 
analysis and interpretation. Presently, at least two rapid 
colorimetric assays have been commercially developed 
for rapid screening of the presence of GHB.”°77°8 Both 
rely on the chemical conversion of GHB to GBL and are 
reported to be capable of producing qualitative results 
with 0.25 to 1.0 mL of urine within 5 to 10 minutes and 
with a sensitivity of 0.1 to 0.5 mg/mL. Such qualitative 
screening methods require confirmation by quantitative 
methods, which are the most sensitive and reliable 
methods. 

Typically, this quantitative confirmation analysis is 
performed commercially using a GC/MS technique, for 
which over two dozen methods have been developed for 
analysis of GHB.“ A GC/MS technique was recently 
used in a clinical study examining the correlation of 
serum and urine GHB concentrations in 16 patients with 
a clinical suspicion of GHB-like drug overdose and a 
Glasgow Coma Scale (GCS) score of 8 or lower.*° All 16 
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suspected severe GHB overdose patients had significant 
serum and urine GHB concentrations, which ranged 
from 45 to 295 mg/L (median 180 mg/L) and 432 to 
2407 mg/L (median 1263 mg/L), respectively. Patients 
who developed a GCS score of 3 had serum concentrations 
that ranged from 72 to 300 mg/L (median 193 mg/L). 
Although these GC/MS serum GHB concentrations 
correlated well with the occurrence of GHB toxicity, they 
did not correlate with the degree of coma or the time to 
awakening. Lastly, routine urine organic acid analysis 
may also accurately detect GHB in the overdose setting 
when available at a hospital.?°! 


Other Diagnostic Testing 


Additional diagnostic laboratory testing should be 
performed as clinically indicated, particularly when the 
clinician is confronted with a conflicting or complicated 
clinical picture due to polysubstance ingestion. Because 
GHB is commonly ingested with ethanol, which exac- 
erbates and/or prolongs the clinical toxicity of GHB, a 
serum ethanol concentration should be checked in all 
patients with suspected GHB poisoning. Also, MDMA 
is a relatively common co-ingestant, which is detectable 
in routine immunoassay urine drug screens. A 12-lead 
electrocardiogram is indicated, because GHB may 
produce cardiac effects (see Table 46-4), but primarily 
to rule out co-ingestion or intoxication with another 
potential cardiotoxic agents. A chest x-ray is indicated if 
there is clinical evidence of aspiration, which the severely 
GHB-intoxicated patient is at risk for, and which can 
increase the risk for morbidity and mortality. In cases of 
prolonged unconsciousness, a serum creatine phospho- 
kinase and basic metabolic panel should be obtained 
and renal function monitored due to the risk for devel- 
opment of rhabdomyolysis. Other adjunct diagnostic 
studies for the comatose patient, such as a head computed 
tomography scan and lumbar puncture, may be deferred 
if there is a strong clinical index of suspicion for GHB 
poisoning. 


Differential Diagnosis 


The differential diagnosis for diminished mental status/ 
coma and respiratory depression, the hallmarks of GHB 
poisoning, is exhaustive and includes trauma, medical 
conditions (such as CNS infection or masses, stroke, 
and hypoglycemia), and other medication overdoses 
(such as benzodiazepines, barbiturates, opioids, central 
Q»-adrenergic agonists, anticonvulsants, and ethanol or 
toxic alcohols). However, while no true pathognomonic 
sign exists for GHB poisoning, the occurrence of 
extreme combativeness or agitation during noxious 
stimuli (such as an attempt on oroendotracheal 
intubation), followed by relapse into coma, may aid the 
clinician in differentiating this overdose from other 
sedative-hypnotic agents. Often, there is a history of GHB 
ingestion offered by friends, bystanders, or emergency 
services personnel at the scene, or the patient may be 
found in possession with containers or products whose 
label verifies the ingestion of GHB or one of its analogs. 


MANAGEMENT 


Supportive Measures 


The medical management of symptomatic acute over- 
doses with GHB and its analogs, as well as their with- 
drawal syndrome, generally only requires vigilant 
monitoring and anticipatory supportive care. With sup- 
portive measures, 54% of patients were treated and 
released in the majority of episodes involving GHB 
according to 2002 ED trends reported by DAWN.*® 
Recovery with supportive care is often spontaneous 
and abrupt, since patients have regained consciousness 
within 1 to 6 hours and without adverse sequelae. At 
present, there are less data and experience available for 
the management of the GHB withdrawal syndrome. 


ACUTE OVERDOSE 

Box 46-2 summarizes the medical management 
principles for the patient with symptomatic acute 
overdose with GHB and its analogs. Airway assessment 
and support is the first priority. A patent airway should 
be ensured, initially with proper positioning, suctioning 
of oral secretions, and placement of a temporizing 
oropharyngeal or nasopharyngeal airway if needed, and 
supplemental O, delivered. Bag-valve mask ventilation 
followed by endotracheal intubation and mechanical 
ventilation will be required for patients with loss of 
airway protective reflexes (coma or severe obtundation), 
respiratory distress (aspiration pneumonitis), or apnea. 
When invasive airway management is required, rapid 
sequence intubation protocols should be applied in 
order to facilitate a prompt intubation and minimize the 
occurrence of complications. Intravenous access should 
be secured and a crystalloid solution administered if 
hypotensive. Atropine and benzodiazepines are clinically 
indicated if bradycardia and seizures occur, respectively. 
As with any patient presenting with coma, dextrose, 


BOX 46-2 


Airway support 
Suction airway 
Supplemental oxygen 
Endotracheal intubation 
Mechanical ventilation 
Activated charcoal 
Intravenous access 
Cardiorespiratory monitoring 
Atropine for symptomatic bradycardia 
Benzodiazepines for seizures 
Discharge if clinically stable after 6 hours of observation 
Admit if initially presented comatose or if clinically intoxicated after 
6 hours of observation 


From Shannon M, Quang LS: Gamma-hydroxybutyrate, gamma- 
butyrolactone, and 1,4-butanediol: a case report and review of the literature. 
Pediatr Emerg Care 2000;16(6):435—440. 





naloxone, and thiamine may be administered as clinically 
warranted. 


WITHDRAWAL SYNDROME 

Because the withdrawal syndrome from GHB and its 
analogs has been reported to be clinically similar to the 
ethanol withdrawal syndrome, it is managed in much the 
same manner. In general, high doses of benzodiazepines 
are used to manage the common withdrawal symptoms 
of dysautonomia (tachycardia, hypertension), anxiety, 
agitation, hallucinations, and pyschosis. ‘The limited clinical 
literature on the GHB withdrawal syndrome also reports 
cases that are refractory to high-dose benzodiazepines. 
In such case reports, benzodiazepines have been aug- 
mented with and/or substituted by barbiturates (pento- 
barbital or phenobarbital), anticonvulsants (valproic acid, 
carbamazepine, gabapentin), chloral hydrate, baclofen, 
clonidine, B-blockers (propanolol or labetolol), propofol, 
bromocriptine, trazadone, or antipsychotics.*°** At 
present, no GHB withdrawal treatment regimen has 
undergone rigorous prospective clinical study. 


Decontamination 


Induced emesis with syrup of ipecac is contraindicated 
due to the high likelihood for rapid onset of CNS depres- 
sion. Although there are no studies demonstrating 
adsorption of GHB or its analogs to oral activated charcoal 
(AC), gastrointestinal decontamination with single-dose 
oral AC may be beneficial if it can be administered in a 
timely manner. Given the rapid absorption of liquid 
preparations of GHB and its analogs, decontamination 
with AC should be initiated within 30 minutes of most 
ingestions or within 60 minutes of a polydrug ingestion. 
Accurate assessment for airway integrity and provision of 
an invasive airway, if clinically indicated, should precede 
the administration of oral AC. 


Laboratory Monitoring 


Continuous cardiorespiratory, pulse oximetry, and blood 
pressure monitoring are required for the patient with a 
symptomatic acute overdose or the withdrawal syndrome 
from GHB and its analogs. 


Antidotes 


Two pharmacologic antidotes, physostigmine and 4- 
methylpyrazole (4-MP, fomepizole), have been reported 
to reverse the clinical effects of acute GHB and 1,4-BD 
overdose, respectively. At present, the administration of 
these antidotal agents has not been validated with 
rigorous prospective clinical trials. 


PHYSOSTIGMINE 

There are several case reports of the successful 
administration of physostigmine, a carbamate inhibitor 
of acetylcholinesterase, to reverse GHB-induced sedation 
in the ED setting. Caldicott and Kuhn reported the 
reversal of GHB intoxication with physostigmine.* Their 
notion that GHB may be reversed with physostigmine 
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was based on two studies where “GHB reversal” was 
produced in surgical patients receiving GHB as an 
anesthestic adjuvant. 6264 In the two anesthesia case series 
and in the Caldicott and Kuhn case series, it is likely that 
investigators may have confused physostigmine “reversal” 
with the clinical course of GHB, since physotigimine was 
administered to patients at a time when GHB clinical 
effects can be expected to wane. Furthermore, pharma- 
cologic studies have found no relationship between GHB 
and acetylcholine-mediated neurotransmission in the 
CNS.” Therefore, at present, there is a lack of sufficient 
data to recommend empirical administration of physostig- 
mine as an antidote in the setting of symptomatic acute 
overdose with GHB or its analogs. 


4-METHYLPYRAZOLE 

4-Methylpyrazole (4-MP) is a pharmacologically plausible 
antidotal agent for 1,4BD overdose. A potent com- 
petitive antagonist for ADH, 4-MP would be expected to 
block the biotransformation of 1,4-BD to GHB, and 
there are many in vitro and in vivo experimental data to 
support the use of 4MP to block 1,4-BD toxicity.?®6271 
Furthermore, there is a case report of the successful 
administration of 4-MP to treat 1,4-BD poisoning.?” 
Following a 30-mL ingestion of a homemade 1,4-BD 
solution, a 43-year-old man developed generalized 
seizures and coma. This patient awoke shortly after the 
administration of the initial 4MP dose of intravenous 
10 mg/kg. However, initial GC/MS plasma 1,4-BD and 
GHB concentrations were 24 and 222 mg/L, respectively. 
These analytical data are inconsistent with the proposed 
pharmacologic antidotal mechanism of 4-MP, which 
is to block 1,4-BD biotransformation to the toxic com- 
pound GHB. Although basic investigations support the 
use of 4-MP in the setting of early 1,4-BD acute 
overdose,!5027%274 the empirical administration of 4-MP 
as an antidote cannot be recommended until more 
rigorous clinically derived data are available. 


Elimination 


Given the known pharmacokinetic profile of GHB, it is 
unlikely that gastric lavage, whole bowel irrigation, or 
other extracorporeal methods of enhanced elimination 
will be useful in the management of acute overdoses with 
GHB or its analogs. 


Disposition 


Box 46-2 summarizes the disposition of a patient with an 
acute overdose of GHB or its analogs. Patients should be 
observed in the ED for 6 hours and may be discharged 
if they remain asymptomatic. If a patient arrives at the 
ED with a clinical presentation consistent with an acute 
overdose of GHB or its analogs, or develops these 
symptoms during ED observation, inpatient admission is 
indicated. Disposition of a patient with a GHB polydrug 
ingestion, particularly when a narcotic or ethanol is 
involved, requires caution because most GHB-related 
deaths have been associated with these co-ingestions. In 
the case of ethanol, animal studies and clinical case 
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reports have documented potentiated toxicity, pro- 
longed toxicity, and in the case of 1,4-BD, delayed GHB 
toxicity. 
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4 / Acetaminophen 


STEVEN D. SALHANICK, MD m MICHAEL W. SHANNON, MD, MPH 


At a Glance... 


m Acetaminophen toxicity is a frequent cause of hepatic toxicity 


and should be considered in the differential diagnosis of any 
patient presenting with acute hepatic failure. 

m Toxicity is resultant of the metabolism of the drug in overdose. 

m Onset of hepatic toxicity is delayed 12 to 36 hours after acute 
overdose. 

m Therapy after acute overdose is based on the level of drug if this 
can be measured 4 to 24 hours after overdose, according to the 
Rumack-Mathews nomogram. 

m Subacute and late-presenting cases cannot be managed 
according to the nomogram. 

m Acute overdose that is thought to put the patient at high risk for 
developing hepatic toxicity is treated with N-acetylcysteine 
administered as a loading dose of 140 mg/kg followed by 17 
maintenance doses at 70 mg/kg. Shorter courses of therapy are 
routine in Europe, Canada, Australia, and elsewhere, and have 
been administered in the United States as well. 

m The efficacy of N-acetylcysteine therapy declines beginning 
8 hours after acute overdose; therefore, therapy should be 
started within 8 hours of overdose. 

m Patients with acute ingestion and nontoxic levels do not require 
therapy. Short courses of therapy in other cases may be required 
if potential toxicity is unclear. 


Acetaminophen (paracetamol, APAP) is a widely used 
analgesic and antipyretic agent. Use of APAP as an anti- 
pyretic was first reported by von Mehring in 1893, in fact 
preceding the medicinal use of salicylates.! Despite its 
effectiveness, an undesirable side effect profile led to 
discouragement of its use. It is likely that an impure 
preparation was used, accounting for the adverse 
effects.2 Related compounds including acetanilide 
(marketed as Antifebrin) were in use since the late 
1880s. APAP was subsequently abandoned until the late 


1940s, when Brodie and Axelrod published their data 
indicating that APAP was in fact a metabolite of 
acetanilide and was responsible for the analgesic and 
antipyretic effects.* Subsequent to these investigations, 
APAP was substituted for phenacetin in the combination 
product Trigesic in 1950. Trigesic was withdrawn from 
the market in 1951 after reports of agranulocytosis 
associated with its use. APAP was never clearly implicated 
as causal. APAP use was essentially abandoned in the 
United States until the advent of Tylenol in 1955. 
However, aspirin was more widely prescribed until the 
early 1970s.2 APAP, marketed as Panadol in the United 
Kingdom in 1956, increased in popularity throughout 
the 1960s and 1970s in a fashion parallel to that in the 
United States.” 

Currently, APAP poisoning represents the most 
frequent poisoning reported to U.S. poison centers, is 
the cause of the majority of poisoning deaths reported 
to U.S. poison centers, and is the most frequent cause of 
acute hepatic failure in the United States.” 


PHARMACOLOGY 


Despite its widespread use, APAP’s mechanism of action 
remains elusive. Cyclooxygenase inhibition has been 
long postulated, but APAP has been shown to be a poor 
inhibitor of COX-1 and COX-2, the two well-described 
cyclooxygenases involved in the early inflammatory re- 
sponse. Furthermore, unlike nonsteroidal anti-inflam- 
matory drugs, APAP has not shown antiplatelet activity.°° 
Chandrasekharan and colleagues recently demonstrated 
the presence of a COX-3 enzyme that is inhibited by 
APAP. The COX-3 enzyme is primarily expressed in the 
central nervous system, implying a central location of 
action for APAP. COX-3 inhibition by APAP is weak, 
however; therefore, that COX-3 inhibition does not fully 
explain the analgesic and antipyretic actions of APAP.’ 
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PHARMACOKINETICS 


APAP in therapeutic doses is rapidly and nearly com- 
pletely absorbed. Absorption occurs primarily in the 
small bowel with the rate of absorption consequently 
dependent on the rate of gastric emptying. APAP 
is distributed throughout the body, having a volume of 
distribution of 0.95 L/kg. Half-life is approximately 
1.5 to 2 hours.’ Hepatic metabolism produces two major 
metabolites, the sulfate conjugate and the glucuronide 
conjugate. Approximately 5% of APAP is excreted un- 
changed, while approximately 4% to 5% undergoes re- 
ductive metabolism by the cytochrome P-450 (CYP) 
system, principally CYP2E] and CYP1A2 to Macetyl-para- 
benzoquinone-imine (NAPQI). NAPQI is subsequently 
bound to intracellular thiols, principally glutathione, 
and is excreted as the cysteine and mercapturic acid con- 
jugates in urine? (Fig. 47-1). This reductive metabolism 
and its products are implicated in the toxicity of APAP. 

Glucuronide conjugation occurs to a much lesser 
degree in young children and neonates than in adults, 
and sulfate conjugation predominates; the plasma half- 
life may also be prolonged in young children.’ Patients 
with severe liver dysfunction may have decreased excre- 
tion of APAP as well."! 

The urinary excretion of APAP is via glomerular 
filtration with a significant fraction of tubular reabsorp- 
tion. The glucuronide and sulfate conjugates are actively 
secreted by the tubules, with renal clearance rates of 130 
and 170 mL/min, respectively.'* Patients with renal fail- 
ure accumulate metabolites, although the plasma half- 
life of APAP is unaffected."! 

APAP readily crosses the placenta and is risk category 
B in pregnancy, meaning that safety is presumed based 
on animal studies.'* Maternal pharmacokinetics are sim- 
ilar to those of humans in the nonpregnant state.!*1° 
Several studies have investigated the effects of APAP 
in therapeutic doses and overdose in all trimesters. 16°- 
APAP toxicity appears to occur in utero. One report de- 
scribes plasma levels in an infant delivered by cesarean 
section similar to maternal levels following maternal 
APAP overdose.” Therapeutic dosing has not been 
shown to have any negative effects on pregnancy or the 
fetus. APAP is excreted in breast milk in milk:plasma 
ratios reported to range from 1:0.50 to 1:1.42.74 

Pharmacologic agents that can theoretically affect 
APAP pharmacokinetics include those that delay gastric 
emptying, notably the anticholinergic agents. Several 
case reports describe delay in absorption following APAP 
overdose with co-ingestants that delay gastric empty- 
ing.?>*” Absorption of liquid preparations is slightly more 
rapid.’ No significant drug interactions are known to 
occur with APAP following therapeutic dosing. 


TOXICOLOGY 


Death due to hepatic failure following APAP overdose 
was first reported in 1966.4849 Research into the cause of 
toxicity ensued, and in 1974 Mitchell and Jollow pub- 
lished their work that provided the basis for the widely 


accepted theory of free radical arylation of hepatic 
proteins as causative.*’’’ These investigators demon- 
strated in vivo and in vitro that radiolabeled acetami- 
nophen was recovered bound to proteins in the hepa- 
tocyte following administration of high doses of acet- 
taminophen. Furthermore, they found that glutathione 
depletion preceded other signs of hepatic injury and 
that glutathione precursors administered prior to exper- 
imental poisoning were hepatoprotective. This work 
formed the basis for N-acetylcysteine (NAC) antidotal 
therapy. Later studies identified the metabolite respon- 
sible for binding to be NAPQI.***° Further work has 
gone into determining the critical protein or proteins 
responsible for hepatic failure. At present, approximately 
28 proteins subject to arylation have been identified.*®*" 
Binding is highly selective, however. Several specific 
proteins account for the majority of binding, specifically 
the cytosolic 56- to 58-kD acetaminophen binding 
protein, the 100-kD N10-formyl-tetrahydrofolate dehy- 
drogenase, and 50- and 54-kD mitochondrial dehydro- 
genases.” Several investigators have worked extensively 
to determine the critical protein or proteins that, when 
arylated, result in cell death. No decrease in protein 
function has been determined that could likely account 
for the cell death. Most enzymes show only modest 
reduction in function postpoisoning, with the most 
prominent being glutamine synthetase, which has a 
50% reduction in activity.°” 

These and other inconsistencies of the NAPQI binding 
hypothesis have led to consistent challenges to this 
hypothesis.” Covalent binding does not always correlate 
with severity of injury.°’ Inhibition of Kupffer cell activity 
alters or abolishes toxicity despite a high degree of 
covalent binding.*°*! High levels of covalent binding will 
occur in young female rats with no detectable hepatic 
injury. 3’-Hydroxyacetanilide, a regioisomer of APAP 
administered in similar doses, results in a high degree of 
protein covalent binding without toxicity as well.*°* 
Also, the critical protein or proteins have never been 
identified in nearly 30 years of investigation. A complete 
review of the criticism of the NAPQI theory is beyond 
the scope of this chapter; however, these and other 
inconsistencies have led to the investigation of several 
other causes of toxicity. 

Wendel and co-workers proposed the hypothesis that 
reactive oxygen species formed during the CYP metab- 
olism of APAP produce massive lipid peroxidation, and 
they produced data to strongly support this contention.” 
The data were challenged on the basis that due to 
technical difficulties in the measurement of products of 
lipid peroxidation, the animal model used by Wendel’s 
group was particularly susceptible to lipid peroxidation 
and that it was not therefore relevant.’ Other inves- 
tigators have not reproduced the work using other 
models.*” 

Oxidant stress due to the action of reactive oxygen 
species has been proposed due to the generation of 
these species from a variety of sources, including injured 
mitochondria, activated Kupffer cells, infiltrating neu- 
trophils, and xanthine oxidase.*” Evidence supporting 
each of these mechanisms exists, but the question 
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remains as to whether oxidant stress is a cause of hepa- 
tocyte injury or occurs as a result of hepatocyte injury. 
Peroxynitrate formation occurs when nitric oxide is 
formed in the presence of superoxide anions, a reactive 
oxygen species.’ Peroxynitrate is a powerful oxidant and 
produces nitrotyrosine adducts in tissue, which have 
been demonstrated by immunohistochemistry in hepatic 
tissue following experimental APAP overdose. Time 
course of nitrotyrosine adducts indicates that they bind 
concurrently or immediately preceding hepatocyte 


injury. Furthermore, peroxynitrate can deplete cellular 
glutathione stores.*” 

Finally, early mitochondrial dysfunction is an important 
early finding in all models of APAP overdose and may 
occur as soon as 15 minutes after APAP exposure.” 
Mitochondrial dysfunction is implicated as playing a role 
in nearly every aspect of the pathogenesis of APAP 
toxicity, including failure of energy substrate, increase in 
reactive oxygen species, and increased cytosolic calcium 
concentrations. The cause of this early failure is not 
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known. Reactive metabolite arylation of mitochondrial 
proteins has not been demonstrated to have a significant 
enough effect to be accepted as causal.” Early mito- 
chondrial failure remains a crucial missing piece of the 
puzzle of APAP-induced hepatic injury. One mechanism 
that has been proposed in the past and is currently 
undergoing investigation is the concept of hypoxia as 
causal regarding the early mitochondrial failure.5°°’ 
Centrilobular hepatocytes are relatively hypoxic at 
baseline. Mitochondria are susceptible to a lack of 
available oxygen due to the use of oxygen for drug 
metabolism. Early work has shown promise but mixed 
results with regard to APAP poisoning.®’ Hypoxia has 
been demonstrated in a more convincing fashion in 
relation to other centrilobular toxins, including ethanol 
and carbon tetrachloride.°**? Another proposed mecha- 
nism of mitochondrial failure involves mitochondrial 
permeability transition (MPT), a state where the inner 
mitochondrial membrane becomes depolarized due to 
increased ion permeability. The proposed mechanism 
involves NAPQI binding to vicinal thiols in the 
membrane pore responsible for MPT. Other quinones 
known to bind vicinal thiols have been demonstrated to 
induce MPT. NAPQI has not been demonstrated to have 
this effect, however. 

Recently, attention has been turned to the delay in 
fulminant hepatic failure following overdose. Humans 
and animals typically will have a delay following metab- 
olism of APAP before the rise in transaminases occurs. 
This phenomenon has been referred to as stage 1 and 
stage 2 of toxicity.°* Stage 1 is the metabolism phase of 
poisoning, where plasma drug level declines and serologic 
and clinical evidence for hepatotoxicity is absent. Stage 2 
refers to the hepatic injury phase that occurs 12 to 36 
hours after drug metabolism is complete. Current 
investigation is focused on the identification of inflam- 
matory mediators that may be responsible for the second 
stage.*’ It is important to note that the exact cause of the 
initiating events, while clearly related to metabolism, 
remains in question. An immune response to arylated 
proteins has not been demonstrated. Kupffer cell 
involvement is thought to be imperative in toxicity. 


CLINICAL MANIFESTATIONS 


Acute human toxicity has traditionally been divided in- 
to four clinical phases (Box 47-1). Initially, patients may 
be asymptomatic or may develop nausea and vomiting. 
Transaminases may begin to rise by 16 hours after 
overdose.© Between 24 and 72 hours, signs of hepatic 
insult become prominent. Transaminases begin or 
continue to rise, the patient may develop right upper 
quadrant pain, and signs of hepatic synthetic failure (i.e., 
elevated prothrombin time) may appear, as may evi- 
dence of cholestasis with elevated bilirubin. Renal injury 
will become evident in a small fraction of patients at this 
point.® A few reports of renal injury without hepatic fail- 
ure exist, but these are exceedingly rare and not 
well documented.®” Most cases include some degree of 
hepatic injury. Between 72 and 96 hours, hepatic and 





| 
WEVA PHASES 


Phase 1 (0.5 -24 hr) 


Anorexia, nausea, and vomiting are frequently present. 
Malaise and diaphoresis may be present. 
Transaminases may be elevated. 

Patients may appear normal. 


Phase II (24-72 hr) 


Anorexia, nausea, and vomiting become less pronounced. 
Right upper quadrant pain may be present. 
Transaminase levels continue to increase. 


Bilirubin level may be elevated. 
Prothrombin time may be prolonged. 
Renal function may deteriorate. 


Phase III (72-96 hr) 

Characterized by the sequelae of hepatic necrosis: jaundice, 
coagulation defects, renal failure, and hepatic encephalopathy. 
Liver biopsy reveals centrilobular necrosis. 

Death due to multiorgan failure may result. 


Phase IV (4-14 days) 


If patients survive, complete resolution of hepatic dysfunction 
occurs and the liver heals without evidence of fibrosis. 


renal failure may worsen. Death occurs due to hepatic 
failure. Early hepatic transplant may allow survival at this 
point. Alternatively, hepatic injury may resolve and 
transaminases may return to normal over the ensuing 
4 to 14 days. Complete regeneration of the liver is the 
rule. Renal insult will resolve as well.® 

APAP toxicity following supratherapeutic admin- 
istration, often referred to as chronic toxicity, has been 
observed in both children and adults. The patients man- 
ifest essentially the same course of toxicity. One case of 
hepatic fibrosis following chronic administration of sup- 
ratherapeutic doses has been reported.®® 

More recently, chronic administration of therapeutic 
amounts of acetaminophen has been shown to cause 
hepatocellular injury. Injury was relatively mild and 
resolved with discontinuation of the drug.™ Case reports 
exist implicating APAP in analgesic nephropathy.'’ How- 
ever, epidemiologic data do not support the contention 
that chronic therapeutic administration leads to renal 
injury.’°7? APAP hypersensitivity is exceedingly rare.!! 


DIAGNOSIS 


The diagnosis of APAP poisoning is based primarily on 
history and laboratory screening, given the nonspecific 
nature of the initial presentation and the delay in man- 
ifestations of hepatotoxicity. Nausea and vomiting are 
consistent with early toxicity. A serum APAP con- 
centration should be sent when any patient presents with 
a history of intentional overdose of any substance due to 
the wide availability of the drug and the 5% incidence 
of undeclared ingestion. Because the manifestations of 
hepatic injury are delayed, the decision to initiate 


therapy is based on the risk of developing hepatotoxicity. 
In the setting of the acute ingestion at a single point in 
time, the decision to treat is relatively straightforward. 
An accurate time of ingestion must first be established. 
Establishment of the risk for toxicity is based on the 
Rumack-Matthews nomogram (Fig. 47-2). The nomo- 
gram was developed in 1975 by retrospective review of 
64 patients following acute APAP overdose. Patients were 
found to have a 60% chance of developing severe 
hepatotoxicity if the plasma level was above the line 
drawn from the 200 ug/mL level at 4 hours to the 
50 ug/mL level at 12 hours. Severe hepatotoxicity was 
defined as an aspartate aminotransferase (AST) level 
of greater that 1000 IU/ L.” It is important to recognize 
that the nomogram is not applicable to modes of inges- 
tion other than the acute single overdose. Furthermore, 
the nomogram is not applicable prior to 4 hours or after 
24 hours. Levels prior to 4 hours may be markedly 
elevated because APAP may not have distributed from 
the vascular compartment to the tissues. It is also impor- 
tant to recognize that the nomogram comprises a series 
of data points rather than representing the elimination 
half-life of APAP in overdose. 

Rarely, patients following a massive overdose causing 
levels in the range of 800 to 1000 Ug/mL will present 
with severe acidosis and coma.” The mechanism of this 
presentation is not understood. Animal and in vitro data 
indicate reversible binding of APAP to mitochondrial 
proteins inhibiting respiration, and this mechanism has 
been suggested to be the cause of the acidosis seen in 
these massive overdoses.°&” 

Patients presenting late or following ingestion over 
a prolonged period of time present a more difficult 
diagnosis because the nomogram cannot be used. A 
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careful history of ingestion should be sought. APAP level 
should be measured to confirm ingestion, but the level 
cannot be used to determine risk for resultant hepa- 
totoxicity. Transaminase values should be obtained and 
elevation should be assumed due to APAP poisoning 
unless proven otherwise. 

The differential diagnosis includes all causes of 
hepatic centrilobular necrosis. Principal are other toxic 
causes, including hepatotoxic mushrooms, carbon tetra- 
chloride, halothane and other inhaled anesthetics, 
brominated and chlorinated benzenes, and dioxane. 
Shock, vascular obstruction, and other causes of acute 
hepatic ischemia will also produce a centrilobular 
necrosis with the resultant clinical picture consistent 
with acute APAP poisoning. APAP poisoning may be 
worsened in patients with cardiac insufficiency.” 


MANAGEMENT 


Supportive Measures 


Initial supportive measures should be those applicable to 
any poisoned patient. If the patient presents late in the 
course of poisoning, then resuscitative measures may be 
necessary. These should include standard measures to 
control airway, ventilation, and hemodynamic status. 
Supportive care for the patient with hepatic failure from 
APAP poisoning does not differ from that due to any 
other cause of hepatic failure. Acute renal failure may 
require dialysis. 


Decontamination 


Activated charcoal should be given unless the clinician is 
certain that the time of ingestion is so remote that there 
is no chance that any APAP remains in the gut. Every 
patient who presents within 6 hours of ingestion, or 
for whom the time of ingestion is in question, should 
therefore be treated with activated charcoal. Multiple- 
dose charcoal is not indicated following APAP ingestion. 

Activated charcoal will bind and reduce the absorp- 
tion of NAC if given simultaneously; however, no clinical 
detriment has been shown by this practice.” NAC 
should never be delayed beyond 8 hours following 
ingestion to facilitate decontamination, and concurrent 
administration of charcoal likely will not be detrimental. 


Laboratory Monitoring 


Initial management should include obtaining baseline 
serum transaminase levels, blood urea nitrogen, 
creatinine, and prothrombin time along with the APAP 
level. Appropriate screening for co-ingestants should be 
dictated by the clinical situation. If there is no laboratory 
evidence of hepatic injury, then daily transaminase levels 
should suffice for laboratory monitoring. Should any 
abnormalities in transaminase levels appear at any time, 
then evidence of synthetic failure should be sought. 
Serial prothrombin time should be added to the serial 
transaminases. The frequency of laboratory evaluation 
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should be dictated by the clinical situation. A modest rise 
in transaminase levels (less than 500 IU/L) does not 
warrant more than daily monitoring. As levels approach 
1000 IU/L, more frequent (1.e., every 6 to 12 hours) 
laboratory monitoring should be instituted. With any 
signs of synthetic failure the evaluation should be 
expanded to include data with prognostic value. Renal 
function tests should be followed due to the renal 
dysfunction that occurs infrequently. Should the patient 
develop signs of hepatic failure, he or she should be 
admitted to an intensive care unit and monitored closely 
for developing acidosis and renal and hepatic failure. 
This is important because the prognostic factors 
associated with death include a metabolic acidosis 
(arterial pH less than 7.3), renal insufficiency (serum 
creatinine greater than 3.3), or hepatic synthetic failure 
(International Normalized Ratio [INR] greater than 2 
at 24 hours, 4 at 48 hours, or 6 at 72 hours).®” Recently, 
attention has been drawn to the use of blood lactate as 
an early predictor of hepatic failure. Blood lactate 
greater than 3.5 mmol/L or 3.0 mmol/L after fluid 
resuscitation was predictive of mortality and has been 
suggested as criteria to list for transplantation.*! 

Prothrombin time and INR may be elevated following 
APAP ingestion without evidence of hepatocellular 
injury. Inhibition of factor VII by high levels of APAP and 
the anticoagulant effects of NAC have been proposed 
as mechanisms.**** This early elevation in INR has no 
prognostic value. 


Antidotes 


NAC is the current antidote employed worldwide for the 
treatment of APAP toxicity. The rationale for NAC 
therapy is based on the theory that glutathione depletion 
leads to a state where the toxic free radical NAPQI can 
injure cellular macromolecules. NAC is given as both a 
glutathione precursor to provide substrate for NAPQI 
binding as well as a sulfate precursor to help drive the 
metabolism of APAP down the sulfonation pathway.” 


Dosing 


The standard course of NAC therapy in the United States 
is to administer a loading dose of 140 mg/kg followed by 
17 maintenance doses of 70 mg/kg every 4 hours. This 
regimen was developed in the 1970s by Rumack and 
colleagues based on their observations of patients suf- 
fering from APAP overdose and applying the theory of 
NAC as a binding substrate for NAPQI.”? The amount of 
NAC administered is based on the theoretical molar 
amount of NAPQI formation. The duration of therapy is 
based on the period of time required to metabolize 
APAP. The duration is purposefully long because some 
patients display a markedly extended half-life. Standard 
practice in Europe, Canada, Australia, and other coun- 
tries is to administer NAC for 20 to 36 hours. Rates of 
fulminant hepatic failure, death, and transplantation are 
not significantly different, prompting several inves- 
tigators in the United States to begin trials of shorter 
courses of NAC following the acute single overdose.***° 


NAC therapy is typically given orally in the United 
States, while in other countries, intravenous (IV) admin- 
istration is the preferred route. There are several reasons 
for this discrepancy. Proponents of oral administration 
cite the theoretical advantage that oral NAC is presented 
to the liver in high concentration because it is initially 
circulated via the portal system. No data exist to support 
this contention, however. IV NAC can and should be 
given to patients in the United States, however, if the 
patient is unable to tolerate the medication orally. The 
oral preparation sold in the United States is sterile and 
can be given by the IV route. As with oral administration, 
NAC should be given as a 5% solution in saline. A 22-um 
filter typically used for blood administration should be 
used. NAC dosing is identical to the oral protocol: 140 
mg/kg loading dose followed by 17 maintenance doses 
of 70 mg/kg. The rate of administration is related to 
complications. Anaphylactoid reactions are reported in 
approximately 6% of patients when the loading dose 
is administered over 15 to 30 minutes.*°*’ Typically, these 
resolve with cessation of administration.®® Restarting 
administration at a lower rate following the admin- 
istration of diphenhydramine is sufficient treatment. 
Administration at slower rates reduces the rate of ana- 
phylactoid reaction. Consequently, administering IV 
NAC over the course of 1 hour is a reasonably conser- 
vative practice. More recently, an intravenous form of 
NAC was approved by the U.S. Food and Drug Adminis- 
tration. The approved dosing protocol applies only to 
acute ingestion and is given over 21 hours. A loading 
dose of 150 mg/kg is given over 1 hour, followed by 50 
mg/kg over 4 hours, followed by 100 mg/kg over 16 
hours. 

Patients who ingest APAP over a period greater than 
several hours due to repeat attempts or therapeutic 
misadventure and patients who present greater than 
24 hours after ingestion present a more difficult decision 
with regard to initiating treatment. Generally, if the 
patient gives a history of overdose, has a measurable 
APAP level, and/or has a rise in AST or alanine 
transaminase, then NAC should be initiated. If the 
patient remains without biochemical evidence of toxicity 
by 24 hours, it is reasonable to discontinue therapy. 
Therapy should continue if there is evidence of toxicity. 

The decision to treat patients who have ingested an 
overdose at one time point is aided by the use of the 
Rumack-Matthews nomogram (see Fig. 47-2). It is 
important to note that this is the only clinical scenario in 
which the nomogram is applicable. The nomogram was 
constructed using a series of data points, which represent 
the presenting plasma level of APAP versus time. A line is 
drawn through those points representing patients with a 
greater than 60% likelihood of developing an AST 
greater than 1000 IU/L. A second line was arbitrarily 
lowered in order to allow for error in history of the time 
of ingestion and is the treatment level most commonly in 
use in the United States. Most physicians outside the 
United States use the first line as indication for therapy. 
The lines are drawn from a time point of 4 hours after 
ingestion. This is because levels during the absorptive 
phase following ingestion are not reliable in terms of 


prognosis. APAP levels obtained prior to 4 hours after 
ingestion should not be used to base treatment 
decisions. Furthermore, levels obtained after 24 hours 
similarly have not been determined to have prognostic 
value. Patients presenting following ingestion should 
have a level checked as close to 4 hours after the 
ingestion as possible. ‘Treatment should be based on that 
level. If the level is above the lowest treatment line, a 
course of NAC therapy is indicated. If it is below the line, 
no therapy is needed. A caveat to this rule occurs fol- 
lowing co-ingestion of drugs that slow gastric motility, 
particularly anticholinergics such as diphenhydramine. 
Case reports indicate that delayed absorption may result 
in a 4-hour level that is not considered treatable followed 
by a 6- or 8-hour level that is toxic.® In this case a second 
level should be determined at 6 hours to ensure that the 
level is trending down and that levels subsequent to the 
initial 4-hour level will be unlikely to be in the treatable 
range. If the patient presents 8 or more hours after the 
ingestion or if a level will not be available before that 
time, treatment based on history of ingestion alone while 
awaiting an APAP level is indicated due to the decreasing 
efficacy of NAC therapy following delay to treatment 
greater than 8 hours.® Patients who present greater than 
24 hours after the ingestion pose a more difficult 
decision to treat because the nomogram is not directly 
applicable to their treatment. It is reasonable practice to 
treat patients with persistently elevated APAP levels who 
present later than 24 hours after ingestion because it is 
reasonable to assume that the level was in a toxic range 
at prior to the 24-hour mark. Notably, this is an 
assumption only, and such levels have no prognostic 
significance. Patients who present greater than 24 hours 
after ingestion without an elevated APAP level pose a 
more difficult treatment decision because it is impossible 
to know if they had a level placing them at risk for 
hepatic injury during first 24 hours. Consequently, a 
reasonable practice is to administer a course of therapy 
for 24 hours and to follow transaminase levels. Patients 
will likely begin to display elevated transaminase levels by 
36 hours after ingestion.” If they show no signs of 
hepatic injury, therapy may be discontinued. Also, any 
patients with evidence of hepatic injury at the time of 
presentation warrant therapy. Patients whose evidence of 
liver injury can clearly be attributed to a cause other than 
APAP toxicity who do not show progression of liver injury 
after 24 hours may have NAC therapy discontinued. 

It is important to note that NAC therapy is effective at 
any point after poisoning and that if hepatic injury 
occurs, therapy is continued until evidence of hepatic 
dysfunction has resolved and transaminase values 
are declining and near normal. Therapy should never be 
stopped following the prescribed 18 doses when evi- 
dence of hepatic injury is still present. The reason for 
this apparent discrepancy is that NAC therapy is proven 
effective in reducing mortality when started and 
continued during any point in the course of APAP- 
induced hepatic injury.” Lack of a measurable APAP 
level is not an indication to withhold NAC therapy 
because late-presenting patients without measurable 
APAP levels are clearly benefited by NAC therapy. The 
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reasons for this are unclear. Several theories have been 
advanced. “Extrahepatic” effects such as free radical scav- 
enging have been suggested, but experimental evidence 
is lacking. NAC has been shown to increase hepatic 
blood flow and oxygen extraction.” It is following 
these observations that have led to the advent of NAC 
therapy for other causes of hepatic failure. 

Other suggested antidotes include the CYP inhibitor 
cimetidine. Cimetidine was recognized early on as an 
inhibitor of the CYP system, and its use as an antidote for 
APAP poisoning was considered. Early animal data showed 
promise.” Human experience was less promising and 
met with little enthusiasm.°? One argument against 
cimetidine is that it does not affect the specific CYP 
isoforms involved in the metabolism of APAP. Specific 
CYP2E1 inhibitors such as 4-methyl-pyrrizole and 
disulfiram have been investigated in animals with 
positive results.°”°* Human data do not yet exist. 


Elimination 


Dialysis has been used to enhance elimination following 
APAP poisoning. Its use has largely been abandoned 
following the advent of NAC therapy due to the effec- 
tiveness of this treatment. However, a role for dialysis 
has been suggested in cases of massive overdose where 
the patient presents with coma, acidosis, and levels near 
1000 ug/mL, at which point the risk for mortality is very 
high. There are no data addressing the effectiveness of 
this intervention. Liver dialysis has been reported to be 
of benefit in an uncontrolled case series of four 
patients." More data will be needed to determine 
benefit of liver dialysis. 


DISPOSITION 


Patients presenting with a history of APAP ingestion 
should be screened for co-ingestants in the usual fashion. 
A careful physical examination aimed at identifying a 
toxidrome suggestive of co-ingestants should be per- 
formed. Serum APAP level should be determined at 
4 hours postingestion or as soon as possible after the 
4-hour mark. Levels prior to 4 hours are of no prognostic 
significance. Patients with a single time of ingestion 
between 4 and 24 hours prior to presentation may be 
treated according to the Rumack-Matthews nomogram. 
Patients ingesting APAP at more than one time point 
warrant an abbreviated course of therapy while mon- 
itoring transaminase levels. Any patient with evidence of 
hepatic injury should have therapy continued until 
evidence of hepatic injury is resolved. Patients not 
meeting these criteria do not warrant therapy. As with 
any ingestion, a careful investigation of the circum- 
stances surrounding the ingestion should be performed. 
It is important to educate any patient who has overdosed 
due to misuse of APAP. Intentional overdoses warrant 
psychiatric evaluation before the patient is discharged 
from medical care. Patients who suffer hepatic injury 
and recover may be safely discharged from care because 
no sequelae will occur once the injury is resolved. 
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The question of referral to a center capable of trans- 
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plantation often arises. Given the rapidity of demise in 
patients who suffer hepatic injury, referral should be 
discussed with the appropriate personnel at the referral 
center when the patient begins to display evidence of 
hepatic functional impairment in order to allow the 
transplant service adequate time to assess the patient and 
place him or her on a transplant list. Patients who have 
only elevation in transaminase levels and a transient, 
slight elevation in prothrombin time and INR can be 
managed expectantly with NAC therapy alone. Patients 
who undergo transplantation will need careful follow-up 
care as with any transplant patient. 
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43 Salicylates 


FERGUS KERR, MBBS, MPH m EDWARD P. KRENZELOK, PHARMD 


At a Glance... 


m Salicylate poisoning may be a difficult diagnosis to make, 
particularly in the chronic setting, where salicylism is often 
unrecognized or mistaken for other illnesses. 

m Serial assessments of a patient's physical examination, 
acid—base state, and serum salicylate concentrations are 
essential to guide appropriate treatment. 

m Activated charcoal is the preferred method of gastrointestinal 
decontamination. 

m Fluid, electrolyte, and metabolic abnormalities occur commonly 
and should be treated promptly. 

m Urinary alkalinization enhances salicylate elimination and should 
be instituted in all symptomatic patients and those with serum 
salicylate concentrations greater than or equal to 30 mg/dL. 

m Hemodialysis is recommended for seriously poisoned patients. 


INTRODUCTION AND RELEVANT 
HISTORY 


Salicylates have been used since ancient times. 
Hippocrates, Galen, and medieval herbalists relied on 
salicylate-containing plants for their palliative properties. 
The medicinal properties of willow bark (Salix alba 
vulgaris) have been appreciated by native peoples for 
centuries. In the mid-19th century, the active ingredient 
of willow bark, salicylic acid, was isolated and subse- 
quently synthesized from phenol. It gained widespread 
use in compounded pharmaceuticals as a pain reliever, 
anti-inflammatory, and antipyretic. In the latter portion 
of the 19th century, the Bayer company in Germany 
developed a salicylic acid derivative, aspirin (or acetyl- 
salicylic acid), for commercial use. Aspirin and its chemi- 
cally related analogs (all known as salicylates) have since 
been prescribed widely by the medical profession and 
used extensively in numerous pharmaceuticals for 
nonprescription use by the public. Since the 1960s, the 
development of analgesic, antipyretic, and anti-inflam- 
matory alternatives (e.g., acetaminophen, ibuprofen) to 
salicylates has curtailed their use for these purposes. 
More recently, aspirin has become widely used as an 
antiplatelet agent in the treatment of cardio- and cere- 
brovascular disease. Because of its ubiquitous use and 
availability, aspirin continues to result in a significant 
number of acute and chronic poisonings. 


EPIDEMIOLOGY 


Salicylate poisoning (salicylism) can be accidental or 
intentional and acute or chronic. Salicylate poisoning 
occurs largely as an accidental overdose in the pediatric 


age group or intentional overdose with suicidal intent in 
the adult and teenage population. Therapeutic misad- 
venture (misuse or error) can result in poisoning at any 
age. Although acute intoxication is more common, 
chronic salicylism also occurs with regularity. Untreated, 
both forms of poisoning can result in significant morbidity 
and mortality, particularly in the elderly population. 

A review of salicylate exposures reported to the 
American Association of Poison Control Centers Toxic 
Exposure Surveillance System (AAPCC TESS) for the 
10-year period of 1993 through 2002 reveals that 26.3% 
of all salicylate exposures occurred in children younger 
than 6 years (Fig. 48-1). Although a significant number 
of exposures occurred in the pediatric age group 
(birth-19 years of age), only five fatalities related to 
accidental overdose were reported—0.003% of all 
salicylate exposures reported to American poison centers. 
During this time period, 468 fatalities were attributed to 
salicylate poisoning. The mean age of those with fatal 
outcomes was 47.25 years. Most salicylate fatalities occur 
in older adults who intentionally ingest salicylates acutely 
in combination with other pharmaceuticals with suicidal 
intent. 

Based on poison center data, the number of salicylate- 
related poisonings in children younger than 6 years has 
declined steadily from 1993 through 2002. This is 
especially noteworthy since the number of pediatric 
salicylate exposures decreased by nearly 10% since 1993 


Unknown 
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36 0% <6 years 


26.3% 
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FIGURE 48-1 Age distribution: unintentional salicylate expo- 
sures, 1993 through 2002. Mean age, 47.25 years. The data were 
derived from the American Association of Poison Control Centers 
Toxic Exposure Surveillance System annual reports, 1993-2002 
(retrieved September 16, 2003, from http://www.aapcc.org/ 
annual.htm). 
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FIGURE 48-2 Aspirin-related fatalities in children younger than 
5 years, 1972 through 1992. (From National Center for Health 
Statistics: Unpublished data.) 


(9707 in 1993 versus 8753 in 2002), while the number of 
exposures reported to poison continued to increase 
(1,751,476 in 1993 versus 2,380,028 in 2002). Therefore, 
relative to all poisoning exposures, the incidence of 
reported pediatric salicylate exposures has dropped 
dramatically. A number of factors may account for this 
trend. Most important was the enactment of the 1970 
Poison Prevention Packaging Act that mandated the use 
of child-resistant closures on aspirin-containing products. 
In addition, the enticingly flavored children’s aspirin 
tablets were restricted to 81 mg per tablet and 36 tablets 
per bottle, thereby limiting the amount taken by children 
in accidental ingestions. The possible association 
between Reye’s syndrome and the use of aspirin to treat 
viral diseases in children has led to a significant decline 
in the pediatric use of aspirin. As a result, the number of 
annual fatalities due to aspirin in children younger than 
5 years dropped from 46 in 1972 to 0 in 1992 (Fig. 48-2). 
The introduction of alternatives to aspirin-containing 
products such as acetaminophen and ibuprofen, which 
have a considerably higher therapeutic index, have con- 
tributed to the decreased number of fatalities by 
decreasing the use of salicylates in this age group. 


STRUCTURE/STRUCTURE-ACTIVITY 

RELATIONSHIPS 

Salicylic acid (base salicylate) is also known as orthohy- 
droxybenzoic acid (Fig. 48-3).' Aspirin is a salicylate ester 
of acetic acid. Substitutions on the carboxyl or hydroxyl 
groups alter the potency and toxicity of individual 
salicylates.! Although most salicylates have pharmaco- 
logic properties as a result of their salicylic acid 
component, some agents have additional pharmacologic 
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FIGURE 48-3 Chemical structures of salicylate. 


activity from other substitutions. For instance, the acetyl 
group substitution of aspirin allows it to acetylate proteins, 
which is the basis for most of its antiplatelet effects. 


PHARMACOKINETICS 

A thorough understanding of salicylate pharmaco- 
kinetics and changes that occur with salicylate overdose 
(toxicokinetics) is essential to understanding the genesis 
of salicylism and its appropriate management. 


Dosing 

Salicylates are formulated in oral, rectal, and topical 
preparations. The therapeutic dose of salicylate depends 
on the condition being treated. In general, the recom- 
mended dose for antipyresis and analgesia is 10 to 
20 mg/kg orally every 6 hours for children (up to 
75 mg/kg or 3.6 g/day) and 325 to 650 mg every 4 hours 
for adults (following an initial dose of 1 g). Larger doses 
of salicylate (4 to 6 g/day) are sometimes recommended 
for its full anti-inflammatory effects in adults with 
chronic illnesses (e.g., rheumatoid arthritis). 


Absorption 

Most cases of salicylate poisoning involve the ingestion 
of a product that contains aspirin. As a weak acid (pKa 
3.5), aspirin is largely nonionized in the stomach and 
absorbed passively as acetylsalicylic acid.* The majority of 
salicylate absorption, however, occurs as the ionized form 
in the jejunum due to its greater absorptive surface. In 
addition, the alkaline jejunum enhances salicylate 
solubility, and thus tablet dissolution.’ Absorption is 
rapid with therapeutic dosing; measurable levels are 
observed within 30 minutes, and peak serum concen- 
trations of 10 to 20 mg/dL (0.7 to 1.4 mmol/L) usually 
occur within 1 to 2 hours of a single therapeutic dose. 
Chronic therapy with anti-inflammatory doses will 
produce peak serum salicylate concentrations of up to 
30 mg/dL (2.2 mmol/L). 

Absorption will be significantly influenced by the dose 
ingested, product formulation (different dissolution 
characteristics), mucosal pH, and gastric emptying 
time.!* The presence of food may delay absorption by 
retarding gastric emptying. Enteric-coated products are 
resistant to the acid environment of the stomach; tablet 
dissolution is delayed until the more alkaline medium 
of the distal intestines is reached. Buffered (alkaline) 
aspirin tablets have enhanced solubility and more rapid 
dissolution in the small intestine, which can result in 
greater bioavailability. Overdose of salicylates can pro- 
duce pylorospasm, delaying gastric emptying and subse- 
quent absorption. While not a common phenomenon, 
salicylates have the potential to form gastric concretions 
or bezoars, which retard the otherwise rapid absorption 
and result in slow, continuous absorption that simulates 
a sustained-release pharmaceutical. Salicylate absorption 
may be slowed when it is co-ingested with other agents 
that retard gastric emptying and intestinal motility (i.e., 
anticholinergic drugs, opioids). Peak blood concen- 
trations are often not reached for 4 or more hours in 
overdose situations. In one reported overdose of enteric- 
coated aspirin, the peak serum salicylate concentration 


did not occur until 24 hours after ingestion.* Coexistent 
pathophysiology such as hypotension or decreased 
splanchnic circulation may also impede the absorption 
of salicylates. Liquid forms of salicylate, such as methyl 
salicylate, are more bioavailable and not subject to the 
rate-limiting process of dissolution; therefore, the 
absorption of liquid products may be more rapid and not 
retarded by physical or pathophysiologic factors. The 
route of administration will also affect absorption; rectal 
administration frequently results in delayed and erratic 
absorption. 

Biliary secretion of salicylate is minimal.” Therefore, 
reabsorption secondary to enterohepatic circulation 
does not occur. 

Dermal absorption of salicylates is a reported but 
rarely encountered etiology of salicylism.®%’ Salicylate- 
containing liniments, keratolytics, and topical rubifa- 
cients are unlikely to represent a significant risk due to 
poor absorption through normal skin and use that is 
limited to the nonprescription treatment of minor 
musculoskeletal discomfort. The chronic use of highly 
concentrated products that are applied to large surface 
areas of compromised skin, however, may create a 
condition that allows sufficient salicylate absorption with 
resultant toxicity. 

Chronic excessive use of salicylate suppositories has 
the potential to produce toxicity. However, it is rarely 
a cause of acute salicylism. The intentional use of a 
salicylate enema that contained 700 aspirin tablets 
produced profound salicylism.® 

The natural source of salicylates (e.g., willow bark, 
herbals, etc.) or their pharmaceutical formulation, in 
conjunction with other variables, will affect salicylate 
absorption. Once absorption and metabolic conversion 
to salicylic acid occur, toxicokinetics are unaffected. 


Distribution 

Salicylates are distributed throughout body fluids 
and tissues. The low apparent volume of distribution (Vd 
= 0.16 to 0.35 L/kg) in salicylate overdose victims 
suggests that salicylate remains largely in the central 
compartment.” The apparent Vd and, thus, tissue 
distribution increases with supratherapeutic salicylate 
concentrations (saturation of plasma protein binding 
sites), lower blood pH, and the presence of drugs that 
compete with serum protein binding. 

Salicylates are amenable to enhanced extracorporeal 
clearance (e.g., hemodialysis) due to their low molecular 
weight, small Vd, high water solubility, and increased 
fraction of free salicylate at supratherapeutic con- 
centrations. 

At therapeutic concentrations, salicylates are largely 
protein bound (50% to 80%), predominantly to serum 
albumin.*'° The degree of protein binding is a function 
of both the concentration of salicylic acid and the 
amount of albumin. As protein binding sites become 
saturated following salicylate overdose or with co- 
ingestion of other drugs that compete with albumin 
binding sites (e.g., phenytoin), the amount of free non- 
protein-bound salicylic acid increases and creates a 
climate for more significant toxicity. Any condition that 
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depletes albumin or competes with its available binding 
sites predisposes the patient to a disproportionate risk 
for severe salicylism at a given plasma concentration. 

Under normal physiologic conditions (pH 7.4), 
salicylates are highly ionized (>99%), which significantly 
reduces their ability to diffuse across the blood-brain 
barrier and into the central nervous system (CNS). In 
advanced salicylate poisoning, the development of 
metabolic acidosis (acidemia) significantly increases the 
fraction of nonionized salicylate and results in greater 
CNS penetration and elevated cerebral spinal fluid 
(CSF) concentrations. High CSF concentrations are 
associated with CNS toxicity and greater morbidity. 

Salicylates cross the placenta readily and pose a 
significant risk to the fetus after maternal overdose. 
Salicylates are also found in breast milk but present a 
threat to the breast-fed infant only when the mother is 
taking large daily doses. The infant is prone to toxicity 
due to immature metabolism and, thus, impaired ability 
to eliminate salicylates and their metabolites. 


Metabolism and Excretion 

After gastrointestinal absorption, aspirin is hydrolyzed 
rapidly by nonspecific plasma esterases to the pharma- 
cologically and toxicologically active chemical salicylic 
acid. This is a first-order process with a half-life of 15 
to 20 minutes.'' At therapeutic doses, salicylic acid then 
undergoes hepatic biotransformation and renal elimi- 
nation via first-order processes!!*"!°: 


1. Glucuronidation — salicyl phenolic (10%) and 
salicyl acyl (5%) glucuronides 

2. Oxidation > gentisic acid (<1%) 

3. Microsomal oxidation or glycine conjugation — 
salicyluric acid (75%) 

4. Salicylic acid > elimination via the urine (10%) 


The major hepatic metabolic pathways (formation of 
salicyl phenolic glucuronide and _salicyluric acid) 
become saturated when serum salicylate concentrations 
exceed 20 to 30 mg/dL.''*:’ Biotransformation converts 
from a dose-dependent first-order process (rate propor- 
tional to the dose) to a zero-order process, which means 
that a fixed amount of salicylic acid is metabolized per 
unit of time, regardless of the dose. This is referred to as 
Michaelis-Menten kinetics (see Chapter 4). 

Because salicyluric acid and _ salicyl phenolic glu- 
curonide formation is a saturable process, the biotrans- 
formation of salicylic acid proceeds more slowly and 
creates more opportunity for toxicity to occur.'*!> The 
elimination half-life of salicylate is 2 to 3 hours after a 
single therapeutic dose, 6 to 12 hours with high 
therapeutic doses (20 to 30 mg/dL), and 20 to 40 hours 
after overdosage. Importantly, small increases in the dose 
can result in a significant increase in serum concen- 
tration.! Awareness of the accumulation kinetics of 
salicylic acid is essential to understanding the long half- 
life of salicylates in the overdose situation and the 
subsequent long duration of toxic manifestations. For 
the same reasons, the well-intentioned Done nomogram 
is not applicable in the determination of patient 
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prognosis and the management of either acute or 
chronic salicylism.'* Done considered that salicylates 
followed a first-order elimination process and developed 
the nomogram accordingly." 


SPECIAL POPULATIONS 


Kinetics in Children 


Neonates absorb salicylate as rapidly as any other age 
group but metabolize it more slowly than those with 
mature hepatic function. Renal elimination is slower in 
children, and they have reduced albumin concentrations 
that increase plasma salicylate concentrations. The Vd 
increases proportional to the dose, suggesting that 
children may have higher tissue concentrations than 
inferred by their plasma concentration. 


Kinetics in the Elderly 


Salicylate toxicokinetics in the elderly have not been well 
defined. However, the same accumulation kinetics 
apparent in younger adults apply to the elderly. It is likely 
that elderly patients are more predisposed to salicylate 
toxicity due to impaired hepatic and renal function that 
occurs with advanced age. 


PHARMACOLOGIC AGENTS 


Aspirin is the most common salicylate-containing 
preparation available. In addition, numerous over-the- 
counter and prescription products contain aspirin or 
salicylate analogs (e.g., bismuth subsalicylate, methyl 
salicylate) in combination with other pharmaceutical 
agents (Table 48-1). The salicylates are available in many 
different formulations (i.e., immediate-release, enteric- 
coated, and effervescent tablets; capsules; suppositories; 
powder papers; and liquids) for oral and rectal use. In 
addition, methyl salicylate is found commonly in 
liniments, lotions, creams, and ointments for the 
treatment of minor musculoskeletal complaints (con- 
centration of methyl salicylate from 10% to 30%). Methyl 
salicylate is found in high concentration in oil of 





Common Salicylate Preparations 


COMPOUND TRADE/COMMON NAME 
Acetylsalicylic acid Aspirin 

Bismuth subsalicylate Pepto-Bismol, Kaopectate 
Choline magnesium trisalicylate Trilisate 

Choline salicylate Arthropan 

Magnesium salicylate Doan’s pills, Magan 
Homomenthyl salicylate Sunscreens 


Methylsalicylate 
Salicylic acid 
Salicylsalicylic acid 
Sodium salicylate 
Trolamine salicylate 


Oil of wintergreen 

Topical ketatolytics 
Salsalate, Disalcid, Salsitab 
Analgesic 

Aspercreme 





wintergreen, a product that is used to flavor confections. 
One teaspoon of oil of wintergreen contains the 
equivalent of 5 g of salicylate. Bismuth subsalicylate is 
used in popular antidiarrheal agents (e.g., Kaopectate 
[Pfizer, Morris Plains, NJ] and Pepto-Bismol [Proctor & 
Gamble, Cincinnati, OH]) and often is not recognized 
as a possible cause of salicylate poisoning (especially 
when other salicylates are ingested concomitantly). 
Salicylic acid is present in corn and wart removers. The 
most common use of salicylates is as an oral analgesic, 
antipyretic, and anti-inflammatory. For this application, 
salicylates may be ingested as the sole pharmaceutical 
(e.g., salicylsalicylic acid in Disalcid [3M Pharmaceuticals, 
St. Paul, MN]) or in combination with synergistic pain 
relievers such as opioids (e.g., aspirin with oxycodone in 
Percodan [Endo Labs, Chadds Ford, PA]). Salicylates 
may also be found in certain herbal preparations that 
contain willow bark (Salix species) or wintergreen leaf 
(see Chapter 68). 


TOXICOLOGY 


Clinical Manifestations 


Acute salicylate poisoning produces a diverse array of 
signs and symptoms. Common clinical findings include 
tachypnea and hyperpnea, nausea and vomiting, 
abdominal pain, dehydration, hyperpyrexia, diaphoresis, 
tachycardia, pallor, and a variety of CNS disturbances 
(Box 48-1). CNS effects include dizziness, ataxia, tinnitus, 
deafness, confusion, psychosis, agitation, delirium, stupor, 
coma, and seizures. More uncommon clinical features 
may include bleeding, pulmonary edema, acute renal 
failure, and anaphylaxis. Chronic salicylate poisoning is 
often misdiagnosed initially due to an insidious onset, lack 
of history of an overdose, and the presence of nonspecific 
clinical findings. This category of poisoned patients is 
discussed in more detail at the end of this chapter. 

The mechanisms by which salicylates exert their toxic 
effects are complex and not completely understood 
(Table 48-2). However, the pathophysiology includes 
direct and indirect respiratory center stimulation, 
uncoupling of oxidative phosphorylation, inhibition of 
the tricarboxylic acid (TCA) cycle, inhibition of amino 
acid metabolism, and stimulation of glycolysis, gluconeo- 
genesis, and catabolism of proteins and fats. In addition, 
there is an interference with hemostatic mechanisms. 


BOX 48-1 


‘ae 


Nausea and vomiting 
Dehydration 

Tachypnea and hyperpnea 
Hyperpyrexia 


Confusion 
Coma 

Tinnitus 
Abdominal pain 
Diaphoresis 
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Mechanisms and Manifestations in Salicylate Poisoning 





MECHANISM 


Respiratory center stimulation 


Oxidative-phosphorylation uncoupling 


Inhibition of tricarboxylic acid cycle 
Enhancement of protein metabolism and 
inhibition of amino acid metabolism 

Stimulation of gluconeogenesis 


Stimulation of lipid metabolism 


Increased pulmonary capillary permeability 


MANIFESTATION 


Respiratory alkalosis 

Renal HCO; elimination increased osmotic diuresis 
Increased insensible fluid loss 

Metabolic acidosis 

Increased heat production and fluid loss 
Hypoglycemia 

Metabolic acidosis 

Metabolic acidosis 

Aminoaciduria — osmotic diuresis 
Hyperglycemia 

Glycosuria — osmotic diuresis 

Metabolic acidosis (ketoacidosis) 
Ketonuria — osmotic diuresis 
Pulmonary edema 





Acid-Base Disturbances 


Acid—base disturbances are one of the most common 
manifestations of salicylate toxicity. Respiratory alkalosis 
and a high anion gap metabolic acidosis may occur alone 
or together. Generally, one will observe an initial 
respiratory alkalosis. However, metabolic acidosis may 
supervene in sensitive or severely poisoned patients. The 
coingestion of other drugs may influence acid-base 
balance. For example, Gabow and colleagues found that 
40% of the patients in their series who ingested other 
drugs had a normal anion gap metabolic acidosis.'® In 
children younger than 4 years, the metabolic component 
is usually more prominent, and these patients invariably 
demonstrate metabolic acidosis.!’ In contrast, older child- 
ren and adults tend to have a predominating respiratory 
component.’ In a review of 97 adults patients with high 
salicylate levels, Chapman and Proudfoot recorded 
patients in four categories of acid—base disturbance, with 
mixed respiratory alkalosis and metabolic acidosis or 
respiratory alkalosis alone predominating in 61% and 
19% of patients, respectively. The arterial pH, rather 
than the type of acid-base disturbance, was of greater 
value in determining clinical severity and mortality.'? The 
concomitant ingestion of respiratory depressant drugs 
may manifest as a mixed or isolated respiratory acidosis.!° 

It is commonly held that in adult salicylate poisoning 
a dominant metabolic acidosis follows an initial respi- 
ratory alkalosis. This latter phase may be very brief.!” 
Adults may develop severe acidemia within as little as 3 
to 4 hours of a massive aspirin overdose. 

The underlying pathophysiology of the acid-base 
disturbances in salicylate intoxication is complex and not 
fully elucidated. Salicylates have been shown to stimulate 
the central respiratory center directly.2°?! Respiratory 
alkalosis occurs due to hyperventilation, with an increase 
in the depth and rate of respirations. As a result there is 
a low partial pressure of CO, in arterial blood (Pacov), 
an increased plasma pH, and an elevated serum 
[HCO; ]. As a compensatory measure, [HCO] is then 
excreted vigorously in the urine. There are animal data 
that suggest a role for peripheral arterial chemoreceptors 
in the development of hyperventilation.* The respiratory 


stimulant effects of salicylates also occur indirectly from 
an increased production of tissue CO». Tissue COs, 
stimulates the respiratory center in the medulla oblongata. 

Metabolic acidosis occurs after the inhibition of TCA 
cycle enzymes and of mitochondrial oxidative phos- 
phorylation.**?* The uncoupling of oxidative phosphor- 
ylation reduces the production of cellular adenosine 
triphosphate and hence increases the production of 
pyruvic and lactic acid. Bartels and Lund-Jacobsen cast 
doubt on the significance of excessive lactate production 
due to salicylate-induced uncoupling of oxidative phos- 
phorylation.” They postulated that observed elevations 
in lactate may be due to decreased hepatic elimination 
of lactate. The inhibition of key TCA cycle enzymes 
(e.g., O-ketoglutaric dehydrogenase and succinic acid 
dehydrogenase) further increase pyruvic and lactic acid 
levels. 

The inability to produce cellular energy from oxidative 
phosphorylation results in enhanced but inefficient 
cellular metabolism. Gluconeogenesis and glycolysis 
are stimulated, and protein and lipid catabolism occur. 
Increased lipid and protein metabolism lead to the 
production and accumulation of ketone bodies (e.g., B- 
hydroxybutyric acid, acetoacetic acid, and acetone) and 
amino acids. Concurrent aminotransferase inhibition by 
salicylate prevents amino acid (e.g., alanine) metabolism 
and further augments levels of circulating amino acids.*° 
Accumulation of these organic acids leads to the 
increased anion gap metabolic acidosis associated with 
salicylate poisoning; only a small contribution occurs 
from salicylate itself. 

Both salicylate in the CSF and acidemia are powerful 
stimuli to respiration, and the latter facilitates the 
former.” Together they might be expected to enhance 
hyperventilation in comparison to patients with normal 
or low arterial [H+]. Chapman and Proudfoot, however, 
found that the mean Paco, was higher in fatal cases 
(most of whom were acidemic) than in survivors (most of 
whom had normal or low arterial [H*]). This failure to 
hyperventilate appropriately in response to an acid 
stimulus may be a factor in the development of acidemia 
in these patients.!° 
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A final contributing factor to the development of 
acidosis is the depletion of buffering capacity as a result 
of increased renal loss of [HCO] through the com- 
pensatory mechanisms that are a consequence of the 
initial respiratory alkalosis.*® 


Fluid and Electrolyte Abnormalities 


Fluid and electrolyte aberrations are not uncommon in 
salicylate poisoning and are multifactorial. Fluid and 
electrolyte losses occur from vomiting, decreased oral 
intake, diaphoresis, hyperventilation, osmotic diuresis 
(from bicarbonate, glucose, organic acid loss in urine), 
and increased metabolism and heat production. Water 
losses may reach 4 to 6 L/m*.*? With increased bicar- 
bonate excretion at the kidney in the early alkalotic 
Stage, there is concomitant loss of sodium and potassium 
as the body attempts to conserve hydrogen ions. Robin 
and colleagues reported six severely poisoned patients 
who presented with hypokalemia manifesting as a low 
serum potassium concentration, electrocardiographic 
changes, and neuromuscular abnormalities.*° All patients 
demonstrated respiratory alkalosis. It was postulated that 
the hypokalemia resulted from a subsequent shift of 
potassium into the cells and excessive renal loss. In a 
similar way, forced alkaline diuresis may also lead to 
significant hypokalemia.” In both of the above situations, 
patients responded to potassium supplementation. 
Hypocalcemia may also complicate attempts to alkalinize 
the urine.** Conversely, transient hypercalcemia has been 
reported after overdose with soluble aspirin, possibly due 
to the calcium content of the tablet.” Hypernatremia is 
common, presumably resulting from dehydration. 
Hyponatremia is less common but does occur, and may 
be associated with inappropriate fluid retention.** 


Pulmonary Edema 


Pulmonary edema is an uncommon but well-recognized 
complication of acute salicylate intoxication, first being 
reported in 1950. More importantly, it is considered to 
be the most common cause of significant morbidity in 
chronic salicylate intoxication.” In the 1970s, the 
noncardiogenic origin of the edema was suspected by 
Zitnik and colleagues after pulmonary artery catheteri- 
zation revealed a normal pulmonary artery wedge 
pressure, and by Bowers and colleagues in their studies 
on sheep.’ Since that time, a number of studies have 
suggested an increase in pulmonary capillary perme- 
ability as the underlying pathologic process. Three 
prominent theories attempt to explain this.3” First, 
aspirin is known to inhibit prostacyclin, a chemical that 
acts to reduce capillary permeability. Second, mild 
cerebral edema may result in a catecholamine surge, 
leading to elevated pulmonary vascular pressures. And 
third, salicylates’ effect on platelet-vessel interaction may 
result in increased capillary permeability. 

Radiologic studies in salicylate intoxication indicate 
that pulmonary edema occurs in about 35% of patients 
over the age of 30 years.3’ Chronic ingestion of the drug, 
smoking, and the presence of metabolic acidosis and/or 


neurologic features on admission were major risk factors 
for its development. In the same study, by Walters and 
colleagues, none of the patients younger than 16 years 
developed pulmonary edema, whereas Fisher and 
colleagues demonstrated that 2 out of 20 children 
developed the complication.*® 


Central Nervous System Abnormalities 


CNS toxicity is an important indicator of severe salicylate 
toxicity. Coma is rare, with patients more often agitated, 
confused, and restless before unconsciousness occurs. In 
children younger than 5 years, in whom acidemia is the 
usual acid—base disturbance, these neurologic features 
are more common.!”°9 

Adults display CNS toxicity less often, but when they 
do, it is also associated with acidemia.'®'Y The severity of 
CNS manifestations and salicylate mortality appears to 
have a direct relationship to brain salicylate concen- 
trations.2”*" In a rat model, Hill demonstrated that the 
presence of acidemia facilitates the shift of salicylate 
from the extracellular fluid into the intracellular space, 
especially in the brain.?”4° With a pKa of 3.0 for salicylic 
acid, as the pH of the blood falls, a higher percentage of 
the compound will be found in the nonionized form. 
This results in enhanced lipid solubility and hence an 
increased ability to cross cell membranes and the blood- 
brain barrier. Some patients with significant CNS effects 
have been alkalemic, but in those cases the plasma 
salicylate concentrations were very high. 

Cerebral edema has been reported, but is uncom- 
mon. Hypernatremia and fluid retention or overload 
may contribute to its development. Seizures may occur in 
patients with severe toxicity. Some animal studies 
indicate that they may result from hyperventilation or 
reduced brain glucose levels, which paradoxically can 
occur despite normoglycemia. 

Concomitant ingestion of CNS depressants, such as 
alcohol and benzodiazepines, may enhance the toxicity 
from salicylate independent of the toxic effects that 
occur directly from these CNS depressants themselves. 
By reducing the central drive to hyperventilate in 
response to acidemia, these drugs will enhance the CNS 
distribution and morbidity from salicylate.'® 


Metabolic Derangement 


The principal metabolic derangement in salicylate 
poisoning is a change in glucose metabolism, which 
may produce either hypoglycemia or hyperglycemia. In 
addition, hypoglycorrhachia (low CSF glucose concen- 
trations) may occur despite normal or even high serum 
glucose concentrations.*! Increased demand for glucose 
occurs simultaneously with a decreased ability of certain 
tissues to utilize the glucose substrate. Increased glucose 
demand results in glycogenolysis and gluconeogenesis. 
Initially, patients may present with a short-lived, or in 
some cases persistent, hyperglycemia, which may be 
of high enough magnitude to produce glycosuria.'®”9 
Sustained and persistent hyperglycemia reflects a failure 
of the tissues to utilize glucose adequately. Glucose stores 


may also become exhausted and result in hypoglycemia. 
Contributing to the development of hypoglycemia is 
enhanced insulin secretion, which may result from the 
inhibition of prostaglandin synthesis.” 


Hyperpyrexia 


Hyperpyrexia is more common in children than adults." 
It may result from the increased heat production that 
occurs following the uncoupling of oxidative phospho- 
rylation. Additionally, toxic levels of salicylate impair the 
efficiency of the body’s cooling mechanisms. This is 
compounded by the presence of dehydration.*? Hyper- 
pyrexia is uncommon in acute adult salicylate poisoning, 
and its presence is associated with a poor prognosis.'” 
Other causes of an elevated temperature should also be 
considered, for example, infection or concomitant drug 
ingestion. 


Hematologic Abnormalities 


Decreased production of prothrombin and factors V, VII 
and X, increased capillary fragility, decreased platelet 
adhesiveness, and thrombocytopenia have all been 
observed in salicylate intoxication.* Rarely do any of 
these changes become clinically significant. On occasion, 
transient petechial rashes may be observed over the face 
and neck. Significant hemorrhagic complications, how- 
ever, are very uncommon in salicylate poisoning. 


Gastrointestinal and Hepatic 
Abnormalities 


As discussed above, gastrointestinal bleeding is rare in 
salicylate poisoned patients. Gastric perforation has been 
reported after an acute overdose with enteric-coated 
aspirin.*! Nausea, vomiting, and epigastric abdominal pain 
are the most common and consistent gastrointestinal 
tract findings in acute salicylate poisoning. Hemorrhagic 
gastritis, pylorospasm, and decreased gastric motility may 
also occur. 

Direct hepatotoxicity, histologically similar to Reye’s 
syndrome on biopsy, may occur with chronic salicylate 
use. Differentiating salicylate poisoning from Reye’s 
syndrome is the presence of larger fatty droplets and a 
lack of mitochondrial changes.***° Salicylate-associated 
hepatotoxicity is usually mild and resolves with 
discontinuation of salicylates. 


Renal Abnormalities 


Kimberly and Plotz have reported a reduced creatinine 
clearance, an elevated urea, and an increase in celluria 
as adverse effects of aspirin.*° This acute renal impair- 
ment may possibly be explained by either a reduction in 
renal blood flow or as a result of direct nephrotoxicity. 
The renal abnormalities may result from the anti- 
prostaglandin effects of salicylates. It is thought that 
salicylates acutely inhibit prostaglandin synthesis, which 
results in vasoconstriction, reduced renal blood flow, and 
reduced glomerular filtration.*” The resultant oliguria is 
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exacerbated by the presence of dehydration. Preexisting 
renal disease may predispose patients to the develop- 
ment of renal impairment. 


Other 


Tinnitus is well-described with salicylate intoxication, 
and frequently precedes the onset of deafness. Both 
effects are reversible. Mongan and colleagues reported 
tinnitus beginning at levels from 20 to 45 mg/dL.* It 
has been postulated that salicylates increase intral- 
abyrinthine pressure, but Ramsden and colleagues 
suggested that salicylates cause their effect by acting at 
the hair cell—neural interface, causing a transient 
metabolic blockade.® Alternatively, tinnitus and deafness 
may result from vasoconstriction of the auditory micro- 
vasculature (serving cochlea and hair cells).! 

Ralston and colleagues reported on a 13-month-old 
boy with mild to moderate salicylate intoxication who 
experienced bradyarrhythmias and global myocardial 
dysfunction that they could not attribute to acidosis, 
hypoxia, ischemia, or metabolic or electrolyte abnor- 
malities.” Therapeutic doses of salicylates have no signifi- 
cant cardiovascular effects. 

Fatal in utero salicylism has been reported following 
an aspirin overdose in an 8-month pregnant primigravida.”! 
Palatnick and Tenenbein described a 37-week pregnant 
17-year-old girl who presented with fetal demise after 
ingesting 50 aspirin tablets a day for 1 month.°? A 
number of factors may explain the apparent increased 
fetal susceptibility to salicylate poisoning. First, the fetus 
has immature pathways to metabolize and excrete the 
drug; second, the fetal concentration of salicylate is 
higher; and third, the more acidotic fetal blood facilitates 
the movement of salicylate across the blood-brain 
barrier?" 

A number of investigators have reported on multiple- 
system organ failure following salicylate overdose, 
sometimes associated with rhabdomyolysis.*°° Vadas 
and colleagues demonstrated increased phospholipase 
As concentrations and postulated that this may result 
from an aspirin-induced intestinal permeability to endo- 
toxin and that these elevated phospholipase Ag, levels 
may play a role in the development of multiple-system 
organ failure.*° 

Hypersensitivity reactions to aspirin and salicylate- 
containing products have been well documented. Most 
patients develop a mild urticarial rash, but life-threatening 
anaphylaxis can occur. Botma and colleagues reported a 
case of an 18-month-old girl who ingested oil of winter- 
green.’ In addition to the typical features of salicylate 
poisoning, she also developed local laryngeal edema and 
stridor that necessitated endotracheal intubation. 


DIAGNOSIS 


Following an acute overdose of salicylate, the diagnosis is 
often straightforward. In the pediatric age group, a 
history of recent ingestion is usually present. The history 
in the adult population is more circumspect, but these 
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patients are seldom comatose and commonly admit to 
their actions. Where CNS depressant drugs have also 
been ingested, the history is more difficult, and a greater 
reliance should be placed on physical findings. If 
possible, the history should include the time and intent 
of ingestion, specific product and amount ingested, and 
the presence of co-ingestants and pertinent comorbid 
illnesses. 

The severity of an acute salicylate overdose can be 
determined by history, physical findings, and laboratory 
data. Although potentially unreliable, the history may be 
used to predict the clinical severity of illness.'® Generally, 
acute ingestions of less than 150 mg/kg follow a benign 
course, with symptomatic salicylate toxicity unlikely to 
occur.*® With ingestions above 150 mg/kg, toxicity is 
dose dependent and have been traditionally divided into 
mild (150 to 300 mg/kg), moderate (300 to 500 mg/kg), 
and severe (>500 mg/kg) poisoning.'® These categories 
are not absolute and should be utilized in conjunction 
with the patient’s clinical condition. 

Physical findings can also be used to grade the severity 
of salicylate poisoning.'® The physical examination should 
focus on the vital signs, neurologic and cardiovascular 
examinations, and state of hydration. Early in the course 
of an acute salicylate overdose, symptoms and signs may 
be mild and subtle. Hence, it is important to evaluate 
patients serially, rather than relying on a single initial 
assessment as an indicator of clinical severity. Traditionally, 
cases of mild poisoning are said to demonstrate hyper- 
pnea and/or tachypnea, mild lethargy or ataxia, tinnitus, 
and mild nausea and/or vomiting. Moderate toxicity is 
characterized by more prominent tachypnea, tachycardia, 
orthostatic hypotension, and neurologic disturbances 
(e.g., slurred speech, disorientation, confusion). Severe 
poisoning is represented by stupor or coma, seizures, 
respiratory depression, and hyperpyrexia. It is vital to 
remember, however, that salicylate poisoning is a dynamic 
process, and regular assessments and management 
appraisals are required. It is unwise to rigidly categorize 
such patients. 

Finally, the severity of salicylate poisoning can be 
assessed with various laboratory parameters. Historically, 
the use of serum salicylate concentrations alone was used 
by some to assess severity of salicylate poisoning. In 1960, 
Done studied 38 patients (29 of whom were children), 
who presented after an acute aspirin overdose.!° Based 
on their clinical symptoms and signs and their plasma 
levels, he created a nomogram that plots salicylate con- 
centrations at differing times in an attempt to estimate 
the degree of intoxication—asymptomatic, mild, mod- 
erate, or severe—and hence predict expected symptoms. 
Measurements made before 6 hours were considered 
misleading since the drug may still be in the absorptive 
phase. In practice, plasma salicylate concentrations do 
not correlate well with features of acute toxicity, espe- 
cially in those patients who are assessed as moderately or 
severely intoxicated.'* The nomogram has been demon- 
strated to be unrepresentative of toxicity.°°°? More 
specifically, the nomogram is not useful in the following 
circumstances: salicylate ingestion over a prolonged time 
(chronic ingestion), a sustained-release preparation or oil 


of wintergreen ingestion, the presence of renal insuf- 
ficiency, an unknown time of ingestion, and an acidemic 
patient.” Furthermore, the nomogram is based on the 
misconception that salicylates are eliminated via first- 
order kinetics.® Due to these limitations, most toxicol- 
ogists do not utilize the nomogram to determine severity 
of salicylate poisoning. 

For those with chronic salicylate poisoning, more 
severe toxicity is typically manifested at lower plasma 
salicylate concentrations as compared with acute intoxi- 
cation. For these patients as well, clinical features cor- 
relate poorly with concentrations and the Done nomo- 
gram is of no use. 

Use of laboratory data other than salicylate concen- 
trations will allow a better assessment of the severity of 
salicylate poisoning. In particular, concurrent measure- 
ments of plasma (arterial or venous) and urine pH 
identify the presence of a systemic acid-base disturbance 
and allow for estimation of the phase and severity of 
salicylism.®' Early or mild poisoning is represented by 
alkalemia (plasma pH >7.4) and alkaluria (urine pH >6); 
intermediate or moderate poisoning by alkalemia and 
paradoxical aciduria (urine pH <6); and late or severe 
poisoning by acidemia (plasma pH <7.4) and aciduria. 
Simultaneous measurement of each of these two 
parameters helps to determine the severity and stage 
of poisoning and will facilitate treatment. Ultimately, 
assessment of salicylate severity, whether acute or chronic, 
is best determined by combining data obtained from 
history, clinical signs and symptoms, plasma salicylate con- 
centration, and urine and plasma pH together. 


Laboratory Testing 


When a patient’s clinical signs and symptoms suggest 
salicylism, a plasma salicylate concentration is essential 
to confirm diagnosis and guide management decisions. 
A concentration greater than 30 mg/dL is usually 
associated with toxicity. Chronic therapeutic plasma 
concentrations in rheumatoid arthritis sufferers range 
from 10 to 30 mg/dL. A single level drawn too early may 
not be representative. Therefore, repeated levels at 2- to 
3-hourly intervals should be obtained until a downward 
trend is established. It is important not to rely on a single 
concentration because of the possibility of prolonged or 
delayed absorption following the ingestion of sustained- 
release products, enteric-coated tablets, or the formation 
of a pharmacologic bezoar. Concentrations should be 
interpreted in conjunction with the patient’s overall 
clinical and acid-base status. The presence of significant 
acidemia may imply a more serious intoxication, since 
higher concentrations of nonionized salicylate can 
penetrate into the CNS. 

Several methods are available through which to 
determine plasma salicylate concentrations,” the most 
common one being the colorimetric technique, which 
utilizes the reaction between salicylate and ferric ion, 
and gives an estimate of the total plasma salicylate 
concentration. High-performance liquid chromatography 
and gas chromatography can distinguish acetylsalicylic 
acid (aspirin) from salicylic acid, something the colori- 


metric test cannot differentiate. Colorimetric testing is, 
however, easy and fast. So-called “routine” toxicologic 
screening for salicylate poisoning has a low positive 
yield.°* Spot tests performed in the emergency depart- 
ment have little prognostic value and are fraught with 
problems due to misinterpretation by inexperienced 
individuals. 

In all symptomatic patients and those with intentional 
salicylate overdose, measurements of serum electrolytes, 
glucose, BUN, creatinine, and calcium should be 
obtained and an anion gap calculated. Other tests should 
include a venous or arterial blood gas, urinalysis 
(including urine pH), and toxic screening for co- 
ingestants and qualitative pregnancy testing, as indicated. 
A complete blood count, coagulation profile, and liver 
function tests are appropriate in moderate to severe 
poisonings. A chest x-ray should be performed if 
pulmonary edema is suggested on examination or if 
arterial blood gases demonstrate a widened arterial- 
alveolar gradient.*® 

The concentration of salicylate in the CSF reflects the 
concentration of unbound drug in the plasma, and 
studies in children and animals have shown that the 
severity of intoxication is closely related to the CSF 
salicylate concentrations. These in turn are related to the 
total plasma concentration and the [H*]. High [H*] 
reduces ionization and thereby facilitates the shift of 
salicylate into the cells. However, CSF levels are not used 
routinely to assess the magnitude of salicylism. 


Differential Diagnosis 


Salicylate toxicity should be considered in patients with 
unexplained acid—base disturbances, hyperventilation, 
tinnitus, or CNS disturbances. In severe cases, the 
presence of an altered mental status may prevent the 
disclosure of salicylate ingestion and erroneously lead to 
an involved neuropsychiatric evaluation, delaying the 
diagnosis and potentially increasing morbidity. Chronic 
salicylism is insidious and often mistaken for other 
illnesses, such as diabetic ketoacidosis, alcoholic ketoaci- 
dosis, metabolic encephalopathy, systemic infection or 
sepsis, dementia, organic psychosis, alcohol withdrawal, 
viral meningitis, Reye’s syndrome (in children), 
delirium, pancreatitis, and other causes of high anion 
gap acidemia. 


MANAGEMENT 


Supportive Measures 


As with all poisoned patients, initial management should 
be directed toward establishing and maintaining an 
adequate airway, and then optimizing respiratory and 
cardiovascular function. Intravenous access should be 
established and supplemental oxygen applied when 
appropriate. Although endotracheal intubation can be 
life-saving when an airway is compromised, Greenberg 
and Hendrickson described a 58-year-old man who 
presented with a mixed metabolic acidosis/respiratory 
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alkalosis and marked tachypnea following an overdose of 
aspirin. After intubation, the pH fell and the patient 
deteriorated and subsequently died. They postulated 
that mechanical ventilation was an inadequate substitute 
for manual ventilation and could not provide the rates 
needed to prevent acid accumulation.® If endotracheal 
intubation becomes clinically necessary, it is critical 
to maintain or establish patient alkalemia (plasma pH 
7.50 to 7.55) to minimize salicylate distribution into the 
CNS. Patient hyperventilation (to produce hypocarbia) 
before and after intubation, along with the adjunctive 
administration of sodium bicarbonate (see Urinary 
Manipulation) can minimize the entry of salicylates into 
the CNS. 

It is absolutely essential that careful attention be 
directed to the fluid balance status of the patient. 
Patients with moderate to severe poisoning should have 
an indwelling bladder catheter placed to closely monitor 
urine output. Central venous or pulmonary artery catheter 
monitoring is recommended for severely poisoned 
patients. Most patients are dehydrated on presentation. 
Thus, Temple suggests that the initial amount of fluid 
given should be in the range of 10 to 15 mL/kg/hr, 
administered over the first 1 to 2 hours.'® This may be an 
important consideration in patients with chronic 
poisoning or in those who present several hours after the 
ingestion. Subsequent fluid therapy should be based on 
the clinical need for rehydration, the renal function, and 
the risks of inducing or complicating pulmonary edema. 
Ultimately the aim of fluid replacement is to replace 
fluid deficits and maintain a urine output of between 100 
and 200 mL/hr. 

Because hypoglycemia has been implicated in the 
pathophysiology of CNS injury in salicylate-poisoned 
patients, glucose should be added (50 to 100 g/L), 
despite the presence of normoglycemia or even mild 
hyperglycemia. The potential benefit of giving glucose 
supplementation is empiric, and there are no clinical 
data concerning the real glucose requirements.” 

Patients poisoned seriously by salicylates are at risk for 
developing pulmonary edema and/or fluid retention 
through an inappropriate antidiuretic hormone secretion. 
In these patients, particularly if at the extremes of age, 
ageressive fluid replacement may be counterproductive. 
Urine output, renal function, and central venous 
pressure readings will be helpful in assessing these 
persons. 

Hypernatremia is common; hence, some clinicians 
recommend hypotonic solutions in the initial manage- 
ment phase. Hypokalemia should also be monitored for 
and treated. The presence of a significant acidemia may 
result in a normal serum K* level, but mask a true total 
body potassium deficiency. 

As outlined previously, a low serum pH increases 
the tissue penetration of salicylate, and hence increases 
CNS concentrations. For this reason, acidemia should 
be corrected using sodium bicarbonate (see Urinary 
Manipulation). Hypokalemia should be corrected 
simultaneously. It should be understood that sodium 
bicarbonate therapy is often indicated in mild/early 
and intermediate/moderate poisoning despite the 
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presence of alkalemia. Alkalemia rarely requires specific 
treatment. 

Pulmonary edema in salicylate-poisoned patients is 
noncardiogenic. Therefore, therapy should begin with 
oxygen and progress to continuous positive airway pressure 
ventilation (CPAP), and finally may require intubation 
with positive end-expiratory pressure ventilation (PEEP). 
Pulmonary edema will improve as salicylate concen- 
trations fall.35-62 

All patients with an altered mental status should 
receive intravenous dextrose (or have a fingerstick blood 
glucose analysis), naloxone (as indicated), and thiamine. 
As described above, normoglycemia, or even a slightly 
elevated blood glucose concentration, may be present in 
the face of depressed CNS glucose concentrations. The 
presence of CNS symptoms or signs or hypoglycemia 
should be treated with an intravenous bolus of 50% 
glucose, approximately 1 mL/kg. 

Seizures are not common in salicylate intoxication. 
Those that occur should be treated in standard fashion 
(e.g., dextrose, lorazepam or diazepam, and pheno- 
barbital). Other causes for seizures should also be con- 
sidered, including electrolyte abnormalities (e.g., 
hypocalcemia) and hypoglycemia. For those patients 
with suspected cerebral edema, the head of the bed 
should be elevated, hyperventilation should be performed, 
and mannitol administration should be considered. 

Hyperpyrexia is more common in children than 
adults. The possibilities of other causes should be 
considered, including infection or other drug ingestions. 
If severe, evaporative cooling (tepid water spray and 
fans), cooling blankets, and neuromuscular paralysis 
should be considered (for those with associated neuro- 
muscular agitation). 


Decontamination 


In recent years the role of syrup of ipecac has been 
significantly curtailed and most toxicologists do not 
recommend it in the setting of salicylate poisoning.” 
Gastric lavage has also been the focus of considerable 
attention. The joint position statement from the 
American Academy of Clinical Toxicology and the 
European Association of Poisons Centers and Clinical 
Toxicologists recommends gastric lavage only for those 
patients presenting within | hour of ingesting a poten- 
tially life-threatening amount of poison.® Gut deconta- 
mination following aspirin ingestion is controversial and 
can raise considerable debate.®°° Contemporary practices 
dictate the sole and expeditious use of oral activated 
charcoal in most acute salicylate overdoses, especially if it 
can be administered within 1 hour of the ingestion.°” 
Although uncommon, pharmacologic bezoars may form 
after very large overdoses. Their presence, as indicated 
by sustained or rising salicylate concentrations, may 
necessitate gastric lavage and/or multiple-dose activated 
charcoal administration or even endoscopic procedures 
to break up the concretions if there is evidence of con- 
tinued gut absorption. Comatose patients who undergo 
gastric lavage should be intubated endotracheally. 
Activated charcoal is effective in reducing the gut 
absorption of salicylates.'*® An initial oral bolus of 50 g 


(adults) or 1 g/kg (children) should be administered as 
soon as possible, but preferably within 1 hour of 
ingestion.” Charcoal should not be withheld for patients 
who present late after oral salicylate overdose; pylor- 
ospasm and decreased gut motility associated with over- 
dose may provide continued efficacy with late charcoal 
administration. Subsequent doses should be considered 
at 2- to 6-hour intervals if there is evidence that con- 
tinued absorption is occurring. Given that absorption 
has already occurred in most patients, the use of 
activated charcoal in those with chronic poisoning is 
probably of no benefit. Conceptually, as enteric-coated 
salicylates dissolve in the distal gastrointestinal tract, 
activated charcoal should be effective. However, whole 
bowel irrigation (WBI) may be a more effective means of 
eliminating enteric-coated products. Kirshenbaum and 
colleagues studied the effectiveness of WBI, compared 
with single-dose activated charcoal with sorbitol, in 
preventing salicylate absorption following the ingestion 
of enteric-coated aspirin in volunteers.” They concluded 
that WBI was more effective in reducing absorption. 
Generally, the use of WBI in the prevention of salicylate 
absorption has not been validated, and it cannot be 
recommended routinely in the management of salicylate 
overdoses.” 


Antidotes 


There are no specific antidotes for salicylate poisoning. 


Elimination 


MULTIDOSE ACTIVATED CHARCOAL 

The use of multidose activated charcoal (MDAC) to 
enhance the elimination of salicylates is controversial.” 
Hillman and Prescott demonstrated that MDAC was 
effective for enhancing elimination in patients with mild 
to moderate toxicity. Most subsequent studies, however, 
have failed to demonstrate efficacy of MDAC for 
elimination enhancement. MDAC should not be used 
as a means of enhancing elimination, bur rather as 
an intervention to prevent the ongoing absorption of 
salicylates.” 


URINARY MANIPULATION 

Normally, salicylate undergoes both glomerular filtration 
and tubular secretion. At high therapeutic doses, the 
hepatic metabolic pathways for salicylates become 
saturated. Renal excretion, therefore, becomes very 
important for the total body elimination of salicylate at 
high therapeutic and toxic levels. Although only the 
unbound fraction of salicylate is available for glomerular 
filtration, this fraction increases with supratherapeutic 
salicylate concentrations. Salicylate is also reabsorbed at 
the proximal convoluted tubules (PCTs). This latter 
process depends on both urine flow rate and urine pH. 
As explained previously, in an acid environment, 
salicylate is maximally nonionized, facilitating transfer 
across cell membranes, and hence PCT reabsorption. 
During periods of high urine output, the urinary 
concentration of salicylate falls, which reduces the 
urine:tubular cell concentration gradient and, thus, PCT 


reabsorption. Overall, urinary salicylate clearance is 
directly proportional to urinary flow rate but loga- 
rithmically proportional to urine pH.” Forced diuresis, 
forced alkaline diuresis, and urinary alkalinization are 
methods that apply these principles to enhance the 
urinary elimination of salicylates. 

Traditionally, to achieve a forced alkaline diuresis, 
crystalloid fluid with sodium bicarbonate was admin- 
istered intravenously at a rate of approximately 2 L/hr 
for 3 hours.°' Forced diuresis requires the same volume 
of fluid at the same rate, without the concomitant use 
of sodium bicarbonate.” Urinary alkalinization calls for 
the administration of sodium bicarbonate alone in an 
attempt to increase the urine pH above 7.5, while 
maintaining a normal urine output and avoiding the 
risks of fluid overload.” 

In 1982, Prescott and colleagues compared these three 
methods by studying 44 salicylate-poisoned adults.’® They 
concluded that the administration of sodium bicarbonate 
alone was at least as effective as and, possibly, more 
effective than either forced diuresis or forced alkaline 
diuresis. Furthermore, unlike the other two regimens, 
fluid retention was not a problem with urinary 
alkalinization alone. The large fluid load produced by 
regimens designed to force a diuresis are usually well 
tolerated by young adults with normal renal function; 
however, even in this age group pulmonary edema 
and cerebral edema have occurred. The addition of 
furosemide does reduce the risk of fluid retention, but it 
may decrease rather than increase renal salicylate 
elimination.” Utilizing urinary alkalinization, the 
apparent elimination half-life of salicylate poisoning 
decreased to 6 to 12 hours. In the Prescott and colleagues 
study, the significant decreases in plasma salicylate seen 
with forced diuresis and forced alkaline diuresis were 
greater than expected based on the urinary salicylate 
excretion. It was felt that this was due in part to 
hemodilution, and that this phenomenon may give a 
false impression of efficacy. Patients treated with 
alkalinization alone in this study, however, received 375 
to 500 mL/hr of intravenous fluid during the treatment 
period, suggesting that fluid resuscitation and the 
initiation of a diuresis is also important to enhance the 
renal clearance of salicylate. 

The effectiveness of urinary alkalinization to enhance 
the clearance of salicylate was demonstrated in another 
human volunteer study. Vree and colleagues conducted a 
randomized study in six volunteers who received 1.5 g 
sodium salicylate orally before initiation of urine alkalin- 
ization or urine acidification. The mean peak salicylate 
concentrations were 93.3 mg/L and 109.8 mg/L, 
respectively. As compared with urinary acidification, the 
mean elimination half-life was significantly less and the 
mean total clearance was significantly increased during 
urine alkalinization.°° 

In the care of poisoned salicylate patients, most patients 
are dehydrated on presentation, thus necessitating fluid 
resuscitation simultaneous with urinary alkalinization. 
While urinary alkalinization is more important to 
augment renal salicylate clearance than forced diuresis 
alone, aggressive fluid resuscitation until an adequate 
flow of urine (>2 mL/kg/hr) is achieved is also 
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important to competent patient care. The indications 
for urinary alkalinization include the presence of signs 
or symptoms of salicylism (symptomatic poisoning), 
acid-base disturbances, or elevated salicylate levels 
(>30 mg/dL). The latest recommendations from the 
American Academy of Clinical Toxicology and the 
European Association of Poison Control Centres and 
Clinical Toxicologists Position Statement is that “Based 
on volunteer and clinical studies, urine alkalinization 
should be considered as first line treatment for patients 
with moderately severe salicylate poisoning who do not 
meet the criteria for hemodialysis.” ”? 

The procedure for performing urine alkalinization in 
salicylate poisoning is described in Box 48-2. 

Effective alkalinization of the urine may be very 
difficult to achieve. More recently, the effectiveness of 
urinary alkalinization has been confirmed by Higgins 
and colleagues.*! They reported two separate episodes 
of salicylate poisoning in the same patient. In the first 
poisoning episode, hemodialysis was used without alka- 
linization; in the second, alkalinization was performed 
without hemodialysis. When urinary alkalinization was 
performed, the salicylate level fell by 45% 5 hours after 
admission as compared with a fall of only 4% in the 
4 hours prior to hemodialysis where alkalinization had 
not been attempted. 

The use of sodium bicarbonate in salicylate-poisoned 
patients is associated with certain side effects and has 
some contraindications. Adverse effects of alkalinization 
include the creation of severe alkalemia (arterial pH 
> 7.55) and electrolyte disturbances (e.g., hypocalcemia, 
hypokalemia, hypernatremia) that may lead to arrhy- 
thmia or seizure, and to a lesser extent, fluid overload 
and congestive heart failure. Theoretical contraindica- 
tions to the use of sodium bicarbonate include the 
presence of cerebral or pulmonary edema, oliguric renal 
failure, and an arterial pH of more than 7.55. 

The use of acetazolamide to alkalinize the urine is 
contraindicated, since it produces metabolic acidosis 
through renal elimination of bicarbonate, which may 
worsen Salicylism and result in increased tissue pene- 
tration of salicylate. Tromethamine is not preferable to 
the use of bicarbonate when alkalinization is required. 


Extracorporeal Techniques 


Salicylates are readily removed by extracorporeal means 
due to a small Vd (approximately 0.2 L/kg) and low 
molecular weight. At supratherapeutic levels, extracor- 
poreal removal of salicylate is further facilitated by 
increased concentrations of free drug in the plasma. 
A number of extracorporeal removal techniques (e.g., 
exchange transfusion, peritoneal dialysis, hemoperfusion, 
hemodiafiltration, and hemodialysis) have been utilized 
in severe poisoning to decrease morbidity and mortal- 
ity. As compared with hemodialysis, hemoperfusion pro- 
vides a greater clearance of salicylate from plasma. 
Hemodialysis, however, is the preferred technique due 
to its superior safety, familiarity, and ability to correct 
fluid, electrolyte, and acid-base disturbances (see Chap- 
ter 2C).8* Hemodialysis can reduce the salicylate elim- 
ination halflife to 2 to 3 hours.** Continuous veno- 
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BOX 48-2 


Baseline Biochemical Assessment 


Measure plasma creatinine and electrolytes. 
Measure plasma glucose. 
Measure arterial acid-base status. 


Clinical Preliminaries 


Establish an intravenous line. 

Insert a central venous line, if appropriate. 
Insert a bladder catheter. 

Correct any fluid deficit. 

Correct hypokalemia, if indicated. 


Measure urine pH using narrow-range indicator paper (use fresh urine because pH will change as carbon dioxide blows off on standing) or 


pH meter. 


Achieving Alkalinization 


In an adult, give sodium bicarbonate 225 mmol or mEq (225 mL of an 8.4% [1mEq/mL] solution) intravenously over 1 hour. 


In a child, give sodium bicarbonate 25-50 mmol (25 mL of an 8.4% solution) intravenously over 1 hour. 

The period of administration of the loading dose of sodium bicarbonate may be shortened and/or the dose increased if there is preexisting 
acidemia. 

The goals of alkalinization are to achieve a blood pH of 7.50 and urine pH of 8.0. 


Maintaining Urine Alkalinization 


Give additional boluses of intravenous sodium bicarbonate to maintain urine pH in the range 7.5-8.5. This can be achieved by administering a 
continuous infusion of 100—150 mmol or mEq NaHCO; mixed in 1 L D5W at 150-200 mL/hr or two times maintenance IV requirements. 


Monitor 


Urine pH every 15-30 minutes. 

Plasma potassium hourly. 

Central venous pressure hourly. 

Acid-base status hourly (note: arterial pH should not exceed 7.55). 
Plasma Salicylate concentrations hourly. 

Urine output—should not exceed 200 mL/hr. 


Discontinue Urine Alkalinization 


When plasma salicylate concentrations fall below 30 mg/dL in an adult or 25 mg/dL in a child. 


venous hemodiafiltration (CVVHDF) is an alternative 
extracorporeal technique to hemodialysis. CVVHDF 
may be a more tangible option for patients who are too 
unstable to undergo hemodialysis or for whom 
hemodialysis is not available. Although its efficacy is 
not as well established as for hemodialysis, CVVHDF 
has provided significant reductions in salicylate levels for 
poisoned patients. Exchange transfusion has been used 
successfully for salicylate-poisoned infants, where 
hemodialysis is not technically feasible in this patient 
population.** Manikian and colleagues described the 
successful double-volume exchange transfusion in a 
4-month-old (5-kg) male infant with severe salicylate 
poisoning.®? 

The decision to perform hemodialysis is usually made 
on clinical parameters rather than plasma salicylate 
concentrations. Clinical indications for hemodialysis 
include the presence of coma, seizures, cerebral or 
pulmonary edema, renal failure, refractory acid-base 
disturbances, or clinical worsening despite treatment. 
Little information exists on which to base this decision, 
and in each case an individual assessment is best. The 





sole reliance on the plasma salicylate concentration is 
not advised. Serious consideration for hemodialysis, 
however, should be given to acutely poisoned patients 
with salicylate concentrations of at least 100 mg/dL or 
chronic patients with salicylate concentrations of at least 
60 mg/dL. Early consultation with a renal medicine 
specialist is prudent to avoid any possible bureaucratic 
delays in establishing dialysis. Once initiated, hemo- 
dialysis should be continued until clinical improvement, 
correction of major acid-base disturbances, or a return to 
nontoxic salicylate levels occurs. Since greater morbidity 
and mortality are associated with chronic salicylism, 
hemodialysis is recommended at lower salicylate levels as 
compared with acutely poisoned patients. 


DISPOSITION 


Disposition decisions for salicylate-poisoned patients 
necessitate an assessment of the actual and predicted 
severity of illness, the initial salicylate concentration, the 
trend of that concentration, and the patient’s clinical 


state. Symptomatic patients should be admitted to the 
hospital, regardless of the amount ingested or of the 
plasma concentration. Mildly poisoned patients may be 
managed safely on a regular medical floor or short-stay 
observation unit, if available. Moderately or severely 
poisoned patients should be admitted to an intensive 
care unit. Patients with normal and falling concen- 
trations, who are asymptomatic, and have normal acid- 
base status, electrolytes, and renal function may be 
medically discharged, provided there are no psychiatric 
issues that need to be addressed. 
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ANTHONY J. TOMASSONI, MD, MS m CARL A. GERMANN, MD 


At a Glance... 


m Triptans have improved safety and side effect profiles in the 
treatment of migraine relative to older ergot derivatives. 

m Triptans activate the 5-HT,, and 5-HT,p receptors within the 
trigeminovascular system, including serotonin receptors on 
cerebral vessels and, to a lesser extent, on coronary arteries. 

© Triptans are contraindicated in patients with ischemic heart 
disease because of concerns about vasospasm of coronary 
vessels that could lead to myocardial ischemia. 

m If a patient taking triptans experiences chest pain that may be 
ischemic in origin, further triptan use should be avoided and 
appropriate evaluation initiated. 

m Second-generation triptans have improved pharmacokinetics 
and may reduce the likelihood of chest pain in migraineurs; 
however, differences between these medications and first- 
generation triptans are subtle. 

m Risk for precipitating serotonin syndrome may be increased by 
combining triptan therapy with other serotonergic medications. 


The development of the triptans nicely illustrates the 
process of stepwise drug design. The medicinal pro- 
perties of serotonin agonists have been recognized for 
hundreds of years.! Long ago, midwives used the vaso- 
constrictive effects of ergot to accelerate labor or reduce 
postpartum bleeding. Liquid extracts of ergot have also 
been used to treat “vascular headaches” in Europe and 
the United States for more than 100 years. However, the 
use of early ergot-derived medications frequently resulted 
in undesirable effects, including severe peripheral 
vasoconstriction, emesis, paresthesias, and psychosis. 

Human experience with related compounds has been 
well documented since the outbreaks of ergotism in the 
Middle Ages, then known as St. Anthony’s fire. When 
contaminated rye enters the food supply, generally in the 
form of bread, epidemic ergotism may result. Vivid 
descriptions of individuals afflicted with gangrene of the 
extremities, burning neuropathic pain, and autoampu- 
tation survive to document this form of ergotism. An 
even more dramatic form of ergotism may result in 
psychosis, seizures, and death. It has been hypothesized 
that those accused of witchcraft in Salem, Massachusetts, 
in the late 1600s were stricken with this second form 
of ergotism. Ironically, it was in that same century that 
the cause of St. Anthony’s fire was traced to ergot 
(Claviceps purpurea), a fungus that grows on the kernels 
of rye during damp, cold weather.* 

Before the availability of the triptans, ergotamines 
were used extensively for relieving migraine pain. 
Ergotamine was first isolated by Arthur Stoll of Sandoz 
(Novartis) in 1918. The drug was then found effective 
in the treatment of migraine headache in the 1930s. 
Further research at Sandoz resulted in the synthesis 


of ergonovine, lysergic acid diethylamide, and other 
serotonin agonist and antagonist drugs.** Armed with 
improved understanding of the potential role of sero- 
tonin in migraine headache developed during the 1970s, 
efforts to synthesize a safer, more selective, serotonin 
agonist were undertaken. This resulted in the intro- 
duction of sumatriptan in the early 1990s. Subsequent 
second-generation triptans seek to improve on the 
properties of sumatriptan by offering more rapid relief, 
longer duration of action, improved bioavailability and 
availability to the central nervous system (CNS), and 
reduced side effects. Since sumatriptan became available 
in 1992, six additional triptans have been introduced in 
the United States (Table 49-1). 

Several theories and models have been advanced to 
explain the pathophysiology of migraine headache, but 
no unified model explains all the symptoms of a 
migraine headache. It seems possible that more than one 
mechanism may be responsible, and this may explain 
interindividual variations in response to migraine medi- 
cations. Reductions in serotonin levels have been noted 
during migraine headaches. Of note, the triptans are 
structurally similar to serotonin (5-hydroxytryptamine 
[5-HT]) (Fig. 49-1) 

The number of migraineurs in the United States 
has been estimated as approximately 23 million.’ 
GlaxoSmithKline reports that their sumatriptan pro- 
ducts have been used to treat more than 646 million 
migraines over the past decade, approximately equal to 
treating one migraine headache every second.° Of note, 
there are many similarities, but also significant differ- 
ences between these selective serotonin agonists. There- 
fore, patients may be advised that if one of these drugs 
does not offer sufficient relief from their migraine pain, 
it is often worthwhile to try another drug from this 
class with different pharmacologic or pharmacokinetic 
characteristics. However, the overall efficacy rate for all 
orally administered triptans is approximately 65%.° Little 
has been reported regarding substantial overdose of 
these medications; however, adverse effects associated 
with therapeutic use of the triptans are well described. 


STRUCTURE 


Sumatriptan is 3-[2-(dimethylamino) ethyl|-Mmethyl- 
1H-indole-5-methanesulfonamide. Structures of seroto- 
nin and the triptans available in the United States may be 
compared in Figure 49-1. When compared with 
sumatriptan, the second-generation agents are charac- 
terized by enhanced lipophilicity and greater 5-HT, 
receptor selectivity. These chemical properties are 
associated with pharmacokinetic and pharmacodynamic 
improvements such as improved oral bioavailability, 
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ANALGESICS 


Some Available Triptans and Dates of Approval by the U.S. Food and Drug Administration (FDA) 





GENERIC NAME TRADE NAME FORMULATION DATE OF FDA APPROVAL 

Sumatriptan Imitrex Injections December 28, 1992 
Imigran 

Sumatriptan Imitrex Tablets June 1, 1995 
Imigran 

Sumatriptan Imitrex Nasal spray August 26, 1997 
Imigran 

Zolmitriptan Zomig Tablets November 25, 1997 

Naratriptan Amerge Tablets February 10, 1998 
Naramig 

Rizatriptan Maxalt Tablets June 29, 1998 
Maxalt-MLT Orally dissolvable tablets 

Zolmitriptan Zomig-ZMT Orally dissolvable tablets February 13, 2001 

Almotriptan Axert Tablets May 17, 2001 

Frovatriptan Frova Tablets November 8, 2001 

Eletriptan Relpax Tablets December 26, 2002 

Zolmitriptan Zomig Nasal spray September 30, 2003 


Some triptans were available in Europe before FDA approval in the United States.” 


From http:/www.fda.gov, Drug Approvals. 
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FIGURE 49-1 Comparative structures of serotonin and selected antimigraine drugs. [Modified from Hart C: Forged in St. Anthony’s fire: 
drugs for migraine. Mod Drug Discovery 1999;2(2):20-21, 23-24, 28, 31.] 


rapid absorption to achieve maximum plasma levels 
faster (shorter time to maximum concentration [T nax]), 
longer elimination half-lives (t,,/2), better CNS penetra- 
tion, and/or reduced cardiac effects. Improved central 
penetration and increased receptor affinity and 
selectivity for the 5-HT;p (neuronal) receptor permit 
lower total oral dosing and reduced peripheral exposure 
to the coronary vasoconstrictor 5-HT\g (vascular) 


receptor, reducing the incidence and severity of chest 
pain that occurs with sumatriptan. Frovatriptan has a 
high affinity for the 5-HT\, receptor when compared 
with other second-generation triptan agonists. ”S 

The chemical structure of frovatriptan conforms to 
structure-activity relationships established for 5-HT, 
receptor agonists. These include a nuclear indole hetero- 
cycle and a 3-alkylamine structure (incorporated into an 


indole-fused cyclohexylamine moiety in frovatriptan). 
The 3-alkylamine function facilitates formulation of the 
triptans as water-soluble salts of acids. Of note, the 
3-alkylamine feature serves as a substrate for MAO-A 
catabolism, except in the case of naratriptan.’ New 
agents that target the 5-HT;r receptor are under investi- 
gation. Such agents may lack the vascular contractile 
effects of the current triptans that target 5-HT\, 1p 
receptors.” 


PHARMACOLOGY 


At least seven classes of 5-HT receptors with different 
biologic effects have been identified. These classes are 
noted as 5-HT, through 5-HT,. Except for the 5-HTs 
receptor, which is linked to an ion channel, all are 
G protein linked. The 5-HT, receptor class differs 
from the others in that it is inhibitory via adenylate 
cyclase, while the other receptor classes are excitatory. In 
general, 5-HT, receptors are the site of action of the 
migraine-abortive triptans and dihydroergotamine, 
which function as agonists at this receptor. In contrast, 
some migraine-preventative treatments such as amitrip- 
tyline and methysergide have 5-HT, antagonist activity. 5- 
HT, receptors are excitatory via phosphatidyl hydrolysis. 
5-HT; antagonists have antiemetic activity. 

All triptans activate the 5-HT), and 5-HT)p receptors 
and, to a lesser extent, the 5-HT,, and 5-HT\, 
receptors.'° Inhibition of vasodilation of meningeal 
vessels occurs via the 5-HT;g receptor. Triptans are 
believed to relieve migraine, in part, by stimulating 
5-HT\, receptors on meningeal, dural, cerebral, or pial 
vessels to cause vasoconstriction, which counteracts 
the pain-inducing vasodilation involved in migraine. 
Inhibition of trigeminal nuclei cell excitability in the 
brainstem occurs via 5-HT\;g/;p) receptor agonism; 
direct inhibition of these receptors is reported to have an 
antimigraine effect. Additionally, stimulation of pre- 
synaptic 5-HTjp receptors inhibits both dural vasodi- 
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lation and inflammation.” Triptans have low or no 
affinity for œ- or B-adrenergic, cholinergic, or dopa- 
minergic receptors.''!* Anatomic studies using anti- 
bodies selective for human 5-HT}, or 5-HTjp receptors 
found that 5-HT\, receptors are located primarily in the 
cranial circulation but are also found in the coronary 
circulation.!*'* While triptans constrict meningeal 
arteries more potently than they constrict coronary 
arteries, there have been concerns regarding potential 
myocardial ischemia secondary to induced coronary 
vasoconstriction. A summary of affinities of the triptans 
for receptor types is provided in Table 49-2. 

Of interest, data have demonstrated potent anti- 
inflammatory effects in bacterial meningitis with ad- 
ministration of triptans to rats. Leukocyte influx into the 
cerebrospinal fluid was reduced, as was intracranial 
pressure and the formation of brain edema. Survival and 
clinical score were increased. That these findings may 
eventually be applicable to humans is suggested by 
clinically observed activation of the trigeminovascular 
system.!° 


PHARMACOKINETICS 


Since this class of compounds was developed for affinity 
at specific receptors, there are only minor pharma- 
codynamic differences between the triptans. Despite 
significant pharmacokinetic improvements in the newer 
members of this class, only modest improvements have 
resulted in their ability to treat migraine. Pharma- 
cokinetic relationships between the triptans are 
displayed in ‘Table 49-3. Sumatriptan has low oral bio- 
availability (14%) due to first pass metabolism and in- 
complete absorption and, relative to newer triptans, a 
short elimination half-life of approximately 2 hours 
when administered subcutaneously or intranasally 
(approximately 2.5 hours when administered orally). 
Protein binding is approximately 14% to 21%; therefore, 
the effect of sumatriptan on the protein binding of other 


Affinities of Some Ergopeptides and Triptans for Serotonin Receptor Types 





DRUG 5-HT i, 5-HT;g 
Ergotamine* + + 
Dihydroergotamine +++ ++ 
Sumatriptan + ++ 
Zolmetriptan + 
Naratriptan + + 
Rizatriptan + 
Eletriptan ++ 
Almotriptan + ++ 
Frovatriptan + 


RECEPTOR TYPE 
5-HT;p 5-HT;£ 5-HT;f 5-HT>q 5-HT>, 
+ + + + 
+++ ++ + + + 
++ - + 
+ + 
+ + + 
+ 
++ + ++ 
++ 
4- 


Of note, ergotamines also have activity at noradrenergic œ and B receptors and on dopamine D, and D, receptors. 
*The published data for the ergopeptides relate mainly to dihydroergotamine, but the literature infers that the situation for ergotamine is generally 


similar. 


+, degree of agonist activity at the receptor from low (+) to high (+++); -, inactive. 


Adapted from references 3 and 58. 
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drugs may be minor. The mean volume of distribution 
of sumatriptan after subcutaneous administration is 
2.7 L/kg, and its total plasma clearance is approximately 
1200 mL/min. Newer triptans have improved oral bio- 
availability. The absorption rate of rizatriptan is com- 
paratively fastest when measured by the time to peak 
plasma concentration, and rizatriptan has been reported 
to result in more rapid relief of cephalalgia when 
compared with sumatriptan and zolmitriptan. Eletriptan 
and naratriptan have somewhat longer half-lives than 
sumatriptan, while frovatriptan has the longest half-life 
(up to 25 hours) of the triptans approved in the United 
States. Plasma levels of frovatriptan may be higher in 
elderly patients and in females.®'° 


SPECIAL POPULATIONS 


All triptans are 5-HT\pz agonists and thus are con- 
traindicated in patients with ischemic heart disease, 
uncontrolled hypertension, and cerebrovascular disease. 
Prudence dictates that patients should also be screened 
for conditions leading to accelerated atherosclerosis 
and coronary artery spasm. Related conditions may 
include family history of coronary artery disease or heart 
attacks, risk factors for coronary artery disease, long- 
standing or uncontrolled diabetes, hypercholesterolemia 
and hyperlipidemia, smoking, and physiologic or 
surgical menopause. 

Clinical trials in the pediatric population have yielded 
positive results that triptans decrease symptoms of 
migraine, but often in the context of high placebo 
response rates. Although dosing for sumatriptan in 
younger patients has been reported, the manufacturer 
indicates that the use of sumatriptan injection, tablets, 
and nasal spray in those younger than 18 years is not 
recommended.'® In fact, a myocardial infarction has 
been reported in a 14-year-old boy following the use of 
oral sumatriptan with clinical signs occurring within 
1 day of drug administration.'® While studies have 
demonstrated that adolescents may find triptans 
efficacious and tolerable, clinical data regarding the 
frequency of events in the pediatric population is still 
lacking.!”"!9 

Since elderly patients may have decreased hepatic or 
renal function, since they may be more sensitive to drug- 
induced increases in blood pressure, and since they may 
be at higher risk for coronary artery disease, the use of 
triptans in the elderly is not advisable. 

Triptans are category C drugs and should not be 
recommended for use by pregnant women. Review of 
data available from clinical trials, postmarketing 
monitoring, and the Sumatriptan Pregnancy Registry 
suggest no currently measurable increased risk for birth 
defects after prenatal exposure to sumatriptan. Sample 
sizes remain too small to draw definitive conclusions. 
Although use of triptans during pregnancy cannot 
be encouraged, data are reassuring where inadvertent 
exposure to sumatriptan has occurred during 
pregnancy. 0*1 
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DRUG INTERACTIONS 


Triptans and ergotamines both stimulate serotonergic 
receptors; therefore, their combined use is not re- 
commended. Monoamine oxidase (MAO) inhibitors, 
especially MAO-A inhibitors, can slow the metabolism of 
triptans and are thus contraindicated when using these 
medications. Also, the vasoconstrictive effects of the 
triptans may be additive to those of catecholamines. 
There have also been numerous case reports of sus- 
pected serotonin syndrome when MAO inhibitors and 
triptans are used concurrently.” *4 Given the fact that 
little reliable information exists regarding the com- 
bination of these two medicines, use of triptans should 
continue to be avoided in patients taking MAO in- 
hibitors until further data demonstrating safety become 
available. 

It is plausible that the combination of triptans and 
selective serotonin reuptake inhibitors may precipitate 
serotonin syndrome. Although serotonin syndrome has 
been reported with combinations of psychotropic 
medications, neurologists have considered the potential 
of triptans combined with selective serotonin reuptake 
inhibitors (SSRIs) to produce this syndrome as well. In 
general, clinical experiences and published reports in- 
dicate a low risk for serotonin syndrome with the com- 
bined use of an SSRI and a triptan.** However, consider- 
ing the large volumes of SSRIs and other serotonergic 
drugs in use, the paucity of data regarding serotonin 
syndrome as a consequence of drug interactions with 
triptans suggests that further study is indicated to 
ascertain the relative risk of precipitating serotonin 
syndrome through drug interactions. Some documented 
and potential (but less likely) drug-drug interactions 
with triptans are listed in Table 49-4 and Box 49-1. 


TOXICOLOGY 


Triptans differ from each other in terms of tolerability 
but not in terms of safety.'° Animal overdose of suma- 
triptan has resulted in seizures, tremor, paralysis, be- 
havioral changes, ptosis, erythema of the extremities, 
abnormal respiration, cyanosis, ataxia, mydriasis, saliva- 
tion, lacrimation, and death.!° Clinical manifestations of 
triptans have been largely compiled from clinical ex- 
perience, case reports, and systematic retrospective and 
prospective research. Therefore, the information that 
follows is derived primarily from observations of patients 
using an appropriate therapeutic dose. 

The most frequent side effects, often called “triptan 
sensations, are taste disturbances, tingling, paresthesias, 
and sensations of warmth in the head, neck, chest, and 
limbs.'° Other symptoms may include drowsiness, diz- 
ziness, flushing, and neck pain or tightness. 

The most serious adverse consequences of triptan use 
involve the cardiovascular system. These insults are 
presumably due to coronary and cerebral vessels nar- 
rowing secondary to 5-HT\, receptor activation. All trip- 
tans narrow coronary arteries by about 10% to 20% at 
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Some Potential Drug Interactions with Triptans 





INTERACTION TYPE AGENT AND MECHANISM 


Pharmacokinetic 


Macrolide antibiotics: inhibition of CYP3A4 


Monoamine oxidase A inhibitor 


Propranolol: inhibition of CYP1A2 

Dihydroergotamine 

Acetaminophen 
Pharmacodynamic 

Ergopeptide 

Methysergide 

Serotonin reuptake inhibitors 


Loxapine 


EFFECT 


Increased almotriptan or eletriptan level 

Increased 5-HT, agonism by sumatriptan, zolmitriptan, 
or rizatriptan 

Increased zolmitriptan level 

15% reduction in area under the curve for naratriptan 

Sumatriptan delays acetaminophen absorption 


Vasospasm; postpartum cerebral angiopathy 

Myocardial infarction reported with sumatriptan 

Increased serotonin concentration loading to serotonin 
syndrome (uncommon) 

Dystonia and movement disorder 


The magnitude of these effects may be variable ranging from theoretical only or clinically insignificant to potentially life threatening. 
Compiled from Eadie MJ: Clinically significant drug interactions with agents specific for migraine attacks. CNS Drugs 2001;15(2):105-118. 





BOX 49-1 








With Sumatriptan 





With Zolmitriptan 


Butorphanol nasal Ergotamine 
Flunarazine Pizotifen 
Propranolol Dihydroergotamine 
Naproxen Acetaminophen 
Naratriptan Metoclopramide 
Pizotifen Fluoxetine 
Selegiline 


With Naratriptan 
Ergotamine 


*Given the relative newness of the triptans it is likely that additional drug- 
drug interactions may come to light. 

From Eadie MJ: Clinically significant drug interactions with agents specific 
for migraine attacks. CNS Drugs 2001;15(2):105-118. 


conventional doses.2°?”? Numerous studies have estab- 
lished the coronary vasoconstrictive effects of trip- 
tans.2°?”“9 This constriction of coronary arteries may 
cause chest symptoms that closely mimic angina pec- 
toris.!? However, the chest pain reported by 3% to 5% of 
patients taking oral triptans has generally not been asso- 
ciated with electrocardiographic changes and is unlikely 
to be due to cardiac ischemia.*°*? In fact, in vitro data 
have shown that at therapeutic concentrations, triptans 
have little potential to cause clinically significant con- 
striction of nondiseased coronary arteries.'' Large 
retrospective studies show no increase in risk for myo- 
cardial infarction with triptan use in a general popula- 
tion of migraine sufferers.*°°* Noncardiac explanations 
for chest pain associated with the use of triptans include 
pulmonary vasoconstriction, esophageal spasm, muscle 
spasm, and anxiety.°?°° 

In June 2002, the American Headache Society 
convened the Triptan Cardiovascular Safety Expert Panel 
to evaluate the evidence on triptan-associated cardio- 


vascular risk and to formulate a consensus regarding the 
safety of triptans.?” This consensus stated that chest symp- 
toms occurring during the use of triptans are usually 
nonserious and usually not attributed to ischemia.” Also, 
while serious cardiovascular adverse events have oc- 
curred after the use of triptans, their incidence in both 
clinical trials and clinical practice appears to be ex- 
tremely low.?” Most of these data, however, are derived 
from clinical trials that typically excluded patients with 
cardiovascular risk factors or known ischemic heart 
disease. Therefore, the panel concluded that the cardio- 
vascular risk-benefit profile of triptans favors their use in 
the absence of contraindications and that in patients at 
low risk for coronary artery disease, triptans can be safely 
prescribed without the need for prior cardiac status 
evaluation.?” 

Triptan effects on diseased coronary arteries have not 
been well studied. It is plausible that even a small 
amount of induced vasoconstriction in patients with ob- 
structive coronary artery disease may potentiate myo- 
cardial ischemia. Indeed, in rare instances triptan 
therapy has been associated with severe cardiovascular 
events.!°°8 There have also been published reports of 
atrial fibrillation, ventricular tachycardia, and ventricular 
fibrillation following doses of sumatriptan.*%4347 A 
majority of these episodes were reported to occur within 
35 minutes of triptan administration. The evidence of 
increased risk for myocardial ischemia and infarction is 
largely based on the known pathophysiology of triptans 
and isolated case reports rather than epidemiologic 
data?’ 

There is a paucity of data to support a correlative risk 
of ischemic stroke with triptan use.*°°*** A study per- 
formed by Hall and colleagues showed no association 
between triptan prescription and stroke risk in 13,664 
patients. In another study of 12,339 patients who used 
injectable sumatriptan, there was an incidence of 1.08 
strokes per 100,000 treated migraine episodes, which 
correlates with the natural occurrence of migraine and 
stroke.** It is also conceivable that some reports of stroke 
associated with triptans may have resulted from misiden- 


tification of the primary cause of headache (i.e., some 
patients complaining of headache who received triptans 
may have had a primary stroke that was only definitively 
diagnosed after triptan administration). 

Triptan-induced vasoconstriction has also been 
thought to induce ischemic colitis. There have been at 
least 11 reported cases associating triptan use with ische- 
mic colitis.4°°! However, no association was found in a 
large-scale prospective trial of the safety of subcutaneous 
sumatriptan.°** Further studies are needed to explore this 
relationship because there is insufficient evidence thus 
far associating triptans and ischemic bowel disease. 

Serotonin syndrome may result from the combined 
use of triptans with SSRIs. A handful of case reports 
describe such events.**** However, in one large prospec- 
tive study combining SSRIs with triptans, there were no 
significant adverse neurologic events within 24 hours.” 
Serotonin syndrome consists of a triad of altered mental 
status, dysautonomia, and neuromuscular changes. 

There have been only a handful of case reports 
describing triptan overdose. Most of these articles report 
a paucity of adverse events with overuse.**°*°* There are 
no published reports of death secondary to human 
overdose with triptans to date. However, there is one 
report of a woman with no underlying cardiovascular 
disease who presumably died secondary to complications 
of prolonged cardiac arrest following a single dose of 
oral sumatriptan.” 

Ocular toxicity consisting of corneal opacity and de- 
fects in the corneal epithelium has been reported in 
dogs at 30 days after daily administration of oral 
sumatriptan at three to five times the human daily 
exposure rate.!° 

Withdrawal of triptans following overuse (approxi- 
mately 10 days per month for at least several months) 
may result in rebound (triptan-induced) headache. 
Triptan use should be limited to 3 days per week. 
Rebound headache may be characterized by refrac- 
toriness to preventive medication, and increasing attack 
frequency may be the first sign. Withdrawal headaches 
have also been described. Patients undergoing triptan 
withdrawal have been reported to request less symp- 
tomatic medication than patients undergoing withdrawal 
from ergot or analgesic medications, suggesting that 
their headaches were less severe than patients in the 
other study groups. Substituting medications that do not 
share cross-tolerance, or discontinuing the medication 
after the “washout” period is complete, may prove effective. 
Some patients may require inpatient therapy and/or 
psychiatric and social assessment and support.°”° 


DIAGNOSIS 


Because adverse effects reported with triptan use are also 
associated with migraine headaches, effects of the drugs 
may be difficult to distinguish from those of the disease. 
Any adverse events, including myocardial ischemia, that 
occur more than a few hours after triptan use generally 
do not fit within the period of pharmacokinetic activity 
of these medications.*° It may be prudent to exercise 
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longer periods of observation after potential adverse 
effects in the case of those triptans that have longer 
duration of action (i.e., frovatriptan and eletriptan), 
active metabolites, and elimination times. 


MANAGEMENT 


Treatment of symptoms following therapeutic doses or 
potentially toxic doses largely involves supportive 
measures along with management of any potential 
cardiovascular or neurologic effects. Benzodiazepines 
can be useful to control agitation and muscle spasticity 
associated with serotonin syndrome. Nitroprusside can 
be used to treat hypertension if end-organ damage is 
suspected. Labetalol, nitroglycerine, and phentolamine 
may be used as alternatives with a goal of 20% to 
25% reduction in mean arterial pressure. 


Decontamination 


Activated charcoal is regarded as most effective in ad- 
sorbing unabsorbed drug from the gastrointestinal tract 
if given within 1 hour of ingestion after oral overdose. 
Some absorption of orally administered triptans might 
also be prevented by early gastric lavage, although the 
efficacy of this procedure may be no better than oral 
activated charcoal alone. In the event of massive triptan 
ingestion, a toxicologist should be consulted regarding 
decontamination procedures and management. No 
specific antidote exists. 


Laboratory Studies 


No specific laboratory work is generally indicated for in- 
advertent exposure to small amounts of triptans in 
asymptomatic patients. Specific drug levels are not 
clinically useful. For patients experiencing chest pain, a 
12-lead electrocardiogram and continuous electrical 
monitoring should be performed if symptoms suggest 
myocardial ischemia or dysrrhythmia. Serial cardiac 
enzymes may be considered. Since hepatic metabolism 
and renal excretion are important mechanisms of triptan 
and triptan metabolite formation and clearance, mea- 
sures of hepatic and renal function might be useful, 
especially where presystemic “first pass” clearance of 
orally administered triptans is concerned. Patients with 
large exposures may be at risk for sequelae, including 
seizures and acidosis; laboratory studies should be 
obtained accordingly. 


Disposition 


There is a paucity of information regarding risk stratifi- 
cation of patients with triptan overdoses. Should a 
patient who is exposed to triptans experience chest pain 
that is believed to be ischemic in origin, further triptan 
use should be avoided until proper risk stratification can 
be completed. 

A 3-year retrospective study of unintentional pediatric 
exposures to single-agent triptan acute ingestions has 
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been reported. Exposures to oral formulations of suma- 
triptan, zolmitriptan, naratriptan, and rizatriptan were 
documented in children younger than 7 years. Of 32 
cases that met inclusion criteria, 26 patients ingested one 
or two adult doses, three patients ingested three or more 
doses, and three ingested an unknown amount. Five 
patients reported at least one effect (vomiting, nausea, 
abdominal pain, and/or drowsiness). Four of those five 
patients were treated in the emergency department, and 
three of the five received activated charcoal. None of the 
patients required admission or other treatment. Of those 
five symptomatic patients, one ingested a single tablet, 
one ingested two tablets, and the others ingested three 
or four tablets. All of those patients were asymptomatic at 
the time of follow-up phone call. This limited review 
suggests that while children who ingest only one to two 
adult doses of the triptans studied are likely to do well 
and might be observed at home, more experience and 
further investigation is needed to establish safe triage 
and observation guidelines.°° 

Review of limited data available in the literature 
suggests that some patients who overuse triptans in the 
setting of acute accidental exposure or overuse do well. 
However, in the current absence of sufficient data to risk 
Stratify patients with triptan overdose, it is safest to ob- 
serve or admit patients with large triptan overdoses, 
comorbid conditions, and abnormal vital signs, as well as 
symptomatic patients or those with exposure to multiple 
serotonergic medications, since the consequences of 
serotonin syndrome or massive triptan overdose may be 
severe. Those with supratherapeutic exposure to triptans 
with long half-lives should, at a minimum, be observed 
for an extended period until such time as further data 
become available to assist with risk stratification of 
patients taking excess doses of such triptans. 
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5 0 Colchicine 


J. WARD DONOVAN, MD 


At a Glance... 


m Colchicine has a narrow therapeutic index and serious toxicity; 
fatalities can occur even with therapeutic doses. 

m Colchicine is contraindicated in hepatic disease or renal failure, 
and should be avoided with macrolide antibiotics. 

m The latent period of 4 to 12 hours after an overdose may 
mislead clinicians into discharging the patient prematurely. 

m Toxicity develops in a first phase of severe gastroenteritis with 
hypovolemia; a second phase of bone marrow depression, 
cardiac and respiratory failure, hepatorenal syndrome, coag- 
ulopathy, and weakness; and a third phase of recovery with 
alopecia and rebound leukocytosis. 

m Initial treatment includes gastric decontamination (even in late 
presentation), respiratory support, aggressive fluid replace- 
ment, and vasopressor use as needed. 

m Elimination may be enhanced by multiple dosing of activated 
charcoal, but hemodialysis has no effect. 

m Colchicine-specific Fab fragments show promise for future 
therapy, but are not currently available. 

m Granulocyte colony-stimulating factor may aid in recovery trom 
leukopenia. 


INTRODUCTION AND RELEVANT 
HISTORY 


Colchicine is an alkaloid that can be extracted from two 
plants of the lily family, Colchicum autumnale (autumn 
crocus, meadow saffron) and Gloriosa superba (glory lily), 
and is used as an anti-inflammatory agent in gouty 
arthritis. Colchicum was first recognized as a poison in 
the 3rd century BC by the Egyptian Dioscorides.'! In the 
6th century AD, Alexander of Trallis first recommended 
colchicum as a cathartic in the treatment of joint pain.* 
It was advocated as a diuretic in the New Edinburgh 
Dispensatory in 1788 and recommended as specific 
therapy for gout in medical texts of the early 1800s. It was 
probably introduced into the United States as therapy 
for gout by Benjamin Franklin.’ In 1820, colchicine was 
isolated from the C. autumnale tuber and rapidly gained 
popularity. It is now used to treat acute gouty arthritis, 
primary biliary cirrhosis, amyloidosis, Behcet’s disease, 
and condyloma acuminata, as prophylaxis for familial 
Mediterranean fever, and experimentally to study cell 
division in cytogenetics because of its antimitotic 
activity.” 

The infrequency of colchicine toxicity is reflected in 
the annual report by the American Association of Poison 
Control Centers (AAPCC). In 2003, there were 213 
colchicine exposures reported to the AAPCC, of which 
only 4 resulted in major toxicity and 4 resulted in death.‘ 


Nevertheless, toxic effects may be encountered after 
accidental, suicidal, or therapeutic use of colchicine tablets. 
The tubers of the glory lily have also been mistakenly 
ingested due to their similarity to sweet potatoes. Large 
volumes of the plants are required to cause toxicity, but 
the effects are similar to those observed with tablet 
ingestion. 


CLASSIFICATION AND STRUCTURE 


The alkaloid colchicine has the chemical formula N- 
(5,6,7,9-tetrahydro-1,2,3,10-tetramethoxy-9-oxobenzo 
[a]heptalen-7-yl) acetamide. The structure is shown in 
Figure 50-1.° Pharmaceutical colchicine is available as 
0.5- and 0.6-mg tablets and as a parenteral solution of 0.5 
mg/mL. Colchicum species are cultivated and are popular 
as houseplants. The species C. autumnale has long, 
tubular purple or white flowers with seeds, and plants 
emerge from an underground corm or bulb (see 
Chapter 24); colchicine is present at a concentration of 
approximately 1% in the flowers of this plant.° 


PHARMACOKINETICS 


Colchicine is rapidly absorbed from the gastrointestinal 
(GI) tract, reaching peak plasma levels within 0.5 to 
2 hours.! Oral bioavailability has been estimated to be 
25% to 44%.*° Because higher doses depress jejunal and 
ileal function, prolonged absorption may occur in toxic 
doses.” However, this was not observed in one study of 
human poisoning cases.’ 

Approximately 50% of circulating colchicine is bound 
to plasma proteins. Initial distribution half-lives range 
from 45 to 90 minutes, and distribution is complete after 
3 to 6 hours. The reported volume of distribution has 
varied across a wide range; it has been estimated to be 
2.2 to 8.5 L/kg with therapeutic doses and 21 L/kg in 
patients with toxic effects. A range of 12% to 44% of 
colchicine is excreted unchanged in the urine with 
therapeutic doses, similar to the 30% excretion found in 
overdose. In patients with liver disease, a larger fraction 
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of the drug is excreted unchanged. Metabolism is primarily 
via deacetylation in the liver mediated by cytochrome P-450 
(CYP) 3A4, followed by biliary excretion. Significant 
enterohepatic recirculation occurs, as demonstrated by 
the presence of the parent drug and metabolites in large 
amounts in bile and intestinal secretions. 

The terminal plasma elimination half-life in therapeutic 
doses has ranged from 9.3 to 41 hours.*°* This is similar 
to half-lives of 10.6 to 31.7 hours in toxic ingestions. 
However, serum concentrations were essentially un- 
changed for 3 days in one case of colchicine co-ingested 
with drugs that prolonged drug absorption and caused 
renal and hepatic failure.’ 


DRUG INTERACTIONS 


The CYP3A4 inhibitors cimetidine and ketoconazole can 
cause an increase in colchicine elimination half-life.? 
Likewise, the macrolide antibiotics erythromycin and 
clarithromycin have the potential for inhibiting the 
CYP3A4 isoenzyme and, thus, decreasing hepatic 
metabolism of colchicine. Any known inhibitor of 
CYP3A4 has the potential for impairing colchicine 
metabolism and potentiating toxicity from this agent 
(see Chapter 5). The macrolide antibiotics, including 
josamycin, also inhibit P-glycoprotein, a transporter 
involved in cellular efflux and biliary elimination of 
drugs. Thus, the coadministration of macrolides has 
been reported to cause serious colchicine toxicity.®” 
Cyclosporine toxicity has resulted with concomitant use 
of colchicine. 


PATHOPHYSIOLOGY 


Colchicine binds to intracellular tubulin, a structural 
protein necessary for normal cellular motility, shape, 
endocytosis and exocytosis, axonal transport, and cell 
division. As a result of tubulin binding, microtubule 
polymerization is inhibited, spindle formation cannot 
occur, and cell mitosis is inhibited in metaphase.'° Those 
cells with the highest turnover rate, such as intestinal 
epithelium, bone marrow, and hair follicles, are affected 
the earliest and to the greatest extent. By inhibiting 
tubulin polymerization, colchicine affects microtubule 
function and interferes with the transport of intra- 
cellular nutrients and organelles. Failed microtubule 
function may explain some aspects of the multiorgan 
failure seen in colchicine toxicity, particularly cardiac 
failure.!! There may be a direct toxic effect on the 
myocardial cells with impairment of impulse generation 
and cardiac conduction. Alternatively, depressed cardiac 
conduction and inotropy associated with severe 
colchicine toxicity may be due to profound acidosis and 
electrolyte derangements.” The action of colchicine in 
gout is largely due to impaired phagocytosis of urate 
crystals by leukocytes; these effects probably result from 
failed microtubule function in leukocytes and their 
inability to alter cellular shape and engulf crystals. 


RANGE OF TOXIC EFFECTS 


For acute gouty arthritis, the usual colchicine dose is 0.5 
to 1.0 mg every 2 to 3 hours until relief or GI symptoms 
occur. Because GI warning symptoms do not occur with 
IV dosing, the recommended IV dose is half of the equiv- 
alent oral dose to a maximum of 2 to 4 mg per acute 
episode.* There is a significant risk for death when this 
cumulative IV dose is exceeded.!* Maintenance colchicine 
therapy is usually provided as daily doses of 0.5 to 2 mg 
for adults and 0.5 mg per day for children. Colchicine is 
contraindicated in patients with combined hepatorenal 
disease, creatinine clearances below 10 mL/min, or extra- 
hepatic biliary obstruction. Because of reduced elimi- 
nation in those with renal impairment, doses should be 
no larger than 0.6 mg/day if the creatinine clearance is 
less than 50 mL/min or serum creatinine is greater than 
1.6 mg/dL.!’ 

Fatalities have occurred with total doses of 8 to 11 mg 
given therapeutically over several days.* Ingestions of 0.5 
to 0.8 mg/kg result in severe toxic effects, and doses 
greater than 0.8 mg/kg or a total of 40 mg are 
considered to be uniformly fatal.”'* However, outcome is 
dependent on the duration between exposure and 
treatment, and the use of appropriate aggressive 
therapy.’? Severe toxic effects followed by survival have 
occurred with doses of 50 to 60 mg (greater than 
1 mg/kg).”'° In children, the fatal dose may be as low as 
0.37 mg/kg.!° Colchicine-containing plants rarely 
produce severe toxicity due to the low concentrations of 
toxin, but large ingestions can be fatal.'° Ten grams of 
tuber contain about 6 mg of colchicine, and 100 to 125 g 
of tubers (60 to 95 mg of colchicine) have produced 
severe toxic effects.!” 

Colchicine plasma levels do not correlate well with the 
severity of toxicity and are not clinically useful. For 
instance, in acute ingestions, plasma concentrations that 
are associated with GI effects alone have ranged from 11 
to 63 ng/mL within 4 hours of exposure.’ In contrast, a 
level of 24 ng/mL was noted 27 hours after acute 
colchicine ingestion in a patient with severe hemo- 
dynamic instability.'! In addition, reported colchicine 
plasma levels have ranged from 11 to 66 ng/mL in fatal 
cases. Because of enterohepatic recirculation, the drug 
accumulates in the bile in levels as high as over 
5000 ng/mL. Thus, the bile may be the best source for 
analysis in forensic cases.'® 


CLINICAL MANIFESTATIONS 


The clinical manifestations of colchicine overdose 
involve multiple organ systems, including GI, respiratory, 
hematologic, cardiovascular, renal, and neurologic. After 
a latent period of 4 to 12 hours, signs and symptoms of 
toxicity occur in three phases.!? The first phase is 
manifested largely by GI signs and symptoms with fluid 
losses, electrolyte imbalance, and hypovolemic shock. 
Life-threatening complications occur during the second 
stage, or from 24 to 72 hours after exposure. At this 


time, cardiac insufficiency, arrhythmias, bone marrow 
depression, renal failure, hepatic injury, respiratory 
distress, coagulopathy, and neuromuscular abnormalities 
are present. This phase can last for 5 to 7 days and is 
followed by a recovery phase marked by a rebound 
leukocytosis and alopecia. The duration and features of 
each phase are outlined in Table 50-1, and details of each 
involved organ system are discussed separately. 


Gastrointestinal 


Nausea, vomiting, diarrhea, and burning abdominal 
pain are the initial symptoms of colchicine toxicity. The 
presence of GI symptoms can serve a protective effect by 
warning of the potential for further toxicity with 
continued use of the drug. In addition, the presence of 
early GI effects may be the earliest indicator of 
impending severe toxic effects that will occur after acute 
overdose. Severe dehydration, hypovolemia, and cardio- 
vascular collapse can result if aggressive treatment is not 
instituted. GI effects are not prominent after IV use, 
suggesting a local action of colchicine on gut epithelial 
cells. Hepatocellular damage (with associated elevations 
of transaminases and alkaline phosphatase) and 
hepatomegaly can also occur with colchicine toxicity, 
but fulminant hepatic failure occurs very rarely.!° 
Pancreatitis and a paralytic ileus also frequently occur. 


Cardiovascular 


Hypotension occurs due to volume losses, extravasation 
of fluid into extracellular spaces, and myocardial 
depression. Development of cardiogenic shock due to a 
postulated direct myocardial injury is a poor prognostic 
sign. Colchicine is also thought to impair cardiac 
conduction, leading to arrhythmias and even late asys- 
tole.!° Marked electrocardiographic changes indicative 
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of myocardial injury can occur, with ST and T wave 
changes.!” Elevation of serum troponin I may be indica- 
tive of acute myocardial injury and the risk for cardiovas- 
cular collapse.?! 


Respiratory 


Respiratory distress occurs in about one third of cases 
and is a result of generalized muscle weakness and acute 
respiratory distress syndrome (ARDS).° Colchicine is also 
thought to have a direct toxic effect on the lungs, 
causing capillary leakage. Prolonged hypotension, sepsis, 
and multiorgan failure probably also play a major role in 
this syndrome. 


Neurologic 


Mental status depression may progress to delirium, 
seizures, and coma. Peripheral neuropathy, loss of deep 
tendon reflexes, and ascending paralysis can also occur 
late in the course.*!%?° Myelin degeneration is thought 
to be the cause of these neuropathic effects.’ 


Hematologic 


The first phase of acute toxicity includes a peripheral 
leukocytosis, followed by bone marrow depression in the 
second phase. Severe leukopenia, thrombocytopenia, 
and a consumptive coagulopathy peak at 4 to 7 days 
postingestion.'° Disseminated intravascular coagulation 
and sepsis often complicate this phase. Hematologic 
studies show hypoprothrombinemia, decreased fi- 
brinogen, and increased fibrin split products. At 8 to 10 
days postingestion, bone marrow recovery is apparent, 
and a rebound leukocytosis occurs during the recovery 
phase. Neutropenia may occur without other toxic 
effects after several days of therapeutic use.** 





PHASE COMPLICATION 


| (0-12 hr) GI symptoms 


Volume depletion 


Peripheral leukocytosis 
Il (2-7 days) Respiratory distress, ARDS, hypoxemia 
Cardiovascular shock 
Thrombocytopenia, DIC 
Myelosuppression, neutropenia 


Hyponatremia, hypocalcemia, hypophosphatemia 


Metabolic acidosis 


Rhabdomyolysis, myoglobinuria, oliguric renal failure 


Ill (1-2 wk) Rebound leukocytosis, alopecia 


TREATMENT 


Gastric lavage to ensure removal of all pills from stomach 
IV fluid replacement; treatment of shock with use of 
pressure if needed 


Supplemental oxygen, ET intubation and mechanical 
ventilation, PEEP 

Monitor, CVP, Swan-Ganz, fluids, pressors 

Replacement therapy with blood products 

Blood cultures, treament with antibiotics 

Electrolyte replacement 

Maintain volume status; treatment with HCO, if necessary 

Fluids, diuretics to maintain urine output 


ARDS, acute respiratory distress syndrome; CVP, central venous pressure; DIC, disseminated intravascular coagulopathy; ET, endotracheal; Gl, 


gastrointestinal; IV, intravenous; PEEP, positive end-expiratory pressure. 
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Renal 


Renal failure is common in severe colchicine toxicity, 
probably secondary to hypovolemia, hypoxia, and 
myoglobinuria.? The typical clinical findings are an 
oliguria responsive to fluids, hematuria, and proteinuria.!” 
There is no evidence of direct renal toxicity, although 
colchicine does concentrate in the kidneys.’ 


Metabolic/Electrolytes 


A lactic acid, anion-gap metabolic acidosis is common, 
again due to hypotension and hypovolemia. This is 
exacerbated by inhibition of intracellular metabolism 
and accumulation of organic acids.'? Hypophosphatemia, 
hyponatremia, hypocalcemia, and hypomagnesemia 
occur, primarily due to fluid losses. Hypocalcemia is also 
thought to be due to direct suppression of bone 
resorption by colchicine.* 


Musculoskeletal 


A direct myopathic effect of colchicine can lead to muscle 
weakness, necrosis, and rhabdomyolysis, especially with 
chronic colchicine use.'? Reported cases have been 
associated with preexisting renal failure, and either acute 
or long-term colchicine in low therapeutic doses.***4 
Typically, there is rhabdomyolysis with elevated creatine 
kinase and aminotransferases.** The diagnosis is aided by 
electromyography and muscle biopsy. If respiratory failure 
occurs, pulmonary function testing is recommended to 
determine if skeletal muscle weakness is a significant 
contributing factor. The myopathy is usually rapidly 
resolved with discontinuation of colchicine. 


Dermatologic 


Scalp hair loss is common and typically occurs during the 
recovery phase, but it can occur anytime between 6 and 30 
days postingestion.*!° Hair growth almost always recovers 
several weeks after exposure. A vesiculating, erythematous 
rash resembling toxic epidermal necrolysis has been 
reported in rare cases, with histopathology showing 
subepidermal bullae and apoptosis of keratinocytes.” 


Miscellaneous 


Colchicine has been associated with delayed corneal ulcer 
healing, azoospermia, and oligospermia.*° 


DIAGNOSIS 


The diagnosis should be suspected in anyone with access 
to colchicine and displaying the typical colchicine 
toxidrome of gastroenteritis, hypotension, lactic acidosis, 
and prerenal azotemia. In the early phases of colchicine 
toxicity, the diagnosis could be mistaken for sepsis, 
nonsteroidal anti-inflammatory drug or iron toxicity, or 
pancreatitis.” Findings associated with the later phase of 
colchicine toxicity (e.g., peripheral neuropathy and 


alopecia) could be mistaken for heavy metal poisoning. 
Differentiation from both is possible by the presence of 
severe bone marrow suppression in the second phase of 
colchicine toxicity. 

Laboratory monitoring should include frequent mea- 
surements of electrolytes (including calcium, magnesium, 
and phosphate), platelets, and creatine kinase; complete 
blood count; prothrombin time; serum troponin I; renal 
and liver function tests; and urinalysis for myoglobinuria. 
If coagulopathy is suspected, fibrinogen and fibrin split 
products should be monitored. In severe or persistent 
hypotension, echocardiography and pulmonary catheter 
monitoring is warranted.*! Colchicine measurements are 
not clinically useful except to establish or confirm the 
diagnosis. 


TREATMENT 


Initial Supportive Measures 


Treatment for colchicine poisoning is mainly supportive. 
Patients with significant central nervous system or 
respiratory depression should have their airway 
protected, breathing assisted, and cardiovascular support 
provided as necessary. Initial therapy for hypotension 
includes aggressive replacement of fluid losses with IV 
crystalloid (20 to 60 mL/kg of normal saline or lactated 
Ringer’s solution); vasopressors are indicated for 
hemodynamic instability that is not fluid responsive or 
severe. If the vasopressor therapy is necessary, it should 
be guided by Swan-Ganz catheter placement and 
measurement of hemodynamic parameters. This is 
important, given the propensity for myocardial depression, 
hypovolemia, alterations in systemic vascular resistance, 
and ARDS. Respiratory failure may require mechanical 
ventilation with positive end-expiratory pressure. 

Transfusions of whole blood, fresh frozen plasma, 
vitamin K, and platelets may be necessary to treat 
coagulopathies. Because of frequent sepsis complicating 
neutropenia, the use of broad-spectrum antibiotics 
should be considered for febrile patients. 


Decontamination 


Gastric decontamination is warranted if the patient 
presents during the latent period prior to the onset of 
gastroenteritis and a potentially toxic amount (greater 
than 5 to 10 mg in adults) has been ingested. Adsorption 
of colchicine by activated charcoal has not been studied 
but is thought to be effective. Even late decontamination 
should be performed, because large residual amounts of 
colchicine have been found in the stomach many hours 
after ingestion. The known enterohepatic recirculation 
of colchicine also supports late and repeated doses of 
activated charcoal, but paralytic ileus may complicate 
this approach.'? In such cases, duodenal tube suction 
could be utilized. Cathartics should not be routinely 
employed due to the expected onset of spontaneous 
diarrhea, and whole bowel irrigation would also be of 
limited value for this reason. 


Antidotes 


Colchicine-specific Fab fragments have been developed 
and used with success in studies in laboratory animals."! 
The Fab fragments are prepared from the antiserum of 
goats immunized with colchicine, and their infusion 
results in reversal of colchicine binding to tubulin. This 
investigational agent has been successfully employed in a 
case of severe toxicity in a human without any adverse 
effects.'! Administration of the Fab fragments resulted in 
a rapid reversal of life-threatening hemodynamic 
instability, although bone marrow suppression did not 
significantly improve. The dose given was 480 mg of 
colchicine-specific Fab fragments, with half given over 1 
hour and the remainder over the ensuing 6 hours.” 
However, this agent remains an investigational antidote 
and is available only in France, in very limited quantities. 
Granulocyte colony-stimulating factor (G-CSF) has 
been used in colchicine toxicity in an attempt to 
accelerate production of neutrophils within the bone 
marrow.'”8 In such cases, an accelerated leukocytosis 
was observed within 1 to 2 days, but at a time when 
rebound leukocytosis may naturally occur. Because 
colchicine-induced bone marrow suppression is short- 
lived, use of G-CSF should be considered only in life- 
threatening sepsis during the second phase of toxicity. 


Enhanced Elimination 


As discussed with decontamination, repeated doses of 
activated charcoal should theoretically enhance colchicine 
elimination because of its enterohepatic recirculation, 
but this has not been tested. This treatment would be 
problematic in some cases due to the presence of emesis 
and, possibly, paralytic ileus. With its large volume of 
distribution, high protein binding, and relatively small 
fraction of renal excretion, it is unlikely that forced 
diuresis, hemodialysis, exchange transfusion, or 
hemoperfusion would be effective for drug removal.'° 
Hemodialysis may be necessary to treat the associated 
renal failure. 


Disposition 


Because of its narrow therapeutic index and latent 
phase, any patient should be observed for 8 to 12 hours 
after acute ingestion of colchicine. The onset of GI 
symptoms or leukocytosis warrants hospital admission 
until at least the second phase of toxicity has ended. 
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At a Glance... 


m Acute nonsteroidal anti-intflammatory drug toxicity may produce 
gastrointestinal (nausea, vomiting), neurologic (lethargy, coma, 
hallucinations, seizures), and metabolic (acidosis, renal failure) 
effects. 

m Nonsteroidal anti-inflammatory drug toxicity should be 
included in the differential diagnosis of an anion gap metabolic 
acidosis, which can be severe (pH < 7.1) in large overdoses. 

m Absorption and onset of effects are rapid (1 to 4 hours) following 
acute overdose. 

m Cyclooxygenase-2 nonsteroidal anti-inflammatory drugs have 
fewer adverse gastrointestinal effects with chronic use, but 
have similar toxic effects in overdose and have a risk for 
inducing adverse cardiovascular events in chronic use due to 
their prothrombic effects. 

m Management is supportive and must include rehydration to 
prevent and reverse the renal and metabolic effects. 


INTRODUCTION AND RELEVANT 
HISTORY 


Nonsteroidal anti-inflammatory drugs (NSAIDs) were first 
developed in the late 19th century; they achieved wide- 
spread use even before the marketing of acetylsalicylic 
acid. The first NSAIDs were the pyrazolones, phenazone 
and amidopyrine; phenylbutazone, of the same class, was 
not introduced until after World War II. Other NSAIDs 
were identified in the late 1950s and the 1960s, and they 
have undergone an explosive increase in use over the 
past 30 years. Ibuprofen was first introduced in the 
United States in 1974 and was approved for over-the- 
counter use in 1984. 

The widespread availability of NSAIDs has naturally 
resulted in a marked increase in the number of 
overdoses and reported adverse effects. In the 4-year 
period 1985 through 1988, 55,800 cases of ibuprofen 
exposure were reported to the American Association of 
Poison Control Centers (AAPCC), but 71,043 ibuprofen 
exposures and a total of 97,123 NSAID exposures were 
reported in 2003 alone.'* Ibuprofen exposures account 
for more than 5% of the total cases reported to the 
London Poisons Information Centre.? NSAIDs are now 
the most commonly utilized class of medications in the 
world, accounting for more than 4% of all prescriptions, 
with 73 million prescriptions written per year.*° 
Piroxicam, with its extended plasma half-life, potency, 
and safety, has become one of the most widely prescribed 
NSAIDs in the world.® 

Despite their extensive use, NSAIDs are among the 
safest pharmaceuticals in use. Adverse drug reaction 
frequency is reported as only 24.4 per million prescrip- 
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tions, with fatal adverse reactions of 1.1 per million 
prescriptions.’ Symptoms were absent or minor in 33.6% 
of cases with known outcomes reported to the AAPCC.* 
However, the potential does exist for serious illness and 
even death in a few cases, as reflected in the 578 reported 
serious outcomes and 47 deaths involving NSAIDs in the 
United States in 2003. NSAIDs are now a common cause 
of renal failure, and at some regional poison treatment 
centers, mefenamic acid has accounted for the majority 
of reported drug-induced seizures.*’ Chinese herbal 
medications have been found to contain NSAIDs, and 
their use has caused renal failure and aplastic anemia.!° 


STRUCTURE AND STRUCTURAL 
RELATIONSHIPS 


The NSAIDs are a heterogeneous group of chemicals 
that share similar therapeutic properties. These acids are 
classified as subgroups of one of two families: the 
carboxylic or enolic acids. The carboxylic acids are 
further subdivided into arylacetic (phenylacetic) acids, 
propionic acids, fenamic acids, isoxazoles, and carbocylic 
and heterocyclic acetic acids. The enolic acetic acids are 
subdivided into pyrazolones and oxicams (Box 51-1). 
Aspirin, a salicylic acid of the carboxylic family, is discussed 
in Chapter 48. The structures of various NSAIDs are 
shown in Figure 51-1." 

NSAIDs are also classified by their activity as a specific 
or nonspecific inhibitor of the cyclooxygenase isoenzymes 
COX-1 and COX-2. Selective inhibition of COX-2, which 
affects inflammatory responses, is desirable, while 
inhibition of COX-1, affecting gastric mucosal protection, 
is not. Selective COX-2 inhibitors celecoxib and 
rofecoxib have up to a 200 to 300 times greater selectivity 
for COX-2 than COX-1.!* The novel coxibs etoricoxib, 
valdecoxib, parecoxib, and lumiracoxib have even 
greater COX-2 selectivity, with the possibility of using 
increased doses to improve efficacy.'* However, they have 
renal side effects similar to those of the nonselective 
NSAIDs, thereby limiting the use of higher doses. Some 
other NSAIDs also have a modest degree of COX-2 selec- 
tivity, particularly etodolac, nabumetone, and meloxicam.!? 
A potential disadvantage of the COX-2 inhibitors are that 
they are prothrombotic, whereas COX-1 inhibition has 
antithrombotic activity.'4 


PHARMACOLOGY: MECHANISM 
OF ACTION 


The primary mechanism of action of NSAIDs is via 
inhibition of prostaglandin synthesis. Prostaglandins are 
derived from phospholipids in cell membranes synthesized 
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Salicylic Acids 

Acetylsalicylic acid (aspirin) 

Choline salicylate (arthropan) 

Diflunisal (Dolobid) 

Magnesium salicylate (Doan’s, Magan) 
Salicylamide 

Salsalate (Disalcid) 

Sodium salicylate 

Sodium thiosalicylate 

Trolamine salicylate (Aspercreme, Myoflex Crème) 


Phenylacetic Acids 
Diclofenac (Voltaren) 


Carbocyclic and Heterocyclic Acetic Acids 
Aceclofenac 
Acemetacin 

Bromfenac (Duract) 
Diclofenac 

Etodolac (Lodine) 
Indomethacin (Indocin) 
Ketorolac (Toradol) 
Nabumetone 

Sulindac (Clinoril) 
Tolmetin (Tolectin) 
Zomepirac 


Fenamic Acids 

Benzydamine (Tantum, Difflam, Andolex, Opalgyne) 
Floctafenine 

Flufenamic acid 

Mefenamic acid (Ponstel) 

Meclofenamate (Meclomen) 


from arachidonic acid. This synthesis is mediated by the 
enzyme cyclooxygenase, which is reversibly inhibited by 
NSAIDs. Thus, NSAIDs block the conversion of arachi- 
donic acid to the various prostaglandins, which are 
involved in renin release, local vascular tone, regional 
circulation, water homeostasis, and potassium balance. 
The prostaglandin pathway and functions are outlined in 
Figure 51-2. 

Prostaglandin E» (PGE,), PGD», PGFs, and prosta- 
cyclin (PGI,) promote salt and water excretion, and the 
renal vasodilatory action of PGE», PGDs, and prostacyclin 
enhances this effect. It is thought that PGE, and 
prostacyclin also stimulate renin release.’ In addition, 
prostaglandins antagonize the effects of antidiuretic 
hormone.!® The net effect of NSAIDs is decreased 
inhibition of prostaglandins, decreased renal blood flow, 
and decreased glomerular filtration rate, leading to 
sodium, potassium, and water retention (Fig. 51-3). 

PGE, also inhibits lymphocytes and other cells 
involved in inflammation and allergic response, and this 
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Sudoxicam 





may play a role in the development of interstitial 
nephritis and hepatotoxic effects in some patients using 
NSAIDs.!©!7 This has occurred most with fenoprofen and 
the carbocyclic and heterocyclic acetic acids. 

Other actions of NSAIDs are inhibition of platelet 
activation and mast cell mediation. The former con- 
tributes to prolonged bleeding, and the latter may be 
involved in NSAID-induced anaphylactic reactions and 
idiosyncratic hypersensitivity reactions. Also, prosta- 
glandins, particularly prostacyclin, are formed in gastric 
tissue and exert gastric mucosal protective actions. 
Inhibition of this action by NSAIDs as well as their direct 
disruption of the gastric mucosal barrier can cause 
gastritis and gastrointestinal (GI) bleeding. The selective 
COX-?2 inhibitors have less likelihood of adverse GI 
events, and large clinical trials have validated this 
theory.'® However, by decreasing vasodilatory and anti- 
ageregatory prostacyclin production, COX-2 inhibitors 
may be prothrombotic. This is discussed further under 
cardiopulmonary effects. 
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FIGURE 51-1 Chemical structures of 

various nonsteroidal anti-inflammatory 

drugs. A, Ibuprofen, a propionic acid. B, 

Rofecoxib, a furanone. C, Acetylsalicylic 

acid, an acetylated salicylate. D, Meloxicam, 

OH an oxicam or enolcarboxamide. E, Valde- 
coxib, an isoxazole. F, Indomethacin, an acetic 

O acid. G, Salsalate, a nonacetylated salicylate. 
(From Brent J, Wallace KL, Burkhart KK, et al 

O CH, [eds]: Critical Care Toxicology. Philadelphia, 


Mosby, 2005.) 
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FIGURE 51-2 Prostaglandin pathway and function. 
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FIGURE 51-3 The net effect of NSAIDs with prostaglandins. ADH, 
antidiuretic hormone; BUN, blood urea nitrogen; GFR, glomerular 
filtration rate. 


PHARMACOKINETICS 


The carboxylic acid and enolic acid NSAIDs share similar 
pharmacokinetics, pharmacodynamic properties, and 
metabolic pathways. However, there are some clinically 
significant differences in rates of absorption and 
elimination and in drug interactions (Table 51-1).!%?° 


Absorption 


Therapeutic oral doses for most NSAIDs are absorbed 
almost completely, producing peak levels within 1 to 
2 hours. Exceptions to this are oxaprozin, mefenamic 
acid, and diflunisal, which have delays of peak levels of 
up to 3 to 4 hours. The presence of food can delay the 
absorption of all NSAIDs.*° In overdose, some delay may 
take place in achievement of peak serum levels. Five 
patients in a series of 29 patients with mefenamic acid 
overdoses had increasing serum levels after admission, 
which peaked at 8 to 12 hours postingestion.® 


Distribution 


The NSAIDs are extensively protein bound (98% to 
99%), primarily to albumin. Sulindac and indomethacin 
have slightly lower degrees of binding, in the range of 
90% to 93%.°*° Principally because of their high protein 
binding, apparent volumes of distribution are low, 
ranging from 0.10 to 0.36 L/kg.°”° Acute renal insuff- 
ciency, liver disease, and hypoalbuminemic states can 
decrease plasma protein binding and increase volumes 
of distribution.*? Plasma protein binding can also 
decrease when NSAIDs are taken in high doses. 


Metabolism 


The elimination of NSAIDs is primarily by hepatic 
biotransformation to metabolites, which are excreted in 





Pharmacokinetics of NSAIDs 


RENAL EXCRETION OF T,/2 (hr) Ty. (hr) 
NSAID Tmax (hr) Vd (L/kg) UNCHANGED DRUG (%) CLEARANCE (mL/min) (THERAPEUTIC DOSE) (OVERDOSE) 
Nonselective COX Inhibitors 
Benzydamine 4-6 1.57 — 160 7.8 >10 
Diclofenac 1-3 0.12-0.17 <14 260.4 1-2 41.0 
Diflunisal 2-3 0.10 3-5 448.4 48-12 19.4 
Etodolac 1.5 0.36 <14 448.4 7.3 — 
Fenoprofen 1-2 0.12 2-5 40-90 3.4 
Flurbiprofen 1-2 0.10 20-25 422.4 3-4 
Ibuprofen 0.1-1.5 0.11-0.19 1 470.4 0.42-2.5 1.5-6.4 
Indomethacin 1-2 0.12 20 470-140 6.4 3-7 
Ketoprofen 0.5-2.4 0.11 <14 487.4 1.5 44.4 
Ketorolac 1 0.15-0.33 <58 432.4 4-6 
Meclofenamate 0.5-2.4 — 2-4 190.4 3.4 — 
Mefenamic acid 2-3 1.34 <64 — 3-4 2-3 
Nabumetone — — <54 — — — 
Naproxen 2 0.10 <14 445.4 12-15 14.4 
Oxaprozin 3-5 0.14-0.18 <14 442.8 21-25 
Phenylbutazone 2 0.24 5 442.5 60-72 
Piroxicam 2 0.12-0.15 10 442.8 38-50 35.4 
Sulindac 1 2.44 7 105.4 8.4 — 
Tolmetin 0.5-1.4 0.10-1.44 17 125.4 0.41-1.5 
Zomepirac 1 1.84 0-5 180.4 4.4 10.4 
Selective COX-2 Inhibitors 
Celecoxib 1.4-2.8 5.7-7.1 2.6 462 11-16 — 
Refecoxib 2-3 1.2 <1 119 9-21 — 


42 elimination half-life; T,,,,, time of maximum concentration; Vd, volume of distribution. 
Adapted from Verbeeck RK, Blackburn JL, Loewen GR: Clinical pharmacokinetics of non-steroidal anti-inflammatory drugs. Clin Pharmacokinet 


1983;8:302-303. 
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the urine. The major mechanism is conjugation with 
glucuronic acid, and in some cases this is preceded by 
oxidation and hydroxylation.” Some NSAIDs undergo 
significant enterohepatic recirculation, including sulindac, 
indomethacin, diclofenac, flufenamic acid, ibuprofen, 
phenylbutazone, and piroxicam.” Urinary excretion of 
unchanged drug is less than 5% for most NSAIDs, but 
larger amounts of indomethacin, flurbiprofen, tolmetin, 
and piroxicam are eliminated by this route.*? Sulindac 
and nabumetone are metabolized to active metabolites.!° 

The elimination half-lives of NSAIDs vary widely and 
range from as brief as | to 1.5 hours for tolmetin, 
ketoprofen, and diclofenac, 2.5 hours for ibuprofen, and 
up to 25 to 50 hours for oxaprozin and piroxicam.*??! 
The half-lives of many NSAIDs are also prolonged in 
neonates and patients in renal failure. In overdose, some 
NSAIDs follow nonlinear kinetics at high serum levels 
and have prolonged half-lives, although this did not 
occur with a massive ingestion of ibuprofen.?!*° 
Reported half-lives of NSAIDs in overdose are listed in 
Table 51-1.820.22-29 


Pregnancy 


Most NSAIDs are classified by the U.S. Food and Drug 
Administration as pregnancy category C or D, indicating 
that their use in pregnancy is not recommended. Certain 
propionic derivatives (e.g., ibuprofen, naproxen), how- 
ever, are classified as pregnancy category B in the first 
and second trimesters. In the third trimester, all NSAIDs 
are pregnancy category D due to their ability to produce 
premature closure of the ductus arteriosus. 


DRUG INTERACTIONS 


Drug interactions with NSAIDs may be both pharmaco- 
kinetic and pharmacodynamic, but the latter is of 
greatest clinical significance. Significant interactions 
lead primarily to toxicity from the other agents rather 
than from the NSAID. 

The most serious NSAID interactions are with oral 
anticoagulants, sulfonylurea agents, and methotrexate.” 
The risk for GI bleeding from NSAIDs is enhanced by 
coumarin-type anticoagulants. NSAID-induced GI 
bleeding can also be increased by inhibition of NSAID 
metabolism by the pyrazolones. Risk for GI bleeding 
is also increased if NSAIDs are used with alcohol or 
tobacco, or with other NSAIDs, including COX-2 
inhibitors. Methotrexate renal clearance is inhibited by 
several NSAIDs, and this can result in bone marrow toxic 
effects and renal or hepatic dysfunction. Lithium 
clearance may be reduced and lead to increased lithium 
levels during concurrent use, both by nonselective 
NSAIDs and COX-2 inhibitors.*! This is thought to be 
due to the inhibition of prostaglandins, which are 
involved in the renal clearance of lithium. NSAIDs may 
decrease the effect of antihypertensives, including 
P blockers, angiotensin-converting enzyme inhibitors, 
central Q,.-receptor agonists, and angiotensin II 
blockers.*? Renal failure may result from concurrent 
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EFFECT 


Increased risk for GI bleeding 

Reduced absorption of NSAIDs 

Increased risk for NSAID-induced renal 
failure, reduced antihypertensive 
effect 

Increased risk for NSAID-induced GI 
bleeding; pyrazolones inhibit 
warfarin metabolism 

Decreased renal clearance 

Inreased risk for bleeding due to 
thrombocytopenia 

Binds to and interrupts enterohepatic 


recirculation of NSAIDs, lowers 


NSAID levels 
Cholinesterase Increased risk for GI adverse 
inhibitors effects 


Corticosteroids Prolonged concurrent use increases 
risk for adverse GI effects 
Increased risk for renal failure; 
reduced cyclosporine clearance 
Increased NSAID concentrations; 
decreased platelet aggregation 
Metabolism is inhibited and 


hypoglycemia enhanced 


Cyclosporine 
Sulfinpyrazone 


Sulfonylureas 


Methotrexate Decreased renal clearance 

Pemetrexed Decreased renal clearance 

Digoxin Decreased renal clearance 

Lithium Decreased renal clearance 

Ofloxacin/ Concurrent use may lower seizure 
levofloxacin threshold 

Phenytoin Displacement of phenytoin from 

albumin 
Diuretics Effect antagonized by salt and water 


retention of NSAIDs 

SSRIs Increased risk for GI bleeding due to 
enhanced antiplatelet activity 

Hyperkalemia; indomethacin 
combination may precipitate renal 
failure 

Clearance decreased; decreased 
plasma protein binding 


Triamterine 


Valproic acid 


GI, gastrointestinal 





diuretic and NSAID use due to inadequate renal blood 
flow, especially in those who rely upon renal prosta- 
glandins to maintain perfusion. NSAID-drug interactions 
are summarized in Table 51-2.° 


TOXICOLOGY 


Range of Toxic Effects 


Despite their widespread use, reports of serious acute 
NSAID overdose have been relatively few. They enjoy a 
wide therapeutic index, and most overdose cases do not 
result in serious morbidity and mortality. Nevertheless, 
severe toxic effects and death can occur with large 
ingestions. Lethal doses have not been firmly established 
for the various agents. 
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Chronic NSAID use, particularly in the elderly, causes 
a greater incidence of toxic and adverse effects. The risk 
for upper GI tract bleeding is 1.5 to 2.7 times higher in 
those using NSAIDs than in the general population, with 
an incidence of 1.0 to 3.3 bleeding events per 1000 
users.°? 

The enolic acid NSAIDs are thought to be more toxic 
in overdose than the carboxylic acids.°** However, there 
are multiple exceptions to this, such as the high 
incidence of serious neurologic effects with mefenamic 
acid.’ In chronic use for rheumatoid arthritis, toxicity 
was consistently greater for indomethacin, tolmetin, 
meclofenamate, and ketoprofen, whereas the least toxic 
were the propionic acids ibuprofen and naproxen.” 
Based on case reports, some ranges of toxic doses and 
serum levels can be established. However, serum quan- 
tification for all NSAIDs is neither generally available nor 
clinically useful. 


Ibuprofen 


Because of the frequency of its use, considerable data are 
available on ibuprofen toxicity. In children, doses of less 
than 100 mg/kg are very unlikely to induce symptoms. In 
one study, asymptomatic children had a mean ibuprofen 
dose of 114 mg/kg, but symptoms occurred in those with 
a mean ingestion of 440 mg/kg. In adults, central 
nervous system (CNS) symptoms occur only in those who 
ingest more than 3 g, and renal effects require more 
than 6 g.' Severe symptoms in adults are associated with 
ingestions of greater than 20 g, although estimated 
ingestions of up to 60 g have resulted in few or no toxic 
effects.7!°°°° Complications leading to death have 
occurred in overdoses of 6.8 g in a child and 24 g in an 
adult. 

As with most overdoses, symptoms correlate better 
with ibuprofen blood levels than with the history of the 
ingested amount. In one study, all patients with 
significant symptoms had plasma ibuprofen levels of 
greater than 50 ug/mL within 10 hours after ingestion.! 
At 1 to 5 hours postingestion, those with symptoms had a 
significantly greater mean level (294 ug/mL) than those 
who were asymptomatic (144 ug/mL). Renal impair- 
ment is associated with levels greater than 280 ug/mL 
any time within 10 hours postingestion.*° Multiple organ 
failure, including coma, renal failure, GI bleeding, and 
severe metabolic acidosis, has been reported with levels 
of greater than 200 to 300 ug/mL at 10 hours 
postingestion.”!°° However, levels up to 725 ug/mL have 
occurred in asymptomatic patients.°*° 

A nomogram of ibuprofen plasma levels versus time 
postingestion has been constructed to predict the 
likelihood of toxicity (Fig. 51-4).' The nomogram plots a 
semilogarithmic line connecting 100 ug/mL at 1 hour 
and 25 ug/mL at 12 hours postingestion, below which no 
significant symptoms are expected to occur. However, 
most ingestions with levels above the line are 
characterized by only minor symptoms. Considering that 
symptoms develop within 4 hours of ingestion in most 
cases, and that ibuprofen levels are usually not readily 
available, the utility of the nomogram is minimal.?°°7 
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FIGURE 51-4 Nomogram of ibuprofen plasma levels versus time 
postingestion, used to predict likelihood of toxicity. 
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Diflunisal 


In children, mild GI symptoms and drowsiness can occur 
with ingestions of 3.5 g. In adults, only mild symptoms 
are expected with ingestions of less than 7.5 to 10 g.** 
Serious symptoms can occur with as little as 10 g, 
although usually more than 15 g is required.** Death has 
been reported with an ingestion of 33 g, but a patient 
who ingested 29 g survived after a deep coma of 10 
hours.’ The plasma diflunisal level was 500 ug/mL at 16 
hours postingestion in a patient with severe symptoms.** 
Levels in fatal cases typically exceed 600 ug/mL.** 
Diflunisal is a difluorophenyl derivative of salicylic acid 
but is not converted to salicylic acid in vivo. Due to its 
structural similarity to salicylate, diflunisal often 
produces positive qualitative screens for salicylate and 
false elevations in serum salicylate concentrations. 


Diclofenac 


An acute diclofenac overdose of 1500 mg in a 19-year-old 
man caused confusion and hypotonia.** The serum level 
at 7 hours postingestion during the peak toxic effects was 
60.1 ug/mL. A 2-g ingestion resulted in renal injury.°” 
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Indomethacin 


Doses of 75 to 175 mg in children and 175 to 1500 mg in 
adults have caused only mild CNS or GI symptoms. In a 
series of 31 indomethacin overdoses in adults, 61% of 
patients remained asymptomatic and the rest developed 
only minor GI toxic effects, drowsiness, headache, and 
tinnitus.** Ingestions of 0.5 and 0.9 g caused mild 
symptoms and plasma levels of 21 and 84 ug/mL, 
respectively.’ 


Sulindac 


Ingestions of 5 to 8 g of sulindac have resulted in mild GI 
symptoms and brief courses of hematemesis and renal 
insufficiency.” Ingestions of 10 g or more have caused 
prolonged courses of renal dysfunction. 


Naproxen 


Ingestions of 3 to 5 g of naproxen have caused mild GI 
distress and temporary renal insufficiency.**°” Larger 
overdoses have caused seizures and acidosis.222° 


Flurbiprofen 


An ingestion of 3 to 6 g in an adult caused coma and 
respiratory depression, but it was unknown whether 
other ingestants were involved.** 


Fenoprofen 


Ingestions of 300 to 3000 mg in children and 2 to 15 gin 
adults have been reported to cause only mild drowsiness, 
ataxia, tinnitus, and nausea. However, ingestions of as 
little as 3.75 g in adults have caused hypotension, 
tachycardia, and tachypnea.** Ingestions of greater than 
30 g have resulted in hypotension, coma, and renal 
failure. A postmortem blood level following death from 
ingestion of an unknown amount was 711 ug/mL.** 


Ketoprofen 


Overdoses of 2 to 5 g in adults have produced only 
drowsiness, abdominal pain, and vomiting.** Ingestion of 
an unknown amount in an adolescent resulted in 
seizures, with a serum level of 1128 ug/mL.*° 


Mefenamic Acid 


Seizures can occur with acute overdoses only modestly 
greater than the recommended maximum daily dose of 
1.5 g. A 12-year-old had seizures after a 2.5 g ingestion, 
and adults can suffer convulsions after doses of less than 
5 g.” Ingestions of 12 to 15 g have produced status 
epilepticus, coma, and renal failure.®** 

Seizures have occurred in patients with mefenamic 
acid plasma levels at or just above the maximum 
therapeutic level of 10 ug/mL. In one study, plasma 
concentrations in patients who had convulsions were 
significantly higher than in those without (73 versus 
38 ug/mL).° Most patients with seizures have concen- 
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trations above a semilogarithmic line plot connecting 
100 ug/mL at 2 hours and 5 ug/mL at 15 hours 
postingestion.® However, seizures can occur with levels 
well below this line. 


Benzydamine 


Oral administration of 500 mg of a topical preparation 
resulted in immediate vomiting, followed 2 hours later 
by hallucinations lasting 17 hours.*° No other symptoms 
or metabolic abnormalities occurred. 


Phenylbutazone 


Acute phenylbutazone overdoses in children of 1.7 to 3 g 
result in toxic effects, and death can occur after doses 
of 2 to 5 g.” Severe toxic effects occur in adults after 
ingestions of 4 to 8 g or more, and death occurs with 
doses of 14 to 28 g.?** 


Piroxicam 


Ingestion of 200 to 400 mg appears to cause only mild 
symptoms, although 100 mg in a child caused severe 
multisystem toxicity.** Doses of 600 mg in adults have the 
potential for severe toxicity. 


CLINICAL EFFECTS 


NSAID overdose usually produces minimal or no toxicity. 
When present, signs and symptoms of toxicity typically 
include mild GI or neurologic effects such as abdominal 
pain, nausea, vomiting, lethargy, confusion, headache, or 
blurred vision. 

In studies of acute overdoses of ibuprofen in adults, 
about 60% remain asymptomatic, 30% to 40% develop 
mild to moderate symptoms, and fewer than 3% suffer 
severe symptoms.'*! Of the symptomatic group, onset is 
within 4 hours of ingestion and effects are usually of 
short duration. Severe and life-threatening toxic effects 
include metabolic acidosis, GI bleeding, dizziness, 
seizures, coma, respiratory depression, hypotension, and 
hepatic and renal injury. 

The elderly and those with preexisting renal, 
cardiovascular, or hepatic disease are at particular risk 
for development of adverse effects with chronic NSAID 
use. Most organ systems can be involved, but GI effects 
are the most common and account for the majority or 
deaths from chronic use. 


Gastrointestinal 


GI effects, primarily nausea, vomiting, diarrhea, and 
abdominal pain, are common in both overdose and 
chronic use.**”°*! The incidence of GI complaints in 
acute ibuprofen overdose has ranged from 6% to 
49% 353641 The associated fluid losses and resultant 
dehydration cause hypotension, acidosis, and acute renal 
failure. Peptic ulceration and GI hemorrhage are rare in 
acute overdose; the incidence in chronic use is 1.5%.°4! 
Perforation of a duodenal ulcer has been reported 
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following acute overdose. In another acute overdose, 
gangrenous ischemic colitis occurred, probably due to 
inhibition of the cyclooxygenase enzyme, increased 
vasoconstrictor leukotrienes, and direct injury to GI 
epithelial cells. Acute mild pancreatitis has also been 
reported after short courses of NSAIDs.*4 


Neurologic 


CNS depression is one of the most common effects of 
NSAID overdose and chronic use.*?**° In one series of 
ibuprofen overdose cases, CNS effects occurred in 30% 
of patients.°° CNS effects may range from drowsiness to 
coma. Coma can occur independent of hypotension, 
respiratory depression, seizures, or acidosis. Decreased 
memory and ability to concentrate have been reported 
with chronic NSAID use, particularly in the elderly 
taking indomethacin, sulindac, and naproxen.* 

Seizures occur most commonly after mefenamic 
overdose, but they have also been reported in overdoses 
of naproxen, phenylbutazone, piroxicam, ibuprofen, and 
ketoprofen.®*?-> Acute delirium, psychosis, hallucina- 
tions, and myoclonus have been described, particularly 
with indomethacin, sulindac, diclofenac, benzydamine, 
and mefenamic acid, but also with ibuprofen.4840.46,47 
The mechanism for these CNS effects is unexplained, 
but the structural similarities that indomethacin and 
sulindac have with serotonin suggest a possible causal 
role from this neurotransmitter. 

Aseptic meningitis has occurred rarely with thera- 
peutic NSAID use, usually in patients with systemic lupus 
erythematosus, but it can occur in otherwise healthy 
patients.* Other neurologic effects include tinnitus, 
deafness, ataxia, nystagmus, headache, and disorien- 
tation.®?? 


Metabolic 


Metabolic acidosis has been described in adults and 
children, usually in association with coma, seizures, 
hypotension, or renal failure.?*7*°°48 However, metabolic 
acidosis with increased anion gap has also been reported 
in the absence of these other effects.! Acidosis may be 
remarkably severe, with a serum pH of less than 7.1, and 
serum bicarbonate of less than 10 mEq/L despite 
only mild hypotension.***? The weakly acidic nature of 
NSAIDs and their metabolites may account for some of 
this acidosis, along with possible uncoupling of oxidative 
phosphorylation.*)° 

Hyperkalemia is a reported but unusual complication 
of NSAIDs after therapeutic use and overdose.!® 
Hyperkalemia could be the result of direct NSAID effect 
on cellular potassium uptake and delivery to distal renal 
tubules or of transient renal impairment. Hyponatremia 
and fluid losses result from both NSAID-induced 
gastroenteritis and inhibition of prostaglandin-mediated 
diuresis and natriuresis. 


Hematologic 


Thrombocytopenia, prolonged prothrombin times, 
agranulocytosis, and pancytopenia have been reported 


with acute ibuprofen, piroxicam, naproxen, and etodolac 
overdoses.?’°! Decrease of platelet aggregation and 
adhesiveness contribute to bleeding disorders and GI 
hemorrhage. With therapeutic use, hematologic effects 
are uncommon, but they cause a disproportionate number 
of deaths. Aplastic anemia, agranulocytosis, hemolytic 
anemia, and thrombocytopenia have been associated 
with therapeutic use of various NSAIDs.44452 


Hepatic 


Hepatotoxicity of both hepatocellular and cholestatic 
types has occurred with use of all classes of NSAIDs, but 
it is most common with phenylbutazone and sulindac. 
The incidence of chronic NSAID-induced hepatic injury 
is low at 1.1 events per 100,000 prescriptions, and it is 
seen only rarely in acute overdose.°*’ The usual finding is 
mild elevation of transaminase levels, which resolves 
after discontinuation of the drug. More severe involve- 
ment can occur as part of multiorgan involvement. The 
at-risk populations appear to be the elderly and patients 
with autoimmune connective tissue diseases. The 
mechanism of hepatotoxicity is likely a hypersensitivity 
reaction. One case report described subfulminant liver 
failure requiring transplantation, but there was also a 
history of alcohol abuse and arterial hypertension. 


Renal 


Problems associated with chronic use of NSAIDs are now 
among the most common reasons for hospitalization of 
patients with renal function abnormalities. It has been 
estimated that about 1% of those taking NSAIDs on a 
chronic basis will develop some deterioration of renal 
function.!® In acute overdose, renal failure has also been 
well described in case series and in isolated case 
reports." >" 

Acute renal insufficiency, as a result of alterations in 
renal blood flow and glomerular filtration rates, is the 
most common renal complication. Those dependent on 
prostaglandin-mediated renal regulation are most at risk, 
including those with volume depletion, congestive heart 
failure, cirrhosis, hypoalbuminemia, advanced age, and 
preexisting renal disease.°* However, renal failure has 
also been described after acute overdose in healthy 
individuals and in brief therapeutic use after binge 
alcohol drinking.*?°*°° This may be mediated by 
increased formation of the leukotrienes, causing renal 
vasoconstriction and mesangial cell contraction.” The 
renal insufficiency is typically mild; it resolves within 24 
to 72 hours and may be oliguric or nonoliguric. The 
presentation consists of flank pain, elevated blood urea 
nitrogen (BUN) and creatinine levels, and, in chronic 
cases, weight gain and hyperkalemia. Urinalysis may show 
microscopic hematuria and cell casts. In cases associated 
with other severe manifestations such as coma, acidosis, 
and hypotension, recovery may be prolonged and require 
hemodialysis.*® 

Acute interstitial nephritis and the nephrotic syndrome 
have been reported after short courses of NSAIDs or with 
chronic use.!° This syndrome has most often been 
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associated with the acetic and propionic acid derivatives 
and is a hypersensitivity reaction.’° Proteinuria is usually, 
but not always, present. Hemodialysis is required in as 
many as a third of these cases.'° 


Cardiopulmonary 


Hypotension and tachycardia, most likely secondary to 
volume depletion, occur in fewer than 5% of cases.*5®# 
Congestive heart failure may result from chronic NSAID- 
induced fluid and salt retention.“ Most recently, the 
COX-2 inhibitors have been found to be associated with 
an increased risk for cardiovascular adverse effects.'4°7® 
In one study, rofecoxib was associated with a greater than 
twofold increased risk of a thrombotic cardiovascular 
event as compared with naproxen; no increased risk for 
adverse cardiovascular events was associated with the use 
of celecoxib in two other studies.!858 In another trial, 
however, celecoxib at doses of greater than or equal to 
400 mg/day was associated with a 2.5 to 3.4 times greater 
risk for a cardiovascular event as compared with 
placebo.'® As a result of these reports, rofecoxib has been 
withdrawn from the U.S. market and warnings issued to 
avoid COX-2 inhibitors as first-line therapy, particularly 
for those with cardiovascular risk factors.'® 

Respiratory depression and arrest are unusual-but- 
reported manifestations of NSAID overdose.**® Adult 
respiratory distress syndrome has occurred in the setting 
of severe multiorgan toxic effects.** This may be due to 
prostaglandin inhibition causing increased alveolar 
capillary permeability.“ Bronchospasm may be precipitated 
by NSAIDs, especially in persons with drug allergies or 
asthma.*! 


DIAGNOSIS 


NSAID toxicity should be suspected in the case of any 
overdose that is accompanied by a symptom constel- 
lation of gastroenteritis, CNS depression, metabolic 
acidosis, and renal insufficiency. Ibuprofen (and other 
NSAIDs) should be included in the differential diagnosis 
of an increased anion gap acidosis, particularly in large 
overdoses with very low serum bicarbonate levels and 
serum pH. The clinical appearance with NSAID toxicity 
can mimic that with salicylate toxicity (acidosis, tachyp- 
nea, altered mental status, gastritis) without tinnitus, and 
salicylate levels should be measured to exclude this 
diagnosis. Note that diflunisal cross-reacts with some 
salicylate assays to produce false-positive results.°? NSAID 
toxicity should also be suspected with a history of over- 
the-counter analgesic ingestion when acetaminophen 
and salicylates are undetected in the blood. 

Laboratory studies for serious overdoses should 
include assay of electrolytes with anion gap calculation, 
complete blood count, coagulation studies, and arterial 
blood gas, BUN, creatinine, and transaminase levels. 
Renal insufficiency is unlikely to occur if an adult ingests 
less than 6 g, so renal function tests are not routinely 
necessary in these cases.! In patients at high risk for renal 
or hepatic complications, baseline renal and liver 
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function tests should be performed prior to initiating 
NSAID therapy and again in 5 to 7 days. 

Routine ibuprofen assays are not particularly useful or 
predictive of outcomes, and are not routinely available.” 
However, quantification of ibuprofen levels might be 
useful to determine if an initially asymptomatic patient 
will remain so. If the ibuprofen level is in the “significant 
toxicity unlikely” region (see Fig. 51-4), the patient can 
safely be discharged from medical care without further 
observation. 


MANAGEMENT 


Supportive Measures 


The therapy of NSAID toxicity is primarily supportive 
and symptomatic, and there is no antidote. Early cor- 
rection of any volume depletion is essential to maintain 
adequate renal blood flow, and 1 to 2 L (15 to 20 mL/kg) 
normal saline should be given rapidly. Hypotension 
usually responds to fluid replacement, but a short course 
of vasopressors may be required. Dopamine may be the 
best option to maintain renal blood flow in patients at 
high risk for renal insufficiency.“ Acidosis should resolve 
with aggressive hydration, but intravenous (IV) adminis- 
tration of 1 to 2 mEq/kg sodium bicarbonate may be 
required if the serum pH is less than 7.1. 

The coagulopathies of NSAID overdose rarely warrant 
specific therapy unless active bleeding is occurring. In 
such cases, fresh frozen plasma and 10 mg phytonadione 
(vitamin K,) subcutaneously would be appropriate. 

Seizures may require immediate therapy with benzo- 
diazepines, such as 5 to 10 mg IV (0.2 mg/kg in 
children) diazepam. As with most drug-induced seizures, 
phenytoin is unlikely to be effective, and long-term 
treatment is usually unnecessary. 

Antacids, H,-receptor antagonists, and/or sucralfate 
may be considered for reducing any prolonged GI 
effects.° 


Decontamination 


Activated charcoal has been shown to reduce absorption 
of ibuprofen, piroxicam, mefenamic acid, and phenylbu- 
tazone, and it is likely to adsorb other NSAIDs as well.°° 
Single-dose activated charcoal is the GI decontamination 
procedure of choice. Syrup of ipecac and gastric lavage 
have also been recommended, but effectiveness of these 
methods has not been studied in NSAID overdose. 
Decontamination has been recommended if the 
amount ingested is more than 10 times the therapeutic 
dose for adults or 5 times the dose for children.® For 
ibuprofen, decontamination is thought to be unnecessary 
in children if less than 100 mg/kg is ingested (10 times 
the therapeutic dose). Although syrup of ipecac has 
been suggested for child ingestions of ibuprofen of 100 
to 400 mg/kg, the symptoms created by ipecac are 
indistinguishable from ibuprofen toxicity in this dosage 
range.°°-4! Because of the rapid absorption of NSAIDs, it 
is unlikely that decontamination will be of benefit more 
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than 2 to 4 hours postingestion.®*” Patients who have 
taken overdoses of NSAIDs that carry a high risk for 
seizures (e.g., mefenamic acid), CNS depression (e.g., 
phenylbutazone), or large amounts of other NSAIDs 
(e.g., more than 400 mg/kg of ibuprofen) should not be 
given syrup of ipecac.°”° 


Elimination Enhancement 


Because NSAIDs are greater than 90% protein bound, 
extensively metabolized, and excreted in essentially 
unchanged form, it is unlikely that elimination would be 
enhanced by any method.°”° This has been supported by 
a lack of efficacy of hemodialysis and hemoperfusion in 
limited studies.° Nevertheless, hemoperfusion has been 
employed in phenylbutazone overdoses with some 
limited success.° Hemodialysis may be necessary in cases 
of prolonged or severe renal failure following NSAID 
overdose. !®48 

Multiple doses of activated charcoal have been 
reported to enhance the elimination of phenylbutazone, 
indomethacin, and piroxicam by interrupting entero- 
hepatic and/or enteroenteric recirculation.®®® This 
benefit might also be expected in sulindac, diclofenac, 
flufenamic acid, and ibuprofen, all of which also 
undergo some enterohepatic recirculation.” However, 
this therapy would be warranted only in the small 
number of severely symptomatic patients. 


DISPOSITION 


Ingestions of greater than 10 times the therapeutic dose 
of NSAIDs other than ibuprofen in adults, or greater 
than 5 times in children, probably warrant observation in 
a medical facility for 4 to 6 hours postingestion.®*” For 
ibuprofen, ingestions of more than 300 mg/kg in 
children and more than 6 to 20 g in adults warrant 
observation.“ Mild symptoms usually resolve quickly and 
may not necessitate hospitalization. The development of 
CNS depression, acidosis, seizures, or renal insufficiency 
should mandate admission and careful monitoring. 
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At a Glance... 


m Antibacterial and antifungal agents include a broad range of 
chemically and toxicologically diverse substances. 

m The major toxicities from antibacterial and antifungal agents 
result from adverse effects of therapeutic dosing and consist 
primarily of hypersensitivity reactions. 

m In overdose, selected antibacterial and antifungal agents have 
significant toxicity. These include seizures from penicillins, renal 
injury from aminoglycosides and amphotericin, cardiovascular 
collapse from chloramphenicol, and “gasping baby syndrome” 
from benzyl alcohol. 

© The imidazole antifungal agents (e.g., ketoconazole) are potent 
inhibitors of CYP3A4, producing significant drug-drug interactions. 

Æ = Treatment of antibacterial and antifungal overdose is supportive. 


Antibiotics are a diverse class of medications used to kill 
microorganisms. They can cause adverse effects from 
hypersensitivity reactions, drug-drug interactions, and 
direct drug toxicity. Many of the complications associated 
with antibiotic toxicity occur with routine use or as a 
result of iatrogenic complications; they are less often 
related to intentional abuse. Antibiotics are well known 
to be involved in drug-drug interactions, primarily 
through cytochrome P-450 interactions (Box 52-1), but 
also through various other mechanisms. 

Because antibiotics are commonly prescribed both for 
use in the hospital and in the home, they are a common 
source of toxic exposures. There were 65,623 cases of 
human exposure to antibiotics reported to the American 
Association of Poison Control Centers (AAPCC) Toxic 
Exposure Surveillance System (TESS) in 2003, which 
accounted for 2.7% of all exposures.! Fortunately, 
antibiotic toxicity rarely results in death. In the 2003 
TESS data, only three deaths were attributed solely to 
antimicrobial toxicity. Two deaths were a result of 
exposure to parenteral tilmicosin, a veterinary-grade 
macrolide, and one death occurred in a suicidal ingestion 
of hydroxychloroquine and methotrexate.! 





HISTORY 


The discovery of antibiotics constitutes one of medicine’s 
major breakthroughs. Antimicrobial efficacy predates 
Alexander Fleming because the use of sulfonamide sub- 
cutaneously lowered the mortality from meningococcal 
meningitis from 70% to 90% to about 10%.” Fleming’s 
discovery of the inhibition of staphylococcal growth by 
the mold Penicillium notatum while cleaning his labora- 
tory at Saint Mary’s Medical School in London in 1928 was 
a landmark moment in medicine. Fleming later received 
the Nobel Prize along with Florey and Chain for the dis- 
covery and use of penicillin in infectious disease. Other 
fortuitous discoveries, such as cephalosporin C—producing 
organisms found in sewer water, further advanced the 
science of antimicrobials.’ 


HYPERSENSITIVITY REACTIONS 


A history of antibiotic hypersensitivity, or drug allergy, is 
reported in as many as 25% of hospitalized patients.* 
Hypersensitivity reactions occur as a result of immuno- 
logic phenomena, are unpredictable, and are independent 

















BOX 52-1 


Inducers 


Rifampin/rifabutin (CYP1A2, 
2C, 3A4) 


Inhibitors 


Azole antifungals (CYP3A4) 
Ciprofloxacin/enoxacin > 

norfloxin (CYP1A2) 
Clarithromycin/erythromycin (CYP3A4) 
Metronidazole 
Sulfonamides (CYP2C9) 
Trimethoprim 


Data from Gregg CR: Drug interaction and anti-infective therapies. Am J 
Med 1999;106:227-237. 
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of the expected pharmacology of the drug. Risk factors 
for hypersensitivity are most closely tied to the chemical 
properties of the medication, but may also be related to 
dose, route of administration, duration of treatment, and 
host factors such as age, gender, atopy, and genetic 
polymorphisms.®° An allergic response requires previous 
exposure to the drug or to an immunochemically related 
substance and usually occurs within the first 2 weeks 
of administration.’ There are also pseudo-allergic 
(anaphylactoid) responses, which are immunoglobulin E 
(IgE)-independent reactions clinically indistinguish- 
able from an IgE-mediated reaction. The most classic 
example of an anaphylactoid reaction occurs in response 
to radiocontrast material, but anaphylactoid reactions 
have been reported with antibiotics such as cipro- 
floxacin.®’ Vancomycin and polymyxin are also known 
to cause direct release of mediators from mast cells, 
which results in urticaria or even anaphylaxis-like symp- 
toms.'° Other investigators have used the term pseudo- 
anaphylactic for well-described reactions following the 
administration of procaine penicillin. This response is 
believed to be related to the procaine and not the 
B-lactam structure.!! 

‘True drug allergy requires an antigen-antibody reaction. 
Most drugs are low-molecular-weight compounds that 
cannot alone prompt an antibody response. However, 
when these drugs, or more commonly their metabolites, 
bind to carrier molecules, antigenic processing can 
occur. B-Lactam antibiotics are well-known haptens that 
can bind to carrier molecules both as parent drug and as 
highly reactive metabolites.'* Cross-reactivity is often a 
concern, especially among f-lactam antibiotics such as 
penicillins and cephalosporins, which share the B-lactam 
ring structure.’?'* The true extent of cephalosporin 
cross-reactivity in penicillin-allergic patients is hard to 
determine because much variability exists in the literature. 
The risk for allergic reactions to cephalosporins in 
penicillin-allergic patients can be from two times to four 
times the normal population.’*'° To further confound 
the issue, many patients who are sensitive to penicillin 
also have a higher incidence of hypersensitivity reaction 
to immunologically unrelated compounds.!?!718 In 
addition, immunohematologic reactions must be 
considered separately because they are usually IgG and 
IgM mediated in comparison with IgE-mediated 
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anaphylaxis and urticaria. Skin testing in penicillin- 
allergic patients reveals a 30% to 50% cephalosporin 
cross-reactivity of IgE antibodies.'? However, only about 
50% to 70% of those with IgE reactivity to penicillin 
will develop clinical symptoms, and this reaction rate 
is expected to be much lower with cephalosporins, 
especially second- and third-generation drugs.!°?°*? 
Many authors recommend avoiding administration of 
B-lactam antibiotics to penicillin-allergic patients until 
formal skin testing and desensitization (if indicated) has 
been performed.°”!*?3© Unfortunately, the majority of 
patients who suffer anaphylaxis have no prior history of 
systemic reaction.?” Cephalosporins are not the only 
B lactams with cross-reactivity. Carbapenems show similar 
cross-reactivity and should be used with discretion in 
penicillin-allergic patients.“ The monobactam aztreonam 
lacks an adjoining ring structure to the B-lactam ring and 
thus has negligible cross-reactivity and is weakly 
immunogenic in general.*9*! 

Immunologic reactions can precipitate an array of 
responses. Table 52-1 is a synopsis of the four types of 
immunologic response as described by Gell and Coombs. 
Penicillin alone has been known to cause all four types of 
immunologic response. Immune responses to drugs can 
also be classified by clinical presentation and organ 
system involvement, as described below. 


Multisystem Involvement 


Because anaphylaxis and anaphylactoid reactions produce 
similar clinical reactions, they can both be considered 
multisystem, generalized reactions and will be discussed 
together. 


ANAPHYLAXIS 
Portier and Richet were the first to describe anaphylaxis 
(from Greek ana, meaning “backward,” and phylaxis, 
meaning “protection”) after dogs paradoxically reacted 
to repeat exposure of a sea anemone-derived toxin 
intended to produce a protective immunization effect.’ 
Richet earned a Nobel Prize in 1913 for his work related 
to anaphylaxis and is recognized as the founder of the 
science of allergy. 

Antibiotics, especially penicillins, are the leading 
cause of anaphylaxis in the United States.**** Penicillins 


Gell and Coombs’ Classification of Immune Reactions 


CLASSIFICATION IMMUNOREACTANTS 


CLINICAL PRESENTATION 


Anaphylaxis, urticaria, angioedema, 


EXAMPLE 


Penicillin anaphylaxis 


Amoxicillin: hemolytic anemia 
Sulfonamide: thrombocytopenia 
Drug fever 

Cefaclor serum sickness-like reaction 


Type | Mast cell mediated 
IgE dependent asthma, rhinitis 
IgE independent 
Type Il Antibody mediated Immune cytopenias 
IgG and IgM Organ inflammation 
Type IlI Immune complex Serum sickness, vasculitis 
Complement IgG/IgM 
immune complexes 
Type IV T-lymphocyte mediated Contact dermatitis 


Type 1 cytokines 


Topical penicillin 
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Antibotics Known to Cause Anaphylaxis/ 


Anaphylactoid Reaction 





SUBSTANCE IgE MEDIATED 
B lactams Yes 
Tetracyclines Yes 
Sulfonamides Yes 
Nitrofurantoin Possible 
Streptomycin Possible 
Vancomycin No 
Chloramphenicol No 
Ciprofloxacin No 
Amphotericin B No 





are reported to cause fatal anaphylaxis at a rate of 
0.002% and nonfatal anaphylaxis at a rate of 0.7% to 
10%.'*° Penicillins and radiocontrast material may be 
responsible for 1300 of the predicted 1500 annual deaths 
from anaphylaxis/anaphylactoid reactions. Although 
parenteral administration is frequently associated with 
anaphylaxis, oral administration may also cause anaphylaxis 
and death.*° Table 52-2 lists some drugs known to cause 
anaphylactic and anaphylactoid reactions.°?37 


Pathophysiology 

Anaphylaxis is a result of IgE-mediated release of 
chemical mediators from mast cells and basophils. The 
reaction is initiated when an allergen combines with an 
IgE antibody bound to the surface membranes of mast 
cells and basophils, leading to a signal transduction 
cascade that results in degranulation and the release of 
anaphylaxis mediators. Histamine, a preformed mediator 
stored in mast cell and basophil cytoplasmic granules, 
can cause bronchoconstriction, vasodilatation, enhanced 
mucus secretion, and enhanced vascular permeability 
by acting on histamine (H, and H, receptors). Other 
preformed mast cell mediators include neutral proteases 
such as tryptase, acid hydrolase, oxidative enzymes, 
chemotactic factors, and proteoglycans. Tryptase is often 
used as a clinical marker for anaphylaxis because it peaks 
60 to 90 minutes after anaphylaxis onset, but its role in 
the pathophysiology of anaphylaxis is not yet fully 
understood.*°**"9 

Leukotrienes B4, C4, and E4; prostaglandin D»; and 
platelet-activating factor are membrane-derived mediators 
formed from arachidonic acid metabolism. Release of 
these mediators can cause bronchoconstriction, mucus 
secretion, and alterations in vascular permeability.°?” 
Platelet-activating factor can additionally lower blood 
pressure and activate clotting. These mediators, in 
addition to the activation of other proinflammatory 
pathways and enhanced nitric oxide synthesis, can lead 
to a severe systemic reaction with the potential for 
disastrous outcomes.” 


Clinical Presentation 

Clinical features of anaphylaxis include a variety of 
organ systems. The majority of patients with anaphylaxis 
manifest symptoms within | hour of exposure, but delayed 
onset has been reported.’ Cutaneous involvement may 





present as urticaria, flushing, pruritis, erythema, or even 
angioedema. Mucous membrane congestion is com- 
monly reported along with edema of the tongue or lips, 
and even edema of the larynx or epiglottis, which may 
lead to airway obstruction. Bronchoconstriction, mani- 
fested as chest tightness, shortness of breath, or wheezing, 
can lead to severe hypoxia and hypercapnia. Cardio- 
vascular compromise from distributive shock can be 
profound. There are also reports of cardiac arrhythmias 
and evidence of tissue ischemia. Central nervous 
system hypoperfusion can lead to dizziness, confusion, 
seizures, and loss of consciousness. Gastrointestinal (GI) 
disturbances such as nausea, vomiting, abdominal pain, 
and diarrhea also may occur.*° 


Treatment 

Anaphylaxis is a life-threatening reaction that requires 
immediate medical attention and aggressive supportive 
care (Fig. 52-1). The first step is to remove the antigenic 
source as soon as features of anaphylaxis develop. Other 
treatment modalities are aimed at counteracting mediator 
release, supporting vital functions, and preventing 
further mediator release. Special attention should be 
directed to airway, breathing, and circulation. The 
patient should have large-bore intravenous access and 
continuous cardiovascular and pulse oximetry monitoring. 
Early airway support may be crucial in the setting of 
laryngeal edema. 

Epinephrine is the mainstay of treatment in 
anaphylaxis.’ The B1 effects support cardiac output, the 
B2 stimulation promotes smooth muscle relaxation 
aiding in bronchial dilation, while the @ effects coun- 
teract mediator-induced vasodilatation. Epinephrine 
may also prevent further release of anaphylactic mediators. 
Epinephrine is administered as a 1:1000 solution, and 
the standard dose is 0.3 mL intramuscularly in adult 
patients with urticaria and reactive airways with stable 
blood pressure. The pediatric dose is 0.01 mL/kg of the 
1:1000 solution. In the setting of hypotension or cardiac 
arrest, | mg of epinephrine may be given intravenously 
as a 1:10,000 solution (0.1 mL/kg in children). Persistent 
hypotension may require a continuous infusion, and 
there is much variability in the literature regarding 
concentrations and dosage. Advanced cardiac life 
support guidelines recommend diluting 30 mg of 1:1000 
epinephrine (30 mL) in 250 mL of normal saline or 5% 
dextrose, starting the infusion at 100 mL/hr, and then 
titrating to effect.“ Patients who receive epinephrine 
should be closely monitored for side effects, which include 
cardiac arrhythmias, myocardial ischemia, or severe 
hypertension. Patients on B-adrenergic blocking agents 
may have hypotension refractory to epinephrine.* These 
patients may require 1 to 5 mg glucagon given as a bolus 
followed by a glucagon infusion run at 5 to 15 ug/min.>°*° 
Patients should also receive intravenous fluids for 
vascular support. 

Supplemental oxygen may be necessary for patients 
with cardiac or respiratory symptoms. Clinical signs of 
airway reactivity, such as wheezing and chest tightness, 
may require inhaled B agonists in addition to epi- 
nephrine. Corticosteroids (hydrocortisone 5 mg/kg or 





Supportive care 





Airway and ventilatory 
supports as indicated 


Cardiovascular 
monitoring and IV fluids 
Initial 500—1000 mL in 
adults then re-assess 


20 mL/kg in children 


Hypotension or cardiac arrest 


Epinephrine 1 mg 1:10,000 IV 
(0.1 mg/kg in children) 





Persistent hypotension 


Adjunctive therapy 
Antihistamines 


Remove the antigen 


Epinephrine 0.3 mL 1:1000 SC 
(0.01 mL/kg in children) 
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Patient elderly or on 
B blocking agents 


Glucagon 1—5 mg IV bolus 
followed by infusion 
of 5—15 ug/min 





Epinephrine drip IV 
1 mg (1:1000) in 500 mL NS, 


begin at 1 ug/min 


Diphenhydramines 
25—50 mg IV 
(1 mg/kg in children) 
Cimetidine 300 mg IV 
(4 mg/kg in children) 


Corticosteriods 


Methylprednisolone 
125 mg IV 
(4 mg/kg in children) 


Inhaled B agonists for 
bronchospasm 
Aminophylline as 
last resort 


FIGURE 52-1 Treatment of anaphylaxis. 


methyprednisolone 125 mg in an adult or 1 mg/kg in 
children) and antihistamines are unlikely to affect the 
acute response but may serve a role in reducing prolonged 
or recurrent symptoms.“” However, one study by Stark 
showed little effect of corticosteroids on the occurrence 
of biphasic or prolonged anaphylaxis.“ Antihistamines, 
to include both H, (diphenhydramine or hydroxyzine 
25 to 50 mg) and Ho blockers (cimetidine 300 mg) have 
been widely used both intravenously and orally to reduce 
pruritis and urticaria associated with the type I immune 
response. Patients who manifest clinical symptoms of 
anaphylaxis should be admitted to the hospital as a 
precaution to avoid premature dismissal of patients at 
risk for recurrence. Risk factors for recurrent or 
prolonged symptoms included a delayed onset (greater 
than 30 minutes) from exposure to manifestation of 
symptoms and patients who suffered a reaction to oral 
medications.*® 


SERUM SICKNESS AND SERUM SICKNESS-LIKE 
REACTIONS 

B-Lactam antibiotics are one of the most common causes 
of nonserum, serum sickness—like reactions. Although 
this phenomenon is well described in the literature, 
the reaction is uncommon (estimated at 1.8 per 100,000 
prescriptions of cefaclor and 1 per 10 million for 
cephalexin and amoxicillin).“%°? Serum  sickness—like 





titrate to 2—10 ug/min 


reactions have also been ascribed to other antibiotics, 
including sulfonamides, ciprofloxacin, metronidazole, 
and streptomycin.®? Serum sickness usually occurs 6 to 
21 days after drug exposure. This time course allows 
for antibody production and the development of IgG 
and IgM immune complexes. Symptoms include fever, 
malaise, skin eruptions, joint symptoms, and lym- 
phadenopathy. Treatment is supportive, and antihistamines 
and/or corticosteroids may provide some benefit.!° 


DRUG-INDUCED AUTOIMMUNITY 

Hypersensitivity vasculitis (HSV) is an inflammatory 
condition of blood vessels and has been associated with 
antibiotic use, specifically penicillin and sulfonamides. 
HSV mortality may approach 25%, but if the causative 
agent is identified and exposure eliminated, the prognosis 
is very good.'” 


Organ-Specific Reactions 
DERMATOLOGIC MANIFESTATIONS 


Cutaneous reactions are one of the most common adverse 
drug events, occurring in 2% to 3% of hospitalized 
patients, and antibiotics are often the culprit.°* The most 
commonly implicated antibiotics include amoxicillin, 
trimethoprim-sulfamethoxazole, and ampicillin. Exan- 
thematous (or morbilliform) eruptions are the most 
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common drug-induced skin eruptions, and the clinical 
course is usually benign. Urticaria follows morbilliform 
rashes in frequency and may occur with or without 
anaphylaxis.” The rash may be a result of IgE or pseudo- 
allergic mechanisms. Onset may be immediate or delayed 
and will increase with ongoing exposure. Symptoms 
usually respond to antihistamines, but corticosteroids may 
be necessary.’ 

Allergic contact dermatitis is a type IV immune 
response following topical sensitization. Neomycin is a 
well-known sensitizer, but other implicated antibiotics 
include other aminoglycosides, penicillin, sulfonamides, 
chloramphenicol, and antifungal agents.°° Cross- 
reactions may occur when these agents are administered 
systemically.>’ 

Erythema multiforme is another cutaneous reaction 
that has been reported most commonly with the use of sul- 
fonamides but also with aminopenicillins, cephalosporins, 
fluoroquinolones, tetracyclines, vancomycin, and imidazole 
antifungals.°® The reaction can manifest as a spectrum of 
illness from erythema multiforme minor to major and 
some even consider toxic epidermal necrolysis (TEN) the 
extreme of this spectrum (others consider it a separate 
entity). Symptoms usually begin 1 to 3 weeks after insti- 
tution of the offending drug. High-dose corticosteroids 
are indicated early in the course of erythema multi- 
forme. Patients with TEN should be transferred to a burn 
center, where the risk for mortality may be reduced from 
50% to 30%.” The safety and efficacy of corticosteroid 
therapy in TEN patients is controversial. 59 

Photosensitivity is another common skin reaction to 
antibiotic exposure. The reaction may be a nonimmuno- 
logic phototoxic reaction seen with tetracycline therapy 
or the less common photoallergic reaction, which requires 
sensitization. Photoallergic reactions have been described 
with the use of sulfonamides and fluoroquinolones.” 


PULMONARY MANIFESTATIONS 

Pulmonary infiltrates with eosinophilia have been asso- 
ciated with penicillins, sulfonamides, and nitrofurantoin. 
The patient may have nonproductive cough, fever, 
malaise, and chest discomfort. Treatment is withdrawal 
of the offending drug and corticosteroids. 


HEMATOLOGIC MANIFESTATIONS 
Antibiotics may influence hematologic parameters in 
various ways to include eosinophilia, thrombocytopenia, 
hemolytic anemia, and agranulocytosis. These reactions 
are believed to be mediated by immunologic mecha- 
nisms; however, agranulocytosis may also occur from 
direct bone marrow suppression. Eosinophilia in the 
absence of other clinical manifestations of an immune 
response may occur with ampicillin, sulfonamides, 
vancomycin, and streptomycin. Discontinuation of the 
drug is indicated in the presence of rising eosinophilia. !° 
Thrombocytopenia has been described with many 
pharmaceuticals, but the most commonly implicated 
antibiotics are the sulfonamides. Recovery usually occurs 
within 2 weeks of withdrawal of the drug. 

Hemolytic anemia may occur through several immune 
mechanisms, including (1) immune complex, (2) hapten 





formation, or (3) autoimmune induction. Nitrofurantoin, 
rifampin, and streptomycin are all known to cause 
hemolytic anemia through immune complex formation. 
The antidrug antibody binds to drug and a specific blood 
group antigen on the red blood cell membrane, leading 
to hemolysis, and the direct Coombs’ test results are 
usually positive.°’ Hapten-induced hemolysis results with 
high-dose penicillin therapy (more than 10 million units 
daily intravenously) and may also occur with tetracycline 
and cephalosporins.°!*? Hemolysis usually occurs after 
1 week of therapy and the Coombs’ test result is positive. 


RENAL MANIFESTATIONS 

Drug-induced immunologic nephropathy is known to 
occur with the use of large doses of benzyl penicillin, 
methicillin, or sulfonamides. These patients often have 
fever, rash, and eosinophilia in addition to evidence of 
renal tubular dysfunction, which reverts to normal after 
drug discontinuation.’ 


OTHER MANIFESTATIONS OF HYPERSENSITIVITY 
Drug-induced vasculitis, as a result of immune complex 
deposition, has been described with most antibiotic 
classes. A leukocytoclastic vasculitis is most common, but 
Henoch-Schonlein purpura and polyarteritis nodosum 
are known to occur with B lactams and sulfonamides. 
Affected patients may present with petechiae, purpura, 
arthralgias, myalgias, or nephritis. Symptoms usually 
resolve with discontinuation of the drug, but cortico- 
steroids may be necessary.” 

Drug hypersensitivity due to altered hepatic metab- 
olism that results in reactive metabolites has been 
commonly associated with the use of sulfamethoxazole 
in HIV-infected patients who present with fever and 
rash.) This reaction is usually self-limited, and most 
patients tolerate reexposure.® Altered hepatic metab- 
olism has also been implicated in the pathogenesis of the 
serum sickness—like reaction seen with cefaclor.”” 

In addition to hypersensitivity reactions, antibiotics 
can cause direct toxicity both at therapeutic doses and 
in overdose. The following is a discussion of the more 
significant toxicities associated with antibiotics and 
antifungals. 


ANTIBIOTICS 


Penicillins and B Lactams 


Penicillins and other p lactams in acute overdose can 
usually be safely handled by the poison center at home 
due to their wide margin of safety. However, penicillins 
can produce toxic effects, especially at high doses. One 
that is widely known is the central nervous system (CNS) 
toxicity of penicillins either in large intravenous doses 
(more than 50 million units) or intraventricular 
injection.®”® Seizures are thought to be related to binding 
of penicillin near the y-aminobutyric acid (GABA) 
binding site, which prevents GABA from binding on 
its receptor, resulting in lack of inhibition.” Other ß 
lactams, such as monobactams and carbepenems, may be 
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epileptogenic at therapeutic doses; and cephalosporins 
are known to have epileptogenic effects in acute 
overdose in patients with acute and chronic renal 
failure.’!.”* Benzodiazepines or barbiturates can be used 
for penicillin-induced seizures, and cerebrospinal fluid 
exchange may be performed in case of intraventricular 
penicillin injection.°”- 

Penicillin G may also rarely cause hyperkalemia when 
given in large doses to patients with renal failure.” 
Injection of procaine penicillin has been associated with 
Hoigne syndrome. This syndrome is characterized by 
anxiety, psychomotor instability, altered mental status, 
hallucinations, and paranoid thoughts. Procaine is 
thought to be the causative agent.’>”” Other B lactam 
agents are known to cause adverse events at therapeutic 
doses. Amoxicillin/clavulanic acid has been associated 
with intrahepatic cholestatic hepatitis that usually resolves 
after discontinuing therapy.’*’? Ampicillin is well known 
for producing a rash in children with infectious 
mononucleosis, but the mechanism of this phenomenon 
is poorly understood. Cephalosporins with the N- 
methylthiotetrazole (nMTT) side chain, such as cefazolin, 
cefotetan, and cefoperazone, have the unique toxicity of 
causing a disulfiram-like reaction due to nMTT inhibition 
of aldehyde dehydrogenase. nMTT also has been 
associated with hypothrombinemia by depleting vitamin 
K-dependent factors.’45!°? 


Sulfonamides 


Sulfonamides in an acute single overdose are usually 
not life threatening and typically cause only nausea and 
GI upset. Hemolysis has been described in patients with 
glucose-6-phosphate deficiency (G6PD) treated with 
sulfonamides. Newborns given sulfonamides ma 
develop kernicterus due to displacement of bilirubin.®** 
Sulfonamides have rarely been associated with met- 
hemoglobinemia.®*® 


Fluoroquinolones 


Disturbances of the GI tract, CNS symptoms, and photo- 
sensitivity are well-known adverse effects of therapy 
with fluoroquinolones.® Fluoroquinolones may also 
possess epileptogenic effects due to GABA inhibition. 
Norfloxacin is the most potent GABA inhibitor in the 
class.” Use of fluoroquinolones in young children and 
pregnant women is generally discouraged due to their 
known adverse effect on the development of collagen 
and glucosaminoglycans that results in faulty cartilage 
formation. However, newer literature suggests that these 
agents can be safely used in children.®?*!%? Achilles 
tendon rupture in adults is another well-known com- 
plication of fluoroquinolone treatment.®””’ Fluoro- 
quinolones, most notably sparfloxacin and grepafloxacin, 
are known to cause QT interval prolongation by blocking 
myocardial potassium currents much like class II 
antiarrhythmics, so caution should be used when pre- 
scribing these agents to patients that may be taking other 
drugs known to prolong the QT interval.®?9*"° 
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Aminoglycosides 


The aminoglycosides are one of the most commonly used 
antibiotics due to their efficacy against gram-negative 
bacteria. They are elaborated from the actinomycetes 
Streptomyces and Micromonospora. They have poor GI tract 
absorption, low protein binding, and small volumes of 
distribution, making them removable via hemodialysis. 
Aminoglycosides are only available in parenteral forms; 
therefore, most of the toxicity is due to dosing errors, 
which occurs most commonly in neonates. Nephro- 
toxicity usually presents in patients who receive long 
courses of the drug and resolves after the drug is retired. 
Acute single overdoses in persons with normal renal 
function are unlikely to cause nephrotoxicity.9°9” 
Aminoglycoside nephrotoxicity may be diminished by 
the concomitant use of ticarcillin.°* Ototoxicity is more 
common with prolonged use, and the effect is usually 
permanent. As few as two doses in a dialysis patient have 
led to ototoxicity.”’ Treatment of aminoglycoside overdose 
includes removal of the offending agent, hemodialysis, 
and supportive treatment. 


Tetracyclines 


Tetracyclines are also broad-spectrum antibiotics. 
Significant toxicity after acute overdose is unlikely. Side 
effects are well recognized and include GI irritation 
and discoloration of the teeth. Tetracycline has been 
associated with esophagitis, ulcers, pancreatitis, and 
hepatitis.'°°'°* Declomycin has been reported to cause 
nephrogenic diabetes insipidus.!”° 


Macrolides 


Macrolides, derived from Streptomyces, have poor GI 
absorption, are known to cross the placenta, and are 
transmitted into breast milk. Pancreatitis and GI upset 
are known adverse effects.'°* Erythromycin has been 
associated with hypoacusis that resolved after stopping 
the drug.! 

QT prolongation has been reported on several 
occasions after therapeutic doses of erythromycin, 
particularly when it is given intravenously.'°° Daleau, in 
an animal study in 1994, postulated that erythromycin 
blocks the rapid component of the delayed rectifier 
potassium current and lengthens the repolarization 
phase of cardiac muscle.!°’ Stanat and Carlton reported 
in an in vitro study that clarithromycin and erythromycin 
inhibit the HERG (the human ether-a-go-go-related 
gene) potassium current at therapeutic doses, thus 
increasing repolarization time.!” 


Vancomycin 


Vancomycin is produced by the actinomycete Streptococcus 
orientalis and is effective against a number of gram- 
positive organisms, most notably methicillin-resistant 
Staphylococcus aureus. Acute oral overdose rarely causes 
significant problems and can be managed with 
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supportive care alone. Multiple-dose activated charcoal 
decreased the half-life of vancomycin in neonates who 
received an iatrogenic overdose.?'!® Vancomycin is 
known to cause reversible nephrotoxicity and ototoxicity, 
both of which resolve after stopping the drug.” Probably 
the most well-known toxicity of vancomycin, red man 
syndrome, is an infusion rate-related reaction that 
consists of chest pain, dyspnea, pruritus, urticaria, 
flushing, and angioedema. This is best treated by 
stopping the drug and supportive measures, such as 
intravenous fluids and diphenhydramine. Because red 
man syndrome is not a true allergic reaction, subsequent 
use of the drug is not prohibited.11°-112 


Nitrofurantoin 


Nitrofurantoin is an antibiotic with great specificity for 
the pathogens of the urinary tract and is commonly used 
in pregnant patients. Side effects include GI upset and 
acute pulmonary toxicity that ranges from mild dyspnea 
to noncardiogenic pulmonary edema. Full recovery can 
be expected with discontinuation of the drug and use of 
steroids, bronchodilators, and supportive care.!'° 


Chloramphenicol 


Chloramphenicol is a nitrobenzene-based antibiotic 
capable of inhibiting protein synthesis in rapidly 
proliferating eukaryotic and bacterial cells. In acute 
overdose it is known to cause nausea and vomiting. It 
has been shown to cause cardiovascular collapse at levels 
of 30 to 277 ug/mL and after doubling the dose for 60 
hours.''*!° In early, massive overdoses, orogastric lavage 
may have a role in decontamination. Extracorporeal 
removal of the drug by hemodialysis or charcoal 
hemoperfusion may also be effective in patients with 
hepatic or renal insufficiency.''® Chloramphenicol is well 
known for causing “gray baby syndrome,” which was first 
described in 1959. Infants on chloramphenicol (doses of 
100 to 165 mg/kg) for more than 72 hours developed 
vomiting, refusal to suck, irregular respirations, abdomi- 
nal distention, diarrhea, acidosis, cyanosis, ashen color, 
flaccidity, and cardiovascular collapse.'’? Chloram- 
phenicol also can cause dose-dependent bone marrow 
depression, which most commonly affects erythropoiesis. 
Resolution occurs with discontinuation of the drug. 


Oxazolidinones 


Oxazolidinones (linezolid and eperezolid), currently 
used for multidrug-resistant gram-positive organisms, are 
the newest antibiotic class; thus, information on human 
overdose is limited. Common side effects of therapy 
include GI symptoms, headache, and thrombocytopenia 
in up to 10% of patients.!!” Linezolid causes a reversible 
brownish tongue discoloration in up to 33% of patients 
on therapeutic doses.'!®!'9 Linezolid is a weak mono- 
amine oxidase inhibitor and concomitant use of selective 
serotonin reuptake inhibitors has resulted in serotonin 
syndrome.!”° 





Benzyl Alcohol 


Historically, benzyl alcohol was used as a bacteriostatic 
flush for intravenous lines. In 1981 and 1982, several 
deaths in the neonatal intensive care unit were attributed 
to the use of benzyl alcohol. These patients presented 
with neonatal gasping syndrome, characterized gradual 
neurologic deterioration, severe metabolic acidosis, 
sudden onset of gasping respirations, skin breakdown, 
hepatic and renal failure, hypotension, and cardio- 
vascular collapse.!2!!*? 

Extensive workup in these patients revealed that the 
illness was the result of repetitive administration of the 
bacteriostatic solutions containing the benzyl alcohol. 
Benzoic acid is a by-product of benzyl alcohol, and it is 
likely that neonates are unable to detoxify the benzoic 
acid when benzyl alcohol is given repetitively.'** The 
syndrome disappeared after use of benzyl alcohol was 
discontinued in nurseries. 


Dapsone 


Dapsone (4-4’-diaminodiphenylsulfone [DDS]) is a 
synthetic sulfone that has been used as a bacteriostatic 
antimicrobial and as an anti-inflammatory agent in many 
dermatologic conditions. The first use of oral dapsone 
was in the treatment of Mycobacterium leprae in 1949.'*° 
Shortly thereafter, several dermatologic uses for sulfones 
where discovered, including the treatment of acne 
vulgaris, dermatitis herpetiformis, and subcorneal pustular 
dermatosis.'**!*° Dapsone, with or without trimethoprim 
or pyrimethamine, also has strong anti—Pneumocystis 
carinii activity. Oral dapsone is readily absorbed by the GI 
tract and reaches peak serum concentrations between 
0.5 and 4 hours. The volume of distribution is 1.0 to 
1.5 L/kg, approximately 70% is protein bound, and the 
elimination half-life ranges from 12 to 30 hours. 
Dapsone undergoes enterohepatic circulation, and 
about 85% is excreted in the urine and 10% in the 
bile.!?7°8 The drug blocks dihydropteroate synthase. 
This enzyme catalyzes the conversion of para- 
aminobenzoic acid and pteridine into dihydropteroic 
acid in the first step of folic acid synthesis. Therefore, 
dapsone affects bacteria that are dependent on intrinsic 
folic acid synthesis.'*? The mechanism involved in the 
anti-inflammatory influence of dapsone has been related 
to the suppression of leukocyte chemotactic and 
cytotoxic functions.!°° The most widely known toxicities 
of dapsone are hemolytic anemia and methemoglo- 
binemia. Other less common effects of dapsone include 
sulfhemoglobinemia, agranulocytosis, hepatitis, macu- 
lopathy, and acute renal failure.'*!'** Dapsone causes an 
oxidative stress on the hematologic system by dapsone- 
derived free radicals. These radicals bind erythrocyte 
membranes and hemoglobin molecules and form 
precipitates and denatured proteins (Heinz-bodies). 
These proteins are subsequently sequestered by the 
reticuloendothelial system and destroyed, causing drug- 
induced hemolytic anemia.!*? This hemotoxicity is dose 
dependent, with a few cases reported at 100 mg/day, and 
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almost all patients involved in one study who were taking 
250 mg/day.'°°!88 Significant methemoglobinemia has 
been reported in patients chronically receiving 100 mg/ 
day.'*? Most cases of mild dapsone-induced methemo- 
globinemia and hemolytic anemia respond to discon- 
tinuation of dapsone and observation. Intravenous 
methylene blue continues to be the mainstay of 
treatment for severe methemoglobinemia but does not 
treat sulfhemoglobinemia. Exchange transfusion can be 
considered for methemoglobinemia or sulfhemoglo- 
binemia unresponsive to supportive care and methylene 
blue.'*° Studies demonstrate that the use of multidose 
activated charcoal increases dapsone elimination by 
interfering with its enterohepatic circulation. In one 
report, the elimination half-life of dapsone was reduced 
from 20.5 (+2) to 10.8 (40.4) hours after multiple doses 
of charcoal.'*! However, multiple-dose activated charcoal 
has not been clinically proven to decrease the incidence 
of methemoglobinemia and hemolytic anemia.!* 
Dapsone is poorly dialyzable due to its high protein 
binding and large volume of distribution. 


ANTIFUNGALS 


Amphotericin B 


Amphotericin B is an intravenous polyene antifungal 
agent produced by the microorganism Streptomyces 
nodosus. It has been available in the United States since 
1956. Amphotericin B lipid complex, amphotericin B 
cholesteryl sulfate complex, and amphotericin B liposome 
are alternative formulations that have been developed 
to reduce nephrotoxicity. Amphotericin B is usually 
reserved for life-threatening fungal infections due to its 
high incidence of nephrotoxicity. Amphotericin B causes 
reduced renal blood flow, decreased glomerular fil- 
tration rate, and direct tubular injury, resulting in acute 
tubular necrosis.'**'** Approximately 80% to 87% of 
patients receiving therapeutic doses of amphotericin B 
experience a decrease in renal function that appears 
to be dose related and cumulative, and is generally 
reversible over several months.'**!*9 Permanent renal 
damage may occur in patients receiving 4 g or more. 
Nausea, anorexia, vomiting, fever, and chills are also 
seen with therapeutic amphotericin B therapy. The 
fever and chills have been observed to be independent 
of the infusion rate and are likely mediated through 
prostaglandin Es synthesis.'*°'*°'° Amphotericin- 
induced electrolyte disturbances include hypokalemia, 
hypomagnesemia, and, rarely, hyperkalemia.!51153 
Anemia, leukopenia, and thrombocytopenia have also 
been reported with therapeutic administration. 154156 
There is no antidote for amphotericin B toxicity. In 
addition to general supportive care, limiting dosage, and 
correcting volume deficits, other therapies have also 
been found to be useful in preventing or treating 
amphotericin toxicity. Both ibuprofen and meperidine 
have been advocated to prevent or ameliorate the fever 
and chills caused by amphotericin B.!°7? Supple- 
menting dietary sodium chloride intake daily with 
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150 mEq of sodium chloride intravenously or orally 
when amphotericin B therapy is initiated may prevent 
nephrotoxicity. ©” 


Triazoles and Imidazoles 


Fluconazole, itraconazole, terconazole, and voriconazole 
are triazole antifungal agents that inhibit ergosterol 
synthesis in fungal cell membranes. This causes cell 
leakage and death in the fungal cell. With therapeutic 
use, the most common adverse effects include nausea, 
vomiting, and bloating.'°'!°? Elevation of transaminase 
levels has been observed during fluconazole, itraconazole, 
and voriconazole therapy.!61163-164 

The imidazoles include clotrimazole, econazole, 
ketoconazole, and miconazole. Imidazoles also inhibit 
the biosynthesis of ergosterol or sterols, triglycerides, 
and phospholipids in fungal cells.!® Severe toxic effects 
following oral overdose are expected to be negligible 
due to minimal oral absorption. Ingestion of even large 
quantities should produce only minor GI symptoms. 
At therapeutic doses, adverse effects of ketoconazole 
include hypertension, nausea, vomiting, gynecomastia, 
adrenal suppression, suppression of androgen synthesis, 
and menstrual irregularities. Ketoconazole-induced 
inhibition of steroid synthesis is a consequence of 
cytochrome P-450 enzyme inhibition. The competitive 
inhibition of CYP3A4 makes the triazoles (fluconazole 
and itraconazole) and the imidazoles (ketoconazole and 
miconazole) potentiators of other drugs that are more 
likely to cause serious toxicities such as phenytoin, 
cyclosporine, and warfarin. Prolonged QT syndrome, 
torsades de pointes, seizures, and death have been 
reported in coadministration of ketoconazole with 
astemizole, cisapride, or terfenadine (all of which are no 
longer available in the United States). This interaction 
is less frequently observed with itraconazole and 
fluconazole.!®©*!® Other side effects of ketoconazole 
include alopecia, drug-induced hepatitis, pruritus, and 
allergic rash.'°° 
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J. MEULENBELT, MD, PHD Æ J.W. FIJEN, MD, PHD 


At a Glance... 


m The nucleoside reverse-transcriptase inhibitors, including 
didanosine, lamivudine, and stavudine, used to treat human 
immunodeficiency virus infection, is among the largest class of 
antiviral agents. They also have a broad range of significant 
adverse effects. 

m Protease inhibitors, another large class of antiviral agents, have 
important effects on the cytochrome P-450 enzymes, producing 
important drug interactions. 

m The guanosine analogs, another important class of antiviral 
agents, include acyclovir and ganciclovir. As prodrugs that 
require biotranstormation to become active, these agents are 
important in the treatment of herpes simplex and varicella- 
zoster viruses. 

m M2 protein blockers, which include amantadine, are the third 
most important class of antiviral agents; they are used 
commonly in the treatment of influenza. 


Ten to 15 years ago only a few drugs were licensed for the 
treatment of viral infections. Recently, the drive to 
combat the human immunodeficiency virus (HIV) along 
with a better understanding of the viral life cycle resulted 
in the discovery of new antiviral medicines. New antiviral 
drugs have been developed against HIV, cytomegalovirus, 
herpes simplex virus, varicella-zoster virus, respiratory 
syncytial virus, hepatitis C, and the influenza viruses. 

Antiviral medicines can be targeted against viral or 
human cellular proteins. The first approach is more 
specific against viruses and yields more specific and less 
toxic drugs; however, the development of drug resistance 
is more likely. The latter approach yields antiviral drugs 
with a broader activity and a higher likelihood of toxicity. 

It is relevant to understand the viral life cycle in order 
to develop suitable antiviral medicines that have minimal 
toxicity to the patient. The viral life cycle encompasses 
several crucial steps, starting with the attachment of the 
virus to the cell followed by the replicative cycle and the 
release of the progeny virions from the cell. In retroviruses, 
this replicative cycle begins with reverse transcription 
(RNA—DNA); the proviral DNA then becomes inte- 
grated into the cellular genome and follows the classical 
transcription and translation processes of the human 
host cell. Cytolytic viruses (e.g., the herpesviruses) 
replicate their genome and express their genes auton- 
omously, independent of the human host cell. 

The following steps can be targeted by antiviral med- 
icines: virus adsorption, virus—host cell fusion, viral RNA 
or DNA synthesis, and viral enzyme activity, for example, 
proteases and neurominidases. Two host enzymes, 


inosine 5’-monophosphate (IMP) dehydrogenase and S- 
adenosylhomocysteine hydrolase can also be targets for 
certain classes of antiviral agents. !* Medicines have been 
developed to interfere with one of the steps in the viral 
life cycle. However, the emergence of viral resistance to 
antiviral drugs and the appearance of drug-related side 
effects are the main reasons that further research and 
refinement of antiviral medicines are needed. 

The most important goals for treating viral infections 
in immunocompetent patients are to reduce the severity 
of illness and to decrease the rate of transmission of the 
virus. Thus, efficacy, safety, and convenience are key 
factors in antiviral drug development. Treatment efficacy 
is of primary importance in order to prevent viral 
damage to vital organs such as the liver, kidneys, lungs, 
gastrointestinal tract, and nervous system. Antiviral drugs 
are used for prophylaxis, suppression of viral replication 
in order to prevent tissue damage, or treatment of overt 
disease. 

In this chapter the potency and ranked value of 
antiviral agents against particular viruses will not be 
discussed. The reader is referred to the website 
http://AIDSinfo.nih.gov and references.*® The main 
adverse effects that are important from a clinical 
toxicology point of view are summarized below and in 
Table 53-1. For an extensive overview of adverse effects of 
antiviral drugs, the reader is referred to handbooks, 
review articles, and websites concerning antiviral treat- 
ment. The endogenous antiviral agent interferon is also 
not discussed here. While drug interactions are 
discussed, in-depth discussion can be found in several of 
the cited articles.”8 


NUCLEOSIDE REVERSE-TRANSCRIPTASE 
INHIBITORS 


Nucleoside reverse-transcriptase inhibitors (NRTIs) are a 
class of anti-HIV drugs. They include abacavir, didanosine, 
lamivudine, zalcitabine, stavudine, zidovudine, adefovir, 
tenovir, and emtricitabine. Structurally, they are analogs 
of the natural nucleotides that form the building blocks 
of RNA and DNA in both human cells and viruses. 
Nucleoside and nucleotide analogs typically require 
intracellular phosphorylation by human cellular kinases 
to achieve their triphosphate form. This triphosphate 
form competes with the natural nucleotide for inclusion 
in the growing DNA chain. Absence of the hydroxyl 
group at the 3’ position of the ribose ring in the analogs 
means a new 3’,5’-phosphodiester bond cannot be 
formed with the next nucleotide, and hence the further 
extension of this DNA strand is prevented. Thus, NRTIs 
are competitive inhibitors of mitochondrial DNA 
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Currently Available Antiretroviral Drugs (See Text for References) 





SUBSTANCE NAME 


Nucleoside- 
Reverse- 
Transcriptase- 


Inhibitors (NRTIs) 


NUCLEOSIDE 
ANALOGS 


Abacavir 
(guanosine 
analog) 


Didanosine 
(adenosine 
analog) 


Lamivudine 
(cytidine 
analog) 


Stavudine 
(thymidine 
analog) 


Zalcitabine 


(cytidine analog) 


Zidovudine 
(thymidine 
analog) 


ACYCLIC 
NUCLEOTIDE 
ANALOGS 


Adefovir 


Tenofovir 


THICYTIDINE 


NUCLEOTIDE ANALOG 


Emtricitabine 


TRADE NAME 


Ziagen 


Videx, ddl 


Epivir, 3TC 


Zerit, d4T 


Hivid, ddC 


AZT, Retrovir 


Hepsera 


Viriad 


Emtriva 


RECOMMENDED 
DAILY DOSE (mg)* 


300 mg po bid, 
Child: 8mg/kg po bid 


Adult < 60 kg: po 250 mg; 

Adult > 60 kg: po 400 ma; 

Child > 6 yr: po 240 mg/m? 
body surface 


150 mg po bid 


> 60 kg: 40 mg po bid 
Child: 1 mg/kg po bid 


0.75 mg po tid 
Child: 0.01 mg/kg po tid 


300 mg po bid 
Child: 160 mg/m2 po tid 


10 mg po daily 


300 mg po for adults 
with CrCl > 60 mL/min; 
in children unknown 


200 mg po daily; in 
children unknown 


ORAL 
AVAIL- 
ABILITY (%) 


83 


30-50 


86 for 
adults, 


55-65 for 


children 
< 12yr 
86 


85, child: 
55 


60 


59 


25 in 
fasting 
state, 39 


with fatty 


meal 


93 


e 


(hr) 


1.5 


0.7-1 


0.6-1.5 


0,2 


1-75 
(0.6-4) 


1-2.3 


Vd 
(L/kg) 


0.8-1.9 


0.8-1.2 


1.3-2 


0.5 


0.5-0.6 


1.5-2.5 


0.3-0.4 


1.3 


ANTIMICROBIAL, CHEMOTHERAPEUTIC, AND IMMUNOSUPPRESSIVE AGENTS 


THERA- 
PEUTIC 
PLASMA 
CONCEN- 
TRATION 
(mg/L) 


PROTEIN 
BINDING 


50 


<5 


<5 


20-38 


<4 


AVERAGE 
PLASMA 
HALF-LIFE 
(hr) 


0.8-1.5 


1-1.8 (in 
children 
0.8) 


1.2-9 


1.2-2 


IEI 


7.5 


14,417 


10 
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INTRACELLULAR 
HALF-LIFE 
TIME (hr) 


33 


25—40 


16-19 


33 


10-50 


ADVERSE EFFECTS 


Nausea, vomiting, diarrhea, 
abdominal pain, headache, 
fever, lethargia, hyper- 
sensivity reaction, bone 
marrow depression 

Numbness in extremities 
caused by periferal neuro- 
pathy, nausea, vomiting, 
diarrhea, headache, fever, 
lethargia, seizures, bone 
marrow depression, 
diabetes mellitus, 


pancreatitis more common, 


hyperuricemia 

Nausea, vomiting, diarrhea, 
abdominal pain, fever, 
pancreatitis 


Peripheral neuropathy, rare 
pancreatitis, gastro- 
intestinal complaints, 
headache 

Peripheral neuropathy, 


stomatitis, rare pancreatitis 


Gastrointestinal complaints, 
headache, insomnia, 
asthenia, bone marrow 
depression, myopathy 


Fever, headache, nausea, 
vomiting, diarrhea, 
flatulence, liver failure, 
weakness, renal failure 

Asthenia, headache, 
nausea, vomiting, 
diarrhea, flatulence 


Headache, nausea, 
diarrhea rash 


TOXIC EFFECT 


Lactate acidosis, generally 
in combination with 
hepatomegalia 


Lactate acidosis, generally 
in combination with 
hepa-tomegalia, 1600 
mg has been survived by 
28 yr-old man without 
relevant toxicity 


Lactate acidosis, generally 
in combination with 
hepatomegalia 


Lactate acidosis, generally 
in combination with 
hepatomegalia 


Lactate acidosis, generally 
in combination with 
hepatomegalia 

Lactate acidosis, generally 
in combination with 
hepatomegalia 


Lactate acidosis, generally 
in combination with 
hepatomegalia, 1200 mg 
was tolerated in 11 
patients, without severe 
adverse reactions 


RELEVANT ISSUES FOR 
DRUG METABOLISM 


Metabolized by alcohol 
dehydrogenase and 
glucoronyl transferase 


Metabolized to AZT, 
glucuronidated GAZT, 
renal excretion of GAZT 


Induces a slight inhibition 
of CYP1A2 


REMARKS 


Contraindications: severe 
liver and renal failure, 
metabolites are for 82% 
excreted with the urine. 


Be careful in cases with 
history of pancreatitis 
and liver disease. About 
50% of the dose is 
excreted with the urine. 
Be careful with comed- 
ication rifampacine, 
rifabutin, ribavirin, 
tenofovir. 

Unchanged excreted in the 
urine. Plasma 
concentration increases 
with renal failure. 


About 50% of the dose is 
excreted with the urine. 


About 70% of the dose is 
excreted with the urine. 


15%-20% is excreted 
unchanged with the 
urine, the rest mainly as 
zidovudine glucorinide. 


Elimination is impaired in 
renal failure, 
hemodialysis is useful. 


Primarily excreted by 
glomerular filtration and 
active tubular excretion; 
not recommended for 
patients with creatinine 
clearance < 60 mL/min. 


85% is excreted with the 
urine and 15% in the 
feces, hemodialysis is 
useful, adjust dose in 
renal impairment. 
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Currently Available Antiretroviral Drugs (See Text for References)—cont’d 





THERA- 
PEUTIC 
PLASMA AVERAGE 
ORAL CONCEN- PLASMA 
RECOMMENDED AVAIL- Tes Vd TRATION PROTEIN HALF-LIFE 
SUBSTANCE NAME TRADE NAME DAILY DOSE (mg)* ABILITY (%) (hr) (L/kg) (mg/L) BINDING (hr) 
Non-NRTIs 
Delaviridine Rescriptor 400 mg po tid; in children 85 1.0-4 0.7 97 2—11 
(delavirdine) unknown 
Efavirenz Sustiva, 600 mg po daily; 65 3-5 1.8-4.1 99.5 40-55 
Stocrin children: 12-15 mg/kg 
once per day 
Nevirapine Viramune 200 mg po for 14 days, > 90 0.8-2.2 1.2-1.5 3.7-5.9 60 25-30 
then if no rash 200 mg = 
po bid 
Protease 
Inhibitors (PI) 
Amprenavir Agenerase 1200 po bid; 90 in 0.5-2 5-6.1 I/kg 90 6-11 
child < 50 kg: fasting 
22.5 mg /kg po bid state (see 
also 
tenofovir 
in this 
table) 
Indinavir Crixivan 800 po tid; child: 60-65 in 0.7-1 0.4-2.25 0.15-8 60-70 1.8-2 
500 mg/m? po tid fasting 
state 
Lopinavir Kaletra 400 (+ 100) mg po bid; 2-5 98-99 5-6 
(+ combi- child < 40 kg 10-12 mg 
nation with  (+2.5-3 mg) po bid 
ritonavir) 
Nelfinavir Viracept 750 mg po tid 20-80 2-4 2.0-7.0 1.6-4 >98 3.0-5 
Ritonavir Norvir 600 mg po bid; 66-75 1-1.5 0.4-0.5 3.5-9.6 98-99 3.0-5 


child: 350-400 mg/m? 
po bid 
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INTRACELLULAR 
HALF-LIFE RELEVANT ISSUES FOR 
TIME (hr) ADVERSE EFFECTS TOXIC EFFECT DRUG METABOLISM REMARKS 


Rash in = 4.3%, increased 
transaminase levels, 
headache 


Rash in = 1.7%, increased 
transaminase levels, 
dizziness, somnolence, 
insomnia, abnormal 
dreams, confusion, 
impaired concentration, 
amnesia, agitation, 
depersonalization, 
hallucinations, euphoria, 
retinal toxicity 

Skin rash in = 7%, even in 
0.3% a Stevens Johnson's 
toxic necrotic epidermolysis, 
nausea, fever, insomnia, 
increased transaminase 
levels, hepatitis 


GI symptoms, transient rash 
7-14 d after start, hyper- 
triglyceridemia, perioral 
paresthesias, buffalo 
hump, hyperglycemia, 
hemolytic anemia 


Nausea; diarrhea; 
nephrolithiasis in days 
till weeks after start 
(3%-15%); hyperbiliru- 
binemia; elevated AST, 
ALT, and amylase levels; 
acute hemolytic anemia 


6 g in 47 yr-old man 
transient neurologic 
and gastrointestinal 
symptoms; ARF, renal 
atrophy, interstitial 
nephritis 


Dose-dependent diarrhea 


GI complaints, fatigue, 
perioral paresthesias, 
hypertriglyceridemia 5%, 
elevated AST, ALT, and GGT 


3 g results in transient 
paresthesias 


Metabolized by cytochrome Be carefull with co- 


P450 (CYP3A4 and 
CYP2D6) 


Metabolized by cytochrome 
P450 (CYP3A4 and 
CYP2B6) 


Metabolized by cytochrome 
P450 (CYP3A4 and 
CYP2B6) 


Metabolized by CYP3A4, 
inhibition of CYP3A4; 
avoid terfenadine, 
astemizole, bepridil, 
ergotamine, potent 
benzodiazepines such as 
midazolam and triazolam 


Metabolized by CYP3A4, 
inhibition of CYP3A4; 
avoid terfenadine, 
astemizole, ergotamine, 
potent benzodiazepines 
like midazolam 


Standard combination with 
ritonavir 100 mg bid 


Metabolized by CYP3A4; 
avoid terfenadine, 
propafenone, flecainide, 
astemizole, ergotamine, 
potent benzodiazepines 
like midazolam and 
triazolam 

Metabolized by CYP3A4; 
avoid terfenadine, 
propafenone, flecainide, 
astemizole, ergotamine, 
potent benzodiazepines 
like midazolam and 
triazolam 


medications that interact 
with P450 metabolism, 
50% is excreted with the 
urine as glucuronidated 
metabolites, 44% in feces. 
Be careful with co- 
medications that interact 
with P450 metabolism, 
14%-34% exreted with 
the urine as 
glucuronidated 
metabolities, 16%-61% 
in feces, false positive 
cannabinoid test. 


Be careful with co- 
medications that interact 
with P450 metabolism, 
80% excreted with the 
urine as glucuronidated 
metabolites, 10% in 
feces. 


Be careful with 
comedications that 
interact with P450 
metabolism, = 75% 
is in the feces excreted 
and 15% with the urine. 


Be careful with 
comedications that 
interact with P450 
metabolism; take 
care for adequate 
hydration. 


Be careful with 
comedications that inter- 
act with P450 
metabolism. 

Be careful with 
comedications that 
interact with P450 
metabolism. 


Be careful with 
comedications that 
interact with P450 
metabolism. 
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Currently Available Antiretroviral Drugs (See Text for References)—cont’d 


THERA- 
PEUTIC 
PLASMA AVERAGE 
ORAL CONCEN- PLASMA 
RECOMMENDED AVAIL- Te Vd TRATION PROTEIN HALF-LIFE 
SUBSTANCE NAME TRADE NAME DAILY DOSE (mg)* ABILITY (%) (hr) (L/kg) (mg/L) BINDING (hr) 
Saquinavir Invirase 600 mg po tid <4, during 1-1.2 10-19.7 0.08-0.7 98 9-15 
Fortovase 1200 po tid high 
fatty 
meals up 
to 30 
Atazanavir Reyataz 200 mg po bid. or tid; Food 2 86 3-7.9 
children not approved enhances 
absorp- 
tion 


Fusion Inhibitors 


Enfuvirtide T-20 Fuzeon 90 mg sc bid; child: 84-89 4.0-6.9 5.5 3.4 92 3.8 
2 mg/kg sc bid 


Guanosine analogs 
Acyclovir Zovirax 5-20 mg/kg intravenously 20 1.5-2 48 0.5-3.0 3, in neonates 3-4 
tid or 5 times po 800 
mg; child (3 mo-12 yr) 
250 mg/m? body surface 
intravenously tid 


Famciclovir Famvir 500 mg po tid 72-83 0.7-1 1-1.5 20 2-2.5 
Ganciclovir Cymevene, 5 mg/kg intravenously 6-9 2—4 2.5-4 
Cytovene bid or 1000 mg orally 
tid 
Penciclovir Topical use 1-1.5 20 2-2.5 
Valacyclovir Zelitrex, 1000 tid till 2000 mg po 60-90 1.5 48 0.8-1.0 2.2-3.1 
Valtrex qid; children unknown 
Valganciclovir Valcyte 900 mg po bid, after 60; with 2-2.9 3.5-5 
induction period of food 
21 days, 900 daily 75-85 


M2 Protein Blocker 


Amantadine Symmetrel, 100 mg po bid-tid; child: >90 4 4.4-5.1 < 0.8 9-37 
Amantan, 4.4 mg/kg po bid (max 
Mantadix 150 mg/day) 


Rimantadine Flumadine 100 mg po bid-tid >90 3-6 21 24.9-30 
Neurominidase 
Inhibitors 
Oseltamivir Tamiflu 75 mg po bid; 75-80 2-3 23-26 L 42 6-10.0 
child (1 to 13 yr-old) (similar 
2 mg/kg po bid to ECV 
of body 


water) 





INTRACELLULAR 
HALF-LIFE 


TIME (hr) ADVERSE EFFECTS 


TOXIC EFFECT 


Nausea diarrhea, peripheral In adults: safe till single 


neuropathy, headache, 
hyperbilirubinemia, 
elevated AST, rash, 
athralgia, pancreatitis 


5% hypertriglyceridemia, 
elevated AST, ALT, 
hyperglycemia, first 
degree AV block (heart) 


Injection site reactions 


Nausea, vomiting, 
diarrhea, phlebitis 


Nausea, diarrhea, vomiting, 
hepatitis 

Nausea, diarrhea, vomiting, 
hepatitis, neurotoxicity, 
psychosis, nephrotoxic 


Nausea, vomiting, diarrhea, 
headache, phlebitis 


Neurotoxicity, nephrotoxic, 
trombocytopenia, 
hepatitis 


Nausea, anorexia, 
nervousness, difficulty 
concentrating, fatigue, 
arrhythmias 


Nausea, anorexia 


Gastrointestinal symptoms 
(10%) 


dose 8 g or 7.2 g/day 
for 25 wk 


Nephrotoxic (tubular crystal 
formation), neurotoxic: 
tremor, myoclonus, 
confusion, lethargy, 
agitation, hallucination, 
dysarthria, seizures or 
hemiparesthesia 


Granulocytopenia (40%), 
thrombocytopenia (15%), 
ventricular ectopia, TTP 


Nephrotoxic, neurotoxic 


Neutropenia, anemia, 
diarrhea 


Hyperthermia, long QT 
interval, ARDS, psychosis, 


coma, ventricular ectopia, 


torsades de pointes, 

rhabdomyolysis, 

anticholinergic syndrome 
NA 


None 
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RELEVANT ISSUES FOR 
DRUG METABOLISM 


Metabolized by CYP3A4, 
all inhibitors P450 
(ketoconazole) increase 


AUC plasmaconc by 300%; 


avoid terfenadine, 
astemizole, ergotamine, 
potent benzodiazepines 
like midazolam and 
triazolam 

Metabolized by CYP3A4; 
avoid terfenadine, 
propafenone, flecainide, 
astemizole, ergotamine, 
potent benzodiazepines 
like midazolam and 
triazolam 


No effect on CYP450 
enzymes 


Be careful in dehydration, 
previous neurological 
symptoms. 


Be careful in dehydration, 
previous neurological 
symptoms. 


75% metabolized in the 
liver by hydroxylation 


No effect on CYP450 
enzymes 





REMARKS 


Be careful with 
comedications that 
interact with P450 
metabolism. 


Be careful with 
comedications that 
interact with P450 
metabolism; 80% 
excreted via feces, 7% 
unchanged with the 
urine, 6% of the 
metabolites is excreted 
with the urine; in liver 
dysfunction adjust 
dosages. 


Unknown in liver 
dysfunction or severe 
renal failure. Clearance 
was not affected in 
patients with CrCl > 35 
mL/min. 


80% excreted unchanged 
with the urine, during 
hemodialysis plasma half- 
life is reduced to 5.7 L. 


70% is excreted unchanged 
with the urine. 


70% is excreted unchanged 
with the urine. 


80% excreted unchanged 
with the urine, 50% is 
removed by hemodialysis. 


Elimination by glomerular 
filtration and tubular 
secretion of the intact 
drug; in elderly (>65 yr), in 
renal or liver dysfunction 
50% dose reduction 

50% dose reduction in 
elderly (>65 yr), renal or 
liver dysfunction 


Elimination exclusively by 
renal excretion 
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THERA- 
PEUTIC 
PLASMA AVERAGE 
ORAL CONCEN- PLASMA 
RECOMMENDED AVAIL- Te Vd TRATION PROTEIN HALF-LIFE 
SUBSTANCE NAME TRADE NAME DAILY DOSE (mg)* ABILITY (%) (hr) (L/kg) (mg/L) BINDING (hr) 
Zanamivir Relenza Inhaled 10-20 mg daily 10-20 Poorly 
for adults and children absorbed NA 
> 12 yi following 
oral admin- 
istration 
bioavail- 
ability 
about 2% 
Pyrofosfate Analogs 
Foscarnet Foscavir 60 mg/kg intravenously 10-20 0.4-0.7 0.33-0.50 17 first phase, 
tid, or 90 mg/kg mmol/L 0.5-1.4 
intravenously bid second phase, 
3.3-6.8 
third phase, 
up to 18 
Others 
Ribavirin Rebetol, >75 kg: 600 mg po 50 1-2 5-29 L/kg nihil 20-50 
Copegus bid (generally + 
interferon); <75 kg: 
400 mg in the morning 
and 600 mg po in the 
evening 
Ribavirin Virazole 20 mg/mL as aerosol nihil os 
18-20 hr per day and 
3-7 days long 
Cidofovir Vistide 5 mg/kg IV once weekly <5 0.26-0.51 <10 22 
for 14 days, thereafter 
once per 14 days 
Palivizumab Synagis 15 mg/kg in once monthly 0.7 0.07-0.11 18-20 days 





(mtDNA) polymerase-y, which is responsible for mtDNA 
synthesis, leading to decreased mtDNA. Furthermore, 
these agents are chain terminators.’ mtDNA is the only 
extrachromosomal, extranuclear DNA in humans. The 
mitochondria perform an essential respiratory role 
known as oxidative phosphorylation. The mechanism 
of mitochondrial toxicity by antiviral agents such as 
NRTIs has been discussed by several investigators.?" 
Mitochondrial toxicity leads to impairment of normal 
oxidation of long-chain fatty acids in mitrochondria. 
This causes esterification of triglycerides and an increase 
in nonesterified fatty acids. These accumulate as intra- 
cellular vesicles or are released on cell death. Impaired 
energy production and probably direct toxic effects of 
nonesterified fatty acids are likely etiologic in cell death.'” 
Different human cells carry varying levels of mito- 
chondria; therefore, impairment of mitochondrial 


function is likely to become apparent in tissues that are 
metabolically most active. Common NRIT-associated mito- 
chondrial dysfunction includes lactic acidosis, hepatic 
steatosis, peripheral neuropathy, pancreatitis, myopathy, 
and lipodystrophy.'*'9 Free radicals may also contribute to 
nucleoside toxicity, potentially playing a role in didanosine- 
associated pancreatitis.” !© The most relevant and regularly 
occurring adverse effects are summarized below. These 
effects have been reported in all NRIs. 


Adverse Effects of Nucleoside Reverse- 
Transcriptase Inhibitors 


LACTATE ACIDOSIS 

Lactic acidosis most commonly occurs in patients 
undergoing prolonged therapy with NRTIs. The onset of 
lactic acidosis can be either abrupt or insidious. Clinical 
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INTRACELLULAR 
HALF-LIFE 
TIME (hr) 


ADVERSE EFFECTS TOXIC EFFECT 


None None 


Renal failure, hypo- and 
hyperphosphatemia, 


Acute hypocalciemia, 


convulsions, renal toxicity. 


RELEVANT ISSUES FOR 


DRUG METABOLISM REMARKS 


All absorbed drug is 
excreted unchanged in 
urine. 


Elimination increased by 
hemodialysis; Foscarnet is 


Preverably do not 
administer in combination 


hypocalcemia, bone 
marrow depression, 
headache, paresthesia, 
dizziness, anorexia, 
nausea, vomiting, fever 


with other nefrotoxic 
drugs 


One patient died after 
12.5 g for 3 instead of 
10.9 mg/day. He suffered 
a grand mal seizure and 
became comatose. Of nine 


hardly metabolized and 
the majority of the dose 
is unchanged excreted 
with the urine. Be aware 
for hypo- and 


skin rash, anemia. 

Less frequently: several other 
adverse effects (phlebitis 
after peripheral intra- 
venous administration), 
penile ulceration, 
nephrogenic diabetes 
insipidus, thrombocytemia 


dose, three suffered 
seizures, three renal 
failure, four had 


disturbances. 


Nausea, joint and muscle 
pain, bone marrow 
depression, tachycardia, 
pancreatitis, hyperuricemia 


Water intoxication has 
been reported. 


Nausea, vomiting, fever, 
neutropenia, renal toxicity 
with proteinuria, rare 
pancreatitis, very rarely 
ototoxicity 


tubula cell injury) 


Injection site reactions 


patients with 1.14 to 8 
times their recommended 


paresthesia, and five 
calcium and phosphate 


Nephrotoxicity (proximal 


hypercalciemia, 
hypomagnesemia and 
hyper- and hypophos- 
phatemia. Hemodialysis 
and hydration may be of 
benefit in reducing drug 
plasma concentrations. 


Mainly excreted with the 
urine, for 30% 
unchanged 


Co-administration of 
probenecid may reduce 
nephrotoxicity, 80%- 
100% is excreted 
unchanged with the 
urine. The compound is 
hemodialysable. 





symptoms can include abdominal distention and pain, 
nausea, vomiting, diarrhea, anorexia, tachypnea, weak- 
ness, weight loss, and hepatomegaly. Liver and/or renal 
failure, clotting abnormalities, seizures, and cardiac 
arrhythmias may be present. In addition to hyperlac- 
tatemia, laboratory evaluation may reveal an increased 
anion gap, elevated aminotransferases, creatine phospho- 
kinase, lactic dehydrogenase, lipase, and amylase.'®'!9?° 
Echography and computed tomography scans may 
indicate an enlarged fatty liver; histologic examination of 
the liver might reveal microvesicular steatosis.!9 
Antiretroviral treatment should be ceased if clinical 
and laboratory manifestations of the lactic acidosis 
syndrome occur. For certain patients, this adverse event 
resolves after discontinuation of NRTIs!%*4 and a revised 
NRTI-containing regimen can be resumed.'*”> However, 
insufficient data exist to recommend this strategy versus 


treatment with an NRIT-sparing regimen. Intensive 
therapeutic strategies and intensive care treatment may 
be necessary. Thiamine”? and riboflavin?”?> have been 
administered on the basis of the pathophysiologic 
hypothesis that sustained cellular dysfunction of the 
mitochondrial respiratory chain is responsible for this 
fulminant clinical syndrome. However, efficacy of these 
latter interventions requires clinical validation. Although 
cases of severe lactic acidosis with hepatomegaly and 
steatosis are rare, when it occurs, this syndrome is 
associated with a poor prognosis.!*1°?%29 


PERIPHERAL NEUROPATHY 

NRTIs cause a dose-dependent distal, bilateral, 
symmetrical peripheral neuropathy. This neuropathy 
typically manifests as pain and have abrupt onset and 
progression. The main features are pain, numbness, and 





paresthesia. Lower extremities are more involved than 
upper extremities. Zalcitabine and stavudine are asso- 
ciated with comparable rates of peripheral neuropathy, 
and didanosine a lower rate. Zidovudine, lamivudine or 
abacavir are not generally associated with peripheral 
neuropathy. Acetyl-L-carnitine has analgesic effects in 
painful neuropathy and may have some benefit in these 
patients.°” However, efficacy of this latter intervention 
requires clinical validation. 


MYOPATHY 

In the myopathy of NRIT use, skeletal muscles are most 
commonly affected, leading to proximal weakness, 
fatigue, muscle pain, and muscular wasting, together with 
a raised creatine kinase level.'°°'*° Skeletal myopathy has 
been reported predominantly with zidovudine and is 
dose dependent.*? It is unusual with the other NRTIs.** 
Tissue-specifity studies with zidovudine have demon- 
strated that the greater impact of muscle cells may in- 
volve inhibition of succinate transport systems rather 
than direct mitochondrial toxicity.” In vitro studies have 
established that L-carnitine may both prevent zidovudine- 
induced myotoxicity and hasten recovery.°°>" 


FAT MALDISTRIBUTION 

Fat maldistribution is often referred to as the lipodys- 
trophy syndrome. Clinical findings include central 
obesity, lipomas, visceral and dorsocervical (“buffalo”) fat 
accumulation, as well as breast enlargement, peripheral 
fat wasting, and facial thinning.***? Lipodystrophy may 
occur in association with insulin resistance and hyper- 
lipidemia.*! The prevalence of this adverse effect 
has been reported to increase with long-term NRTI 
exposure.°*?*2 Theories on the role of NRTIs in fat 
redistribution have focused on mitochondrial toxicity 
and the potential impact on peripheral versus visceral 
and brown fat cells.!5!” 

No clearly effective therapy for fat accumulation or 
lipoatrophy has been found. In the majority of victims, 
discontinuation of antiretroviral medications or class 
switching has not resulted in substantial benefit; how- 
ever, among a limited number of persons, improvement 
in physical appearance has been reported. 


Specific Agents 
ABACAVIR 


Pharmacokinetic information and adverse effects of 
abacavir (Fig. 53-1) are summarized in Table 53-1.4*% 
Among the NRTIs, skin rash occurs most frequently with 
abacavir. Skin rash may be a symptom of abacavir- 
associated systemic hypersensitivity reaction; in that case, 
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FIGURE 53-1 Abacavir. 
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therapy should be discontinued without future attempts 
to resume abacavir therapy. Single doses of up to 1200 mg 
and daily doses of up to 1800 mg have been administered 
to patients in clinical studies without adverse effects. 
Acute overdose with abacavir has not been reported but 
is presumed to produce minimal toxicity. 


DIDANOSINE 

Pharmacokinetic information and adverse effects of 
didanosine (Fig. 53-2) are summarized in Table 53-1.4°°° 
Diarrhea is the most common adverse effect associated 
with didanosine. Further treatment-limiting toxicities of 
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FIGURE 53-2 Didanosine. 


didanosine are peripheral neuropathy and pancreatitis.”! 
Acute overdose with didanosine has not been widely 
reported. In one case, hemodialysis for 4 hours removed 
approximately 20% of the amount present in the body at 
the start of dialysis.” 


LAMIVUDINE 

Pharmacokinetic information and adverse effects 
of lamivudine (Fig. 53-3) are summarized in ‘Table 
53-1 46°23 Adverse effects associated with lamivudine use 
are primarily gastrointestinal and include nausea, 
vomiting, abdominal pain or cramps, and diarrhea. 
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FIGURE 53-3 Lamivudine. 


Acute, single overdoses produce minimal toxicity. In one 
reported case, an adult ingested 6 g of lamivudine. No 
clinical symptoms were reported. Hematologic indices 
remained normal.’ 


ZALCITABINE 
Pharmacokinetic information and adverse effects of 
zalcitabine (Fig. 53-4) are summarized in Table 53-1.46475455 
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FIGURE 53-4 Zalcitabine. 


Peripheral neuropathy and oral stomatitis are frequently 
reported adverse effect with zalcitabine therapy. Acute 
overdoses with zalcitabine have not been reported. 


STAVUDINE 
See also Table 53-1.4°°° The major clinical toxicity with 
stavudine (Fig. 53-5) is dose-related reversible peripheral 


FIGURE 53-5 Stavudine. 


neuropathy. Experience with adults exposed to 12 to 24 
times the recommended dose has indicated that no 
significant acute toxicity develops. 


ZIDOVUDINE 

See also Table 53-1.46475758 Zidovudine (Fig. 53-6) is the 
most extensively used of the NRTIs. Overdoses have been 
reported both in pediatric and adult patients. After acute 
overdose, the only consistent findings have been nausea 
and vomiting. Headache, dizziness, drowsiness, lethargy, 
and confusion have also been reported. In one case 
report, ocular nystagmus and ataxia occurred, resolving 
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FIGURE 53-6 Zidovudine. 


48 hours after ingestion of 10 to 20 g.°%°° When a 34year- 
old man ingested 100 tablets of 200-mg zidovudine, the 
zidovudine level 12 hours after ingestion was 185 Umol/L 
(normal range 0.6 to 4.4 Umol/L). He was drowsy but 
otherwise asymptomatic.®! In an unusual case, a patient 
who ingested 36 g zidovudine had a grand mal seizure 3 
hours after ingestion.” 

Hematologic variables remain generally normal after 
acute overdose; in long-term use myelodepression may 
occur.°” $4 Treatment of this overdose is supportive. 


ADEFOVIR 

For a summary of pharmacokinetic information and 
adverse effects of adefovir (Fig. 53-7), see Table 53-1. (See 
also adefovir dipivoxil, FDA Advisory Committee Briefing 
Document, NDA 21-449, July 5, 2002.) Acute overdoses 
with adefovir have not been reported; its toxicity profile 
is therefore largely unknown. 
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FIGURE 53-7 Adefovir. 


TENOFOVIR 
See Table 53-1.°° Acute overdoses with tenofovir (Fig. 
53-8) have not been reported. 


NH, 
N 
NZ 
X ) 
fl . 
(CH3;),CH—O—C—O— CH, Oo 2 
O 
A E — 07 x 
O CH; COOH 
HC 
| 
HCL 
COOH 


FIGURE 53-8 Tenofovir. 


EMTRICITABINE 
See Table 53-1.49”° Acute overdoses with emtricitabine 
(Fig. 53-9) have not been reported. 
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FIGURE 53-9 Emtricitabine. 


NON-NUCLEOSIDE REVERSE- 
TRANSCRIPTASE INHIBITORS 


The non-nucleoside reverse-transcriptase inhibitors 
(NNRTIs) include delavirdine, efavirenz, and nevirapine. 
These agents interrupt the reverse transcription of viral 
RNA to DNA, a crucial step for HIV replication, by a 
mechanism of action different from nucleoside analogs. 
The NNRIIs bind to reverse transcriptase and block the 
RNA-dependent and DNA-dependent DNA polymerase 
activities by causing a disruption of the enzyme catalytic 
site. 


Adverse Effects 
SKIN RASH 


Skin rash appears to be a class-wide adverse reaction of 
the NNRTIIs. The majority of skin eruptions are mild to 
moderate, occurring within the first weeks of therapy. 
A syndrome of drug rash with severe or even life- 





threatening manifestations (e.g., Stevens-Johnson syn- 
drome, toxic epidermal necrosis [TEN], and eosinophilia 
with systemic symptoms) is frequently described and 
should prompt permanent discontinuation of NNRTIs.”!”? 
Systemic symptoms can include fever, hematologic 
abnormalities, and multiple organ involvement. Among 
the NNRIIs, skin rash occurs more frequently and with 
greater severity with nevirapine. Females appear to have 
a higher risk for developing severe skin rashes than male 
patients.”*”4 The prophylactic use of systemic cortico- 
steroid or antihistamine therapy at the time of nevirapine 
initiation has not proven to be effective.” 

The incidence of cross-reactivity in the adverse effects 
among these agents is unknown. In a limited number of 
reports, patients with nevirapine-associated skin rashes 
have been able to tolerate efavirenz without increased 
rates of cutaneous reactions. 576 Initiating NNRIT for a 
patient with a history of mild to moderate skin rash with 
another NNRTI should be performed with caution. 


HEPATOXICITY 

Hepatotoxicity, which is defined as a three- to fivefold 
increase in serum transaminases, with or without clinical 
hepatitis, has been reported among patients receiving 
NNRTIs. Among the NNRIIs, nevirapine possesses the 
greatest potential for producing clinical hepatitis.” 
Nevirapine-associated hepatitis can also be present as 
part of a hypersensitivity syndrome (e.g., skin rash, fever, 
and eosinophilia). Approximately two thirds of the cases 
of nevirapine-associated clinical hepatitis occur within 
the first 12 weeks of therapy. Fulminant and even fatal 
cases of hepatic necrosis have been reported. Victims 
may also experience nonspecific gastrointestinal and flu- 
like symptoms with or without increased liver enzyme levels. 
The syndrome can progress rapidly to hepatomegaly, 
jaundice, and hepatic failure within days. Because of the 
potential severity of clinical hepatitis, close monitoring 
of liver enzymes and clinical symptoms after nevirapine 
initiation is necessary (e.g., every 2 weeks for the first 
month; then monthly for the first 12 weeks, and every 1 
to 3 months thereafter). Patients who experience severe 
hepatotoxicity while receiving nevirapine should not 
receive nevirapine therapy again in the future. 


Specific Agents 
DELAVIRDINE 


Pharmacokinetic information and adverse effects of 
delavirdine (Fig. 53-10) are summarized in Table 
53-1 .46-48.7882, Consequences of acute overdose with 
delavirdine have not been characterized. 
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FIGURE 53-10 Delavirdine. 
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EFAVIRENZ 

For pharmacokinetic information and adverse effects of 
efavirenz (Fig. 53-11) see Table 53-1.46:4980818584 The 
most significant adverse events observed in patients who 
take efavirenz chronically are neurotoxicity and rash. 





FIGURE 53-11 Efavirenz. 


Occasional cases of pancreatitis have also been 
described; increases in serum amylase levels have been 
observed in a significantly higher number of patients 
treated with 600 mg of efavirenz than in control patients. 
Increases in total cholesterol of 10% to 20% have been 
observed in clinical trials. Acute overdoses with efavirenz 
have not been reported. 


NEVIRAPINE 

For pharmacokinetic information on nevirapine 
(Fig. 53-12) see Table 53-1.*0°%808185.86 Rash is the most 
frequently observed adverse effect with nevirapine, 
manifesting as a maculopapular eruption with or without 
fever, edema, myalgia, and arthralgia. This rash is in 
general mild and transient. However, severe fatal 
reactions such as Stevens-Johnson syndrome may occur. 
Nevirapine-associated rashes have been reported to 
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FIGURE 53-12 Nevirapine. 


occur in as many as 48% after a starting dose of 400 
mg/day. Starting with a lower dose and slowly increasing 
the dose reduced the occurrence of rashes to 9% to 32%. 
Hepatotoxicity is frequently observed in patients receiving 
nevirapine, occurring predominantly in the first 8 weeks 
of administration. Granulocytopenia has also been 
observed, particularly in children. Conse-quences of acute 
overdose with nevirapine have not been characterized. 


GUANOSINE ANALOGS 


The guanosine analogs include acyclovir, valaciclovir, 
ganciclovir, penciclovir, famciclovir, and valganciclovir. 
These agents exert their effect after being metabolized 
to their triphosphate form. The initial step in this 
process, the formation of the monophosphate form, is 
catalyzed by a thymidine kinase induced by herpes 
simplex virus types l and 2 and varicella-zoster virus in 
the infected cells or by a protein kinase produced by 
cytomegalovirus.!:?57-89 In the triphosphate form, 
guanosine analogs inhibit the synthesis of viral DNA, 
either as a competitive inhibitor or as an alternative 
substrate with respect to the natural substrate (2’- 
deoxyguanosine triphosphate) for viral DNA poly- 


merase. Once the guanine analog is inserted into the 
replicating viral DNA, synthesis stops. In this process, the 
triphosphate form of the guanosine analog is a potent 
inhibitor of herpes simplex type 1 DNA polymerase and 
of human cellular o-DNA polymerase.'*? The limited 
production of the guanosine analog triphosphate form 
in uninfected cells and its specificity for viral DNA 
polymerase result in minimal cellular toxic effects. 


Specific Agents 
ACYCLOVIR 


Pharmacokinetic information and adverse effects of 
acyclovir (Fig. 53-13) are summarized in Table 53-1.9'% 
The kidneys account for 75% of the total clearance of 
acyclovir. Renal clearance of this drug is approximately 
three times that of creatinine, suggesting that elimi- 
nation occurs both by glomerular filtration and tubular 
secretion.” Neurotoxicity and nephrotoxicity by tubular 
crystal formation or by acute interstitial nephritis are 
potentially serious complications of acyclovir.”?°*? The 
potential for neurotoxicity is increased when renal 
elimination is impaired.!® Peak plasma acyclovir levels do 
not correlate well with symptoms of neurotoxicity. 10195 
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FIGURE 53-13 Acyclovir. 


There have been several reports of acyclovir overdose. 
In one, a neonate received an inadvertent overdose of 
750 mg (220 mg/kg) intravenous acyclovir. Treated with 
saline hydration alone, he had only a transient increase 
in serum creatinine.'°° Neurotoxicity from acyclovir is 
more common in the elderly, in patients with renal 
dysfunction, or in patients taking other neurotoxic 
drugs.9?10719 Acyclovir nephrotoxicity typically resolves 
after discontinuation of the drug. Extracorporeal clear- 
ance of acyclovir with hemodialysis can be of modest 
benefit.°1°°'!! In serious neurotoxicity, hemodialysis 
should be considered.'!? Further treatment is supportive. 


VALACYCLOVIR 

For pharmacokinetic information and adverse effects of 
valacyclovir (Fig. 53-14) see Table 53-1.!!%"!° Valacyclovir, 
a prodrug, is the L-valyl ester of acyclovir.'!® After 
ingestion, the drug is rapidly converted to acyclovir by 
the enzyme valacyclovir hydrolase in the gastrointestinal 
tract and liver.!!” Its oral bioavailability is three to five 
times that of acyclovir.'!® In terms of toxicity, a few cases 
of neurotoxicity in patients with end-stage renal disease 
are described.!!411519 High-dose valacyclovir (8 g/day) 
has been associated with the development of thrombotic 
thrombocytopenic purpura, although HIV itself could 
not be excluded as the etiology in these reported 
cases.!!312 Treatment principles follow that of acyclovir. 
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FIGURE 53-14 Valacyclovir. 


GANCICLOVIR 

For pharmacokinetic information and adverse effects of 
ganciclovir (Fig. 53-15) see Table 53-1.1%122 Ganciclovir 
differs from acyclovir by the addition of a hydroxymethyl 
group at the 3’ position of the acyclic side chain.° The 
value of the oral formulation is limited due to its low 
bioavailability. The metabolism and action of ganciclovir 
are similar to those of acyclovir, although it is not an 
absolute DNA chain terminator.'*? Ganciclovir is con- 
verted to ganciclovir monophosphate by a viral-encoded 
phosphotransferase produced in cytomegalovirus-infected 
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FIGURE 53-15 Ganciclovir. 


cells. Gancyclovir’s affinity for this phosphotransferase 
is better than that of acyclovir. The intracellular half-life 
of ganciclovir triphosphate (12 hours) is significantly 
longer than that of acyclovir (1 to 2 hours). Hematologic 
toxicity from ganciclovir is increased by its combination 
with other myelotoxic drugs.!** In one reported case, a 
cardiac transplant recipient received 50 mg/kg ganci- 
clovir for 36 hours without immediate or delayed adverse 
effects or toxicity. In another series, two patients 
developed ventricular tachycardia and died after the 
intravenous administration of 5 mg/kg ganciclovir.!*° 
Retinal toxicity has been observed after a high intravitreal 
dose (400 ug/0.1 mL).'”° 


PENCICLOVIR 

For pharmacokinetic information and adverse effects of 
penciclovir (Fig. 53-16) see Table 53-1.° Penciclovir is 
similar to the ganciclovir molecule, differing only by the 
substitution of a methylene bridge for the ether oxygen 
in the acyclic ribose part of the molecule.” The oral 
bioavailability of penciclovir is poor. The drug is only 
approved for topical treatment of herpes labialis. 
Following intravenous administration, the volume of 
distribution is approximately 1.5 L/kg, with a mean 
terminal-phase half-life of 2.0 hours. Approximately 70% 
of drug is excreted unchanged in the urine.!*” 
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FIGURE 53-16 Penciclovir. 


FAMCICLOVIR 

For pharmacokinetic information and a summary of 
adverse of famciclovir (Fig. 53-17) effects see Table 
53-1.11712812 Famciclovir is an oral prodrug of penci- 
clovir. It is well absorbed after oral administration and is 
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FIGURE 53-17 Famciclovir. 


rapidly metabolized to penciclovir by deacetylation in 
the gastrointestinal tract, blood, and liver, after which it 
is oxidized by the liver at position 6 of the purine ring. 
The intracellular half-life of the active drug, penciclovir 
triphosphate, is long.!!” Experience with acute toxicity is 
limited. A report of acute overdosage of 10.5 g was notable 
in the absence of significant symptoms. 


VALGANCICLOVIR 
For pharmacokinetic information and adverse effects of 
valganciclovir (Fig. 53-18), see Table 53-1.150-135 
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FIGURE 53-18 Valganciclovir. 


Valganciclovir, the L-valyl ester of ganciclovir, is an 
orally administered prodrug of ganciclovir. Its oral 
bioavailability is good (10 times higher than ganciclovir). 
Valganciclovir is rapidly converted to ganciclovir. After its 
absorption the drug has pharmacokinetic properties 
approaching those of intravenously administered ganci- 
clovir. Adverse effects are similar to those of intravenous 
ganciclovir and require periodic monitoring of complete 
blood count and renal function. 
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PROTEASE INHIBITORS 


Most protease inhibitors contain a synthetic analog 
of the phenylalanine-proline sequence of the GAG-POL 
polyprotein.!36137 HIV protease inhibitors prevent 
cleavage of GAG and GAG-POL protein precursors in all 
infected cells, arresting maturation and blocking the 
infectivity of nascent viral particles. In order to achieve 
maximal drug levels, protease inhibitors often must be 
administered at high doses, potentially compromising 
tolerability and adherence. 

Protease inhibitor—associated liver enzyme abnor- 
malities can occur any time during the treatment course. 
In a retrospective review, severe hepatotoxicity (defined 
as an increase of greater than five times over baseline 
aspartate aminotransferase or alanine aminotransferase) 
was observed more often among patients receiving 
ritonavir or ritonavir/saquinavir-containing regimens 
than those receiving indinavir, nelfinavir, or saquinavir. 1*8 
Other potential risk factors for hepatotoxicity include 
hepatitis B or C infection,'**!** alcohol abuse,'*! baseline 
elevated liver enzymes,'** stavudine use,'** and concomi- 
tant use of other hepatotoxic agents. 


Adverse Effects 
HYPERLIPIDEMIA 


Dyslipidemias are known to occur with the use of 
protease inhibitors; however, its frequency varies from an 
increased association with ritonavir to limited association 
with newer agents, indicating that hyperlipidemia might 
be a drug-specific toxicity rather than a class-specific 
toxicity.*1 Morevoer, the magnitude of changes varies 
substantially and occurs inconsistently. Frequently, anti- 
retroviral-associated dyslipidemias are sufficiently severe 
to require therapeutic intervention. 

Indications for monitoring and intervention in HIV 
therapy—associated dyslipidemias are the same as among 
uninfected populations. Hypercholesterolemia might 
respond to 3-hydroxy-3-methylglutaryl-CoA reductase 
inhibitors (statins). There is an increased risk for fat 
accumulation with the protease inhibitors, and whether 
specific drugs are more strongly associated with this 
toxicity is unclear.?>*! 


HYPERGLYCEMIA 

Protease inhibitors are associated with the development 
of hyperglycemia; the incidence does not vary sub- 
stantially between the agents within this class.'** The 
pathogenesis of these abnormalities has not been fully 
elucidated; it may result from peripheral and hepatic 
insulin resistance, relative insulin deficiency, or an 
impaired ability of the liver to extract insulin. 145146 


Specific Agents 
AMPRENAVIR 


Pharmacokinetic information and adverse effects of 
amprenavir (Fig. 53-19) are summarized in Table 
53-1.8182147-150 Amprenavir is well tolerated. Acute 
overdoses with amprenavir have not been reported, but 
can be predicted to produce little significant toxicity. 
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FIGURE 53-19 Amprenavir. 


INDINAVIR 

See Table 53-1.8119190152 The most significant adverse 
effect from indinavir (Fig. 53-20) is nephrolithiasis, 
which typically resolves after hydration. In one described 





FIGURE 53-20 Indinavir. 


case a patient ingested 6 g of indinavir, developing 
nausea and limb paresthesias. The patient was treated 
with activated charcoal and hydration. The symptoms 
resolved within 4 hours, and no nephrolithiasis occurred.!*! 


LOPINAVIR 

For pharmacokinetic information and adverse effects 
of lopinavir (Fig. 53-21) see Table 53-1.81150 Acute over- 
doses with lopinavir have not been reported to date. 
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FIGURE 53-21 Lopinavir. 
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NELFINAVIR 
For pharmacokinetic information and adverse effects of 
nelfinaviar (Fig. 53-22) see Table 53-1.81136,150,152,153 


Nelfinavir is well tolerated. Other adverse events are 
rare. Rash (30%) and diarrhea (18%) are common with 


nelfinavir.!54 
CH; 
are 
S O. NH 


CH; O 
HO CY CH3SO,— OH 
N N 
H 


OH 





FIGURE 53-22 Nelfinavir. 
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RITONAVIR 

For pharmacokinetic information and adverse effects of 
ritonavir (Fig. 53-23) see Table 53-1.81136.150.152 Diarrhea 
is the most common adverse effect reported with 
ritonavir. One death due to pancreatitis was possibly 
caused by lopinavir/ritonavir, but it could have been 
related to the thymidine nucleoside analogs as well.!°° In 
a clinical trial, one patient ingested 1500 mg/day for 2 
days. Paresthesias developed, which resolved after the 
dose was decreased. 
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FIGURE 53-23 Ritonavir. 


OTHER AGENTS 

Pharmacokinetic information and adverse effects for 
saquinavir (Fig. 53-24) and atazanavir (Fig. 53-25) are 
summarized in Table 53-1.8!:186.150,152 
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FIGURE 53-24 Saquinavir. 
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FIGURE 53-25 Atazanavir. 


VIRUS CELL FUSION INHIBITORS 
(ENFUVIRTIDE) 


Enveloped viruses undergo a fusion between their enve- 
lope and the host cell membrane that is followed by 
uncoating, after which the virus RNA enters the host cell. 
Thereafter, the RNA is read by reverse transcription to 
form DNA. The DNA integrates with the host DNA after 
which, via transcription replication of the virus genome, 
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FIGURE 53-26 Enfuvirtide. 
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the viral RNA is formed. After proteolytic processing by 
viral protease, the new virus genome and viral proteins 
are assembled at the cell membrane, from which new 
virions are released. 

For HIV, the cell fusion is preceded by the interaction 
of gp120 with its coreceptor on the host cell: the C-X-C 
chemokine motif receptor-4 (CXCR4) for T-tropic or X4 
HIV strains, or the C-C chemokine motif receptor 5 
(CCR5) for M-tropic or R5 HIV strains. CXCR4 and 
CCR5 normally act as the receptors for the C-X-C 
chemokine stromal cell derived factor 1 (SDF1) and the 
C-C chemokines RANTES (regulated upon activation, 
normal T-cell expressed and secreted) and macrophage 
inflammatory protein 1 (MIP1), respectively. The inter- 
action of gp120 with its coreceptor (GCCR5 or CXCR4) 
triggers a series of changes in the gp120-gp41 complex. 
These changes ultimately lead to fusion of the viral and 
host cell membranes. Consequently, agents that interfere 
with the gp120-gp41 complex and its interaction with the 
cellular membrane might be expected to inhibit this 
fusion process.!1° 

Pharmacokinetic information and adverse effects are 
summarized in Table 53-1.!°°!57 Enfuvirtide (Fig. 53-26), 
or I-20, derived from the HR2 sequence of HIV-1, is a 
virus cell fusion inhibitor. Enfuvirtide, a 36-amino-acid 
peptide, is not absorbed orally and must be administered 
subcutaneously.!°9'©° Mild injection site reactions are 
common with enfuvirtide. Approximately 3% of patients 
discontinue treatment because of local reactions. 


M2 PROTEIN BLOCKERS 


During the initial stage of viral entry, after it has been 
surrounded by a lipid layer, the cell. In the formed 
vesicles, after influx of hydrogen ions, the pH falls. This 
acidity is needed to allow the viral uncoating process 
(decapsidation), so that the ribonucleoprotein can enter 
the cell nucleus and initiate replication. Hydrogen ions 
pass through the M2 channel.*'®' Amantadine and 
rimantadine exert their function by blocking the viral 
M2 protein ion channel and its ability to modulate 
intracellular pH. Consequently, viral replication is 
hampered. 


Specific Agents 
AMANTADINE 


For pharmacokinetic information and adverse effects of 
amantadine (Fig. 53-27) see Table 53-1.16%166 Amantadine 
hydrochloride is an amine with a unique 10-carbon ring. 
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FIGURE 53-27 Amantadine. 


Besides anti-influenza A virus activity, amantadine is used 
as an antiparkinson drug. The drug blocks presynaptic 
reuptake of dopamine, resulting in higher levels of 
postsynaptic dopamine. 

Amantadine is excreted unchanged in the urine; dose 
adjustments are required for relatively modest decre- 
ments in renal function (creatinine clearance less than 
60 to 80 mL/min). However, even reduced dosage has 
been associated with excess rates of adverse effects and 
has required discontinuation of the drug. 

Amantadine has many adverse effects, particularly in 
those with renal dysfunction and in the elderly, in whom 
peak concentrations are approximately three times as 
high as in younger adults given the same dose. The 
plasma half-life in the elderly is about 12 hours longer. 
Many cases of amantadine overdose and toxicity are 
reported in the literature. In general, iatrogenic 
poisoning occurred in the elderly or was related to renal 
or liver dysfunction. Hyperthermia, long QT interval, 
adult respiratory distress syndrome (ARDS), and death, 
resulting from one overdose of 12 g in a 37-year-old 
suicidal woman, have been reported.!®” Acute psychosis 
and hallucinations in adults (1.2 g in 24 hours) and 
children, coma (after ingestion of 600 mg), and death 
(after ingestion of 2 g) have all been reporteqd.!°3164,168-171 
Furthermore, cardiac ventricular ectopic beats after 
ingesting 1.4 g (in 17-year-old girl) and torsades de 
pointes after ingesting 2.5 g (in a 37-year-old woman) 
have been reported.!®17? Rhabdomyolysis and an 
anticholinergic syndrome were seen in a patient with a 
combined poisoning of phenobarbital and amantadine 
(0.8 g).16 Treatment is mainly supportive.!®” Physostig- 
mine may reverse anticholinergic neurologic symptoms 
in adults and children.166171 


RIMANTADINE 

For pharmacokinetic information and adverse effects of 
rimantadine (Fig. 53-28) see Table 53-1.177! Rimantadine 
hydrochloride is an analog of amantidine, with anamine 
inserted with a methylated carbon bridge between the 
amino group and the 10-carbon ring. Experience with 
overdose by this agent is limited. However, its profile of 
toxicity is likely to parallel that of amantadine. 
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FIGURE 53-28 Rimantadine. 


NEURAMINIDASE INHIBITORS 


Neuraminidase (sialidase) is a surface glycoprotein with 
enzymatic activity. Neuraminidase cleaves off the 
terminal sialic acid of the host cell receptor, allowing 
virus particles to leave the cell after the viral replicative 
cycle has been completed. The viral neuromidase is 
therefore needed for the elution of newly formed particles 
from the cell. In addition, the viral neuraminidase might 
promote viral movement through the respiratory tract 
mucus, thereby enhancing viral infectivity.!!” 

Zanamivir and oseltamivir are both neuraminidase 
inhibitors with a similar rate of effectiveness against 
influenza A and B viruses.!77!8 


Specific Agents 
ZANAMIVIR 


For pharmacokinetic information and adverse effects of 
zanamivir (Fig. 53-29) see Table 53-1.176179180 Zanamivir 
is administered by inhalation.'®! Scintigraphic studies 
showed 13% of the inhaled 10-mg dose to be deposited 
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FIGURE 53-29 Zanamivir. 


in bronchi and lungs, with 78% being deposited in the 
oropharynx. High concentrations are retained in 
tracheal and bronchial epithelium for 24 hours after a 
single 10-mg dose.!”? Impairment of renal function has 
no effect on maximal concentration (Cmax) values.!8° 
Minor adverse effects have been reported in a minority of 
persons (fewer than 5%), although these effects were 
similar to those in placebo-control groups.” In patients 
with chronic respiratory disease (e.g., asthama), 
bronchospasm and ARDS have been reported. 


OSELTAMIVIR 

For pharmacokinetic information and adverse effects of 
oseltamivir (Fig. 53-30) see Table 53-1.17%182 Oseltamivir 
produces GI symptoms such as nausea and vomiting in 
about 10% of persons. When the drug is taken with food, 
the incidence of side effects is reduced, while pharma- 
cokinetics were not altered. 


CHAPTER 53 Antiviral Agents 905 





a, 


NH 
FIGURE 53-30 Oseltamivir. 


FOSCARNET 

Foscarnet (Fig. 53-31) is a competitive inhibitor of the 
pyrophosphate binding site on the polymerases. There- 
fore, it acts by blocking viral DNA polymerase and 
reverse transcriptase, which are necessary for copying 
genetic material (from RNA to DNA). This copying 
process is required for the reproduction of the virus. 


FIGURE 53-31 Foscarnet. 


For pharmacokinetic information and adverse effects 
see Table 53-1.!8%!5° The most common adverse effect 
from foscarnet, nephrotoxicity, seems to be dose 
dependent.'*° To reduce the risk for nephrotoxicity, 
creatinine clearance should be calculated even if the 
serum creatinine is within the normal range. Drug dose 
should be adjusted accordingly. Adequate hydration 
reduces the risk for nephrotoxicity. Due to foscarnet’s 
propensity to chelate divalent metal ions, such as calcium, 
magnesium, iron, and zinc, serum concentrations of 
these ions should be monitored. Hypocalciemia has been 
reported after foscarnet is administered in combination 
with pentamidine or after rapid infusion. Severe 
hypocalciemia might lead to ‘Trousseau’s and Chvostek’s 
signs, seizures, and heart rhythm disturbances.!83-187-190 
Other electrolyte changes (e.g., hypokalemia, hypophos- 
phatemia, and hyperphosphatemia) have been reported. 
Since foscarnet is excreted in high concentrations in the 
urine, local irritation and ulceration may ensue.!?119? In 
patients with severe intoxication, hemodialysis and 
hydration may be of benefit in reducing drug plasma 
concentrations, but the effectiveness of these inter- 
ventions has not been evaluated. 


CIDOFOVIR 
For pharmacokinetic information and adverse effects 
of cidofovir (Fig. 53-32) see Table 53-1.65193-195 After 
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FIGURE 53-32 Cidofovir. 





intracellular phosphorylation to the diphosphate form, 
and incorporation at the 3’ end of the viral chain, 
cidofovir acts as a chain terminator.* Nephrotoxicity is 
common after overdose with this agent. Concomitant 
oral probenecid decreases both the renal clearance of 
cidofovir and the incidence of nephrotoxicity. 


RIBAVIRIN 

For pharmacokinetic information and adverse effects of 
ribavirin (Fig. 53-33) see Table 53-1.19°?°' Ribavirin 
interacts (in its 5’--monophosphate form) with inosine 
monophosphate (IMP) dehydrogenase, which converts 
(IMP) to xanthosine monophosphate, a key step in the 
biosynthesis of guanosine triphosphate and deoxyguano- 
sine triphosphate. In its 5’-trophosphate form, ribavirin 
can also interfere with the viral RNA polymerase and the 
5’-capped oligonucleotide primer formation required 
for transcription of the influenza genome. It is 
administered in an aerosol and orally. 
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FIGURE 53-33 Ribavirin. 


Adverse effects from ribavirin have been reported. 
Water intoxication in a 6-week-old girl was observed after 
a nebulized dose of 6 g in 100 mL distilled water four 
times daily. On day 2, convulsions occurred and plasma 
sodium was 108 mmol/L.*°* An 8-week-old girl was 
treated with 6 g in 300 mL distilled water nebulized for 
18 hours when seizures occurred, and plasma sodium 
was 116 mmol/L.“ Treatment is supportive. 

Ribavirin is administered as an aerosol, with delivery 
of the drug into a mist tent, hood, or ventilator. In certain 
small animals dosed systematically with ribavirin, terato- 
genity and embryopathy have been found. Furthermore, 
ribavirin can significantly affect sperm morphology in 
rats; it is a germ cell mutagen in rats. These effects in 
experimental models have led to concerns abaout expo- 
sure to health care personnel administering aerosolized 
ribavirin and have significantly reduced its use in the 
health care setting. Though the effect on fetal develop- 
ment in humans is not known, it is recommended that 
occupational exposure to ribavirin aerosol be minimized 
as much as possible. 


PALIVIZUMAB 

For pharmacokinetic information and adverse effects of 
palivizumab see Table 53-1.7°4?°° Palivizumab is a 
humanized monoclonal immunoglobulin G1 antibody to 
the fusion protein of the respiratory syncytial virus (RSV) 
that is highly active against RSV A and B strains. Adverse 
effects are mild and transient. 
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At a Glance... 


m= The anthelmintics include: 

m Imidazoles (mebendazole, albendazole, thiabendazole, 
flubendazole, niridazole) 

m Piperazines (diethylcarbamazine) 

m Antischistosomal agents (praziquantel, 
oxamniquine, hycanthone) 

m Unclassified (ivermectin, niclosamide, suramin, pyrantel 
pamoate, pyrvinium pamoate, antimony) 

m The anthelmintics are a broad range of substances with variable 
toxicity. Most are designed to be neurotoxic to helminths and 
other parasites. 

m While many of the older anthelmintics contain known toxins 
(e.g., antimony), newer agents have a significantly better safety 
profile. 

m = The major clinical toxicity of these agents is neurologic; many 
produce seizures. 

m Treatment of anthelmintics overdose is supportive; no antidotes 
are available. 


metrifonate, 


Infections caused by worms, or helminths, may be the 
most prevalent of all human infections. It has been 
estimated that there may be as many worms infecting 
people as there are people.’ A thorough review of all the 
helminths, the clinical syndromes caused, and their 
diagnoses and treatments are beyond the scope of this 
chapter. The major organisms are briefly examined, 
followed by a discussion of the individual chemothera- 
peutic agents used to treat the infections they cause. 
Although the mechanisms of action of the anthelmintic 
medications are poorly understood,’ they are presented 
whenever available. A discussion of toxicities of 
individual agents concludes this chapter. 

Helminths are divided into three broad categories: 
nematodes (roundworms), trematodes (flatworms, or 
flukes), and cestodes (tapeworms). 

Nematodes include two general categories, intestinal 
nematodes and tissue nematodes. Intestinal nematodes 
include the abundant Ascaris lumbricoides (giant round- 
worm), Trichuris trichiura (whipworm), and Enterobius 
vermicularis (pinworm), as well as the hookworms 
Ancylostoma duodenale (European hookworm), Necatur 
americanus (North American hookworm), and Strongyloides 
stercoralis. In the United States, E. vermicularis, which 
causes pruritus ani, is the most common of all helminthic 
parasites, infecting 42 million people.’ The prevalence of 
strongyloidiasis in the southern United States is 
estimated at 0.4% to 4%. The other helminths are found 
mainly in tropical areas of the globe, but they are also 
present in the southeastern United States. It is estimated 


that | billion of the world’s population (4.4 million in the 
United States) are infected with A. lumbricoides, 800 
million (2.2 million in the United States) with T. trichiura, 
and one fourth of the world’s population with hookworm. 
Hookworm disease was controlled almost in its entirety in 
the United States during the early part of this century and 
is uncommon here. The treatment of choice for all of 
these intestinal nematode infections, except strongyloidiasis, 
is mebendazole, an imidazole. Thiabendazole, a related 
compound, is currently the treatment of choice for 
strongyloidiasis. Albendazole is the newest of this group of 
medications. It achieves greater tissue levels and has a 
broader spectrum of activity. Pyrantel pamoate can also 
be used. 

Tissue nematodes include Trichinella spiralis (the 
causative agent of trichinosis), Dracunculus medinensis 
(causing skin ulcers through which the worm appears), 
the three causative agents of filariasis (Wuchereria 
bancrofti, Brugia malayi, and Brugia timori), Loa loa, and 
Onchocerca volvulus. No completely effective treatment 
has been found for trichinosis, but use of thiabendazole 
is recommended within 24 hours for patients known 
to have ingested trichinous meat. Thiabendazole or 
metronidazole is recommended for the inflammation of 
dracunculiasis so that the worms themselves can be 
physically removed by rolling them on a stick during the 
course of a week. Filariasis is characterized by acute and 
chronic lymphatic inflammation eventually resulting in 
elephantiasis, hydrocele, and chyluria. There is no satis- 
factory treatment, but administration of diethylcar- 
bamazine reduces the number of microfilaria. 
Diethylcarbamazine is also effective against L. loa and 
O. volvulus. L. loa is characterized by transient sub- 
cutaneous swellings (Calabar swellings). O. volvulus is the 
causative agent of river blindness, named for the blackfly 
that breeds in fast streams, which has caused blindness in 
whole African villages. The newer drug ivermectin is 
safer and more effective than diethylcarbamazine for 
onchocerciasis (but may be contraindicated for L. loa, 
which has been associated with encephalopathy’). 
Albendazole is the newest of this group of medications 
(imidazoles) and produces greater tissue levels and a 
broader spectrum of activity. 

Trematodes include the blood flukes, or schistosomes 
(Schistosoma mansoni, Schistosoma japonicum, Schistosoma 
haematobium, and Schistosoma mekongi), which are one 
of the world’s major public health concerns; the liver 
flukes (Clonorchis sinensis and Fasciola hepatica); the lung 
fluke Paragonimus westermant, and the intestinal fluke 
Fasciolopsis buski. Praziquantel is the drug of choice for 
all of these organisms (except E hepatica, for which 
bithionol is used) and has revolutionized treatment. 
Metrifonate is effective against S. haematobium, and 
oxamniquine is effective against S. mansoni. 
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Cestodes, segmented worms or tapeworms, include 
the beef tapeworm (Taenia saginata), the pork tapeworm 
(Taenia solium, whose eggs cause human cysticercosis), 
the fish tapeworm (Diphyllobothrium latum), the dwarf 
tapeworm (Hymenolepis nana), and Echinococcus granulosus, 
the causative agent of echinococcosis, or hydatid disease. 
Niclosamide is the usual drug given to eradicate the 
adult tapeworms, but paromomycin and praziquantel 
are also effective. For human cysticercosis, praziquantel 
(with corticosteroids) is the drug of choice, and for 
hydatid cyst disease, albendazole with surgical removal 
is effective. 

Other helminthic infections include visceral larval 
migrans (toxocariasis), cutaneous larva migrans (creeping 
eruption, caused by Ancylostoma braziliense, the dog or cat 
hookworm), and dirofilariasis. Most patients recover 
from visceral larva migrans without specific therapy. 
Thiabendazole has been used along with other agents for 
severe cases. Thiabendazole administered either orally or 
topically has also been used successfully for cutaneous 
larva migrans. Dirofilaria immitis is the causative agent of 
the dog heartworm. In humans, the immature filariae 
die, causing a local vasculitis in the pulmonary 
circulation. This may be seen occasionally as a coin 
lesion on the chest radiograph. 

The drugs mentioned earlier are the most common 
anthelmintics used. Older drugs such as those in the 
antimony group—pyrantel pamoate, poquil, bephenium 
hydroxynaphthoate, and hycanthone—have special 
applications and may still be in use, especially in less 
developed countries and in veterinary medicine. 
Levamisole, related to mebendazole, and suramin, in use 
since 1920, have found newer uses as chemotherapeutic 
agents in the treatment of certain cancers. 

In general, the older medications are more toxic to 
humans than the newer ones. The older medications 
have reported protean side effects, some of which 
are worse than the disease being treated. On other 
occasions, the side effects may be mistaken for 
progression or complications of the disease itself. It is 
important to remember that many of the side effects of 
treatment, such as with praziquantel for cysticercosis or 
with diethylcarbamazine for onchocerciasis (ivermectin 
is now used), are due to the large antigenic mass of dying 
worms released into the bloodstream. Similarly, many 
side effects are really not side effects of the medication 
because they probably would not occur if uninfected 
patients were given the same treatment. Pretreatment or 
concurrent treatment with corticosteroids is used in 
some cases, and slow progressive therapy is used in 
others. Medications that are not significantly absorbed 
(and thus have insignificant systemic toxicity), such as 
mebendazole, are ideal for susceptible helminths that are 
limited to the lumen of the gastrointestinal (GI) tract. 

In the review that follows, the many agents available 
are divided into intuitive groups: imidazoles (meben- 
dazole and related compounds), piperazines (diethyl- 
carbamazine and piperazine), drugs identified for 
schistosomiasis (praziquantel, metrifonate, and others), 
and other important anthelmintics, such as ivermectin 
and suramin. 
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IMIDAZOLES 


Mebendazole 


Mebendazole is a drug commonly used in the treatment 
of intestinal nematodal disease, such as ascariasis, 
trichiuriasis, hookworm (N. americanus or A. duodenale), 
and enterobiasis (pinworm). Like the other benzimi- 
dazoles, it is thought to selectively and irreversibly block 
microtubular-dependent glucose uptake by nematodes 
and cestodes by binding to free B-tubulin and inhibiting 
tubulin polymerization.’ Only 5% to 10% of an orally 
ingested dose is absorbed from the GI tract. Most of what 
is absorbed is metabolized in the liver (P-450 system) 
with a significant first pass effect. Thus, adverse reactions 
attributable to the medication itself are practically 
nonexistent, although diarrhea and abdominal pain 
have been reported. The usual dose used is 100 mg 
twice daily for 3 days. For pinworm infection, one 100-mg 
tablet given once is sufficient. A repeat dose a week later 
is recommended to kill nematodes that were protected 
as eggs at the time of initial mebendazole administration. 
Treatment of all family members is also recommended. 

Mebendazole has also been used to treat hydatid 
disease (echinococcal cysts); a reduction in cyst size 
has been demonstrated with prolonged treatment. 
Albendazole, a related imidazole with better absorption, 
has now replaced mebendazole for this use. Albendazole 
is given in 4-week cycles of 400 mg, twice daily, separated 
by 2-week rest periods. At least three cycles are given. 
When albendazole is given in these higher doses, pyrexia 
has been noted; it is thought to be due to tissue necrosis 
of the hydatid cyst. 

Another reported side effect of mebendazole is 
agranulocytosis. In a Russian study, this complication was 
found in 2 of 75 patients with hydatid cysts treated with 
50 mg/kg per day for 30 days, resulting in the death 
of one patient.° Mebendazole has been shown to be 
teratogenic and embryotoxic in laboratory animals 
and so is contraindicated in pregnancy and in those 
younger than 2 years. Cimetidine, by inhibiting the P-450 
system, may increase blood levels. There have been 
reports of contact urticaria and contact dermatitis 
from albendazole.’ An outbreak of Stevens-Johnson 
syndrome/toxic epidermal necrolysis among those 
treated with both mebendazole and metronidazole has 
been reported.’ 

Treatment of poisoning includes decontamination in 
cases of overdose and is otherwise symptomatic and 
supportive. 


Albendazole 


Albendazole is similar to mebendazole but is more 
completely absorbed from the GI tract. It has a broader 
spectrum of activity. Its absorption is enhanced by taking 
it with fatty meals.’ One of its main uses is in adjunctive 
treatment with surgery (or single-agent treatment 
without surgery) in hydatid cyst disease due to 
echinococci.'!? Mebendazole is probably as effective for 
most nematodal diseases isolated to the lumen of the 


GI tract. Albendazole appears to be more effective for 
hookworm.'! It is also effective against intestinal 
tapeworms and neurocysticercosis, for which it is an 
alternative to niclosamide and praziquantel, respectively. 
In one trial, it was more effective than praziquantel in 
neurocysticercosis.” 

Albendazole is rapidly metabolized by the liver into 
an active metabolite that has a terminal half-life of 
8.5 hours. It is given in at least three 4-week cycles 
separated by 2-week rest periods at a dose of 400 mg 
twice daily (10 to 14 mg/kg/day) when used for hydatid 
cyst disease. Side effects are similar to those for meben- 
dazole and usually do not require discontinuation. It, 
too, has been shown to be teratogenic in animals (rats 
and rabbits) and is not recommended in pregnancy or in 
infants younger than 2 years. In one review only GI side 
effects were seen, and only at the low rate of slightly over 
1%.'° Treatment of poisonings is symptomatic and 
supportive (see also the later discussion of side effects in 
the section on Thiabendazole). 


Thiabendazole 


Thiabendazole, like albendazole, is also rapidly absorbed 
through the GI tract, metabolized by the hepatic P-450 
system, and excreted by the kidneys in the first 24 hours. 
It is also available for topical application for cutaneous 
larva migrans. In addition to binding free B-tubulin, it 
inhibits the helminth-specific fumarate reductase 
enzyme system. It is the treatment of choice for 
strongyloidiasis, for which the dosage is 25 mg/kg twice 
daily (maximum, 3 g/day) for 2 days. In immunocom- 
promised hosts (e.g., human immunodeficiency 
virus—infected patients or those with cancer), a hyper- 
infection syndrome from S. stercoralis can develop. 
Infective filariform larvae reenter the host via the lower 
GI tract or perianal regions in massive numbers. For this, 
thiabendazole is given at 25 mg/kg twice daily for 2 to 
3 weeks. !4 

Thiabendazole has also been used for cutaneous larva 
migrans (creeping eruption, caused by A. braziliensis), 
visceral larva migrans, and trichinosis (T° spiralis), all of 
which have no proven therapy. Thiabendazole may serve 
only to decrease the load of growing organisms. It has 
also been used, at a dose of 25 mg/kg twice daily for 
2 days, to treat D. medinensis infection (dracontiasis) , 
when it helps to decrease inflammation, allowing slow 
removal of the helminth by winding it on stick during 
the course of a week.!> Metronidazole has also been used 
for this same purpose. 

Numerous adverse reactions have been loosely 
attributed to thiabendazole. Most reactions are transient 
and not serious. These include GI effects such as 
anorexia, nausea, epigastric discomfort, and diarrhea; 
generalized complaints such as dizziness, drowsiness, 
weakness, and pruritus; and nervous system complaints 
such as headaches, tinnitus, and blurred vision. Also 
reported are hypotension, bradycardia, crystalluria, and 
malodorous urine. Self-limited abnormalities may be 
cholestasis, leukopenia, elevated liver transaminase 
levels, jaundice, and hyperglycemia. Nephrotoxicity has 
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been reported, as has inhibition of hepatic metabolism 
of theophylline, which would be expected because 
both drugs are metabolized by the hepatic P-450 system. 
In mice, subchronic exposure caused slight anemia 
(hemosiderosis and extramedullary hematopoiesis), 
liver injury (elevated transaminases), and kidney injury 
(tubular atrophy).'® Hypersensitivity reactions are also 
reported and include fever/chills, rashes, angioedema, 
erythema multiforme, Stevens-Johnson syndrome, and 
anaphylaxis. Allergy to topically applied medication has 
also been reported.!” 

Treatment for intoxication with this agent is sup- 
portive. Thiabendazole should be avoided by patients 
with liver and kidney disease. Levels of other hepatic P- 
450-—metabolized medications should be monitored. 
Because of the possibility of drowsiness due to this drug, 
heavy machinery should not be operated by patients 
under treatment. Its safety has not been established in 
pregnancy or lactation. 


Flubendazole 


Flubendazole is the parafluoro analog of mebendazole. 
Interestingly, it is absorbed better from the GI tract when 
taken with or after a meal. It is also available in a slow- 
release parenteral preparation given subcutaneously 
or intramuscularly, which allows sustained release over 
5 days. The usual dosage is 750 mg/wk for onchocer- 
ciasis. It is used to treat hookworm, T. trichiura, and 
A. lumbricoides. Side effects are vague and mostly abdom1- 
nal, such as nausea, abdominal pain and rumbling, 
soft/loose stools, and dyspepsia. Also reported are 
fatigue and breathlessness. Unlike mebendazole, it has 
not yet been shown to be teratogenic in laboratory 
animals. Treatment of poisoning is supportive. If side 
effects are severe, flubendazole may have to be withdrawn. 


Levamisole 


Levamisole is the more nematocidal L-isomer of 
tetramisole. Its mechanism of action is thought to be 
rapid and reversible muscle paralysis of the helminth 
due to ganglionic stimulation. Like thiabendazole, at 
high doses, it also inhibits the helminthic fumarate 
reductase system. It is available as syrup or in a tablet, is 
rapidly absorbed from the GI tract, and is extensively 
metabolized. Its use is mainly for nematodal disease such 
as ascariasis, for which it can be given in a single 120- to 
150-mg dose. 

Today levamisole is used more in combination chemo- 
therapy for cancer (e.g., with 5-fluorouracil in colon 
cancer) than as an anthelmintic. The doses when used in 
this manner are different, and more side effects have 
become evident. Agranulocytosis develops when levamisole 
is used for a prolonged period.'® Thrombocytopenia 
occurring as late as 2 years after its use has been 
reported.'’ Many skin reactions have been reported, 
most recently a fixed toxic erythema with pigmentation.*° 
Also reported are cases of multifocal inflammatory 
leukoencephalopathy when used with 5-fluorouracil.”! In 
patients taking warfarin, the international normalization 
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ratio has been reported to increase.** This may be 
because of its competitive inhibition of hepatic P-450 
system metabolism of warfarin. 

Treatment of poisoning is supportive. Severe effects 
mandate discontinuation of its use. 


Niridazole 


Niridazole is also an imidazole (a substituted nitroth- 
iazole), but it does not have the same uses as the others. 
It also has the distinction of suppressing cellular 
immunity and possibly being carcinogenic. Fifty percent 
of oral intake is absorbed. It is excreted in the feces and 
urine after it has been metabolized in the liver. It has a 
metabolite with a half-life of 40 hours, and this is 
responsible for the prolonged immune suppression 
encountered. It causes the urine to become very dark, 
and patients should be warned about this. 

Its main uses are for S. japonicum and S. mansoni 
infections, amebiasis, and dracontiasis, in which it may 
be used like thiabendazole as an anti-inflammatory. It is 
not as effective against the other species of schistosomes. 
In general, its use has become obsolete. 

Its toxicity includes nervous system problems such as 
seizures (usually limited to patients with a seizure dis- 
order), subclinical electroencephalographic changes, 
headaches, dizziness, agitation, insomnia, and _halluci- 
nations (usually only in patients with a history of 
psychosis). In the treatment of schistosomiasis, it is 
possible that some of the central nervous system effects 
are due to high drug levels because of hepatic shunting. 
Other side effects include GI effects such as nausea, 
vomiting, and abdominal pain. Also reported are rash, 
slight electrocardiographic abnormalities, and hemolytic 
anemia in patients with glucose-6-phosphatase deficiency. 

Treatment of the toxicity is supportive. It should not 
be used by patients with a seizure disorder, liver disease, 
or psychosis. 


PIPERAZINES 


Piperazine 


Piperazine causes paralysis of the helminth and is 
thought to precipitate expulsion of the helminth from 
the GI tract. It is orally absorbed and is excreted 
unchanged in the urine within 24 hours. Its uses include 
treatment of enterobiasis (pinworm infection), 65 
mg/kg/day (maximum 2.5 g) for 7 days; and ascariasis, 
75 mg/kg/day (maximum 3.5 g) for 2 days. In cases of 
intestinal obstruction due to large worm burdens, it is 
recommended that piperazine syrup be given via 
nasogastric tube at a dose of 150 mg/kg then 65 mg/kg 
every 12 hours for 6 doses. It narcotizes the worm in the 
intestinal or biliary tract, allowing its passage distally.*° 
Side effects are rare but can affect many organ systems. 
GI symptoms include nausea and vomiting, diarrhea, 
and abdominal pain. General symptoms include fever, 
weakness, and rash. Angioneurotic edema has been 
reported in sensitive patients.** Neurologic abnormalities 
include visual disturbances, seizures and electroen- 
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cephalographic abnormalities, and cerebellar ataxia, 
known as “worm wobble.” The latter abnormalities 
are seen mainly in patients with overdoses or with renal 
failure in which the accumulated levels have become 
toxic. 

Treatment of side effects and toxicities includes 
discontinuation of treatment and administration of 
antihistamines if the effects seem to be allergic in nature. 
Other side effects are treated symptomatically. Piper- 
azine is not recommended for patients with hepatic or 
renal disturbance or with seizures. Its safety in pregnancy 
has not been established. There has been a report that 
it may be linked with cleft hand and foot.*° 


Diethylcarbamazine 


Diethylcarbamazine is still in use in many parts of the 
world. In the United States, it may be found in dog- 
owning households because it is a treatment for 
D. immitis, the dog heartworm. Ivermectin has become 
popular for prophylaxis of this condition (discussed 
later). Diethylcarbamazine is highly soluble in water and 
is well absorbed through the GI tract. Its renal clearance 
is reduced in alkaline urine. It is also available as a lotion 
for onchocerciasis. In addition to its canine use, it can be 
used to treat filariasis and O. volvulus. In filariasis, like 
thiabendazole, it may do no more than reduce the 
number of microfilariae of W. bancrofti and B. malayi 
(6 mg/kg daily for 2 weeks). Its effect on adult worms is 
uncertain, although a higher dose repeated monthly or 
weekly may be effective.” In the treatment of L. loa, it 
eliminates the microfilariae and may also kill the adult 
worms. 

In the treatment of onchocerciasis (and also of 
filariasis to a lesser degree) with diethylcarbamazine, a 
severe reaction, probably an immune response to the 
mass of dying antigenic microfilariae, may develop 16 
hours after treatment. It consists of severe pruritus, a fine 
papular rash, skin edema, fever, tachycardia, headache, 
swollen lymph nodes, and possibly hypotension. This 
reaction was first described in 1948 and is called the 
Mazzotti reaction.” For this reason, it is recommended 
that the diethylcarbamazine dose be gradually increased 
from 50 mg once per day on day 1, to 50 mg three times 
per day on day 2, to 100 mg three times per day on day 
3, to the full 3 mg/kg three times per day on days 4 
through 21. Levels of the immune mediator interleukin- 
6 correlate with the occurrence and severity of clinical 
symptoms after treatment. Tumor necrosis factors also 
are elevated in patients with reactions.*” The Mazzotti 
reaction can also be used to test whether a rash is caused 
by O. volvulus. This is done by giving a test dose of 50 mg 
of diethylcarbamazine. If the rash worsens, it probably 
is due to a reaction against O. volvulus. Ivermectin 
(discussed later) has replaced diethylcarbamazine as the 
drug of choice in the treatment of onchocerciasis 
because it is safer and more effective. The Mazzotti 
reaction has also been seen with ivermectin treatment.°*° 

Other side effects include changes in the posterior 
segment of the eye (transient pigment lesions, optic disc 
leakage, and visual loss).*! L. loa encephalopathy may 
be aggravated. Pretreatment or concurrent treatment 


with corticosteroids is helpful. A transient proteinuria, 
possibly resulting from circulating immune complexes, 
has also been described in patients.’ 


ANTISCHISTOSOME MEDICATIONS 


Praziquantel 


The development of praziquantel has been a major 
advance in the control of schistosomiasis. It also has 
many other anthelmintic uses. It is readily absorbed 
through the GI tract and excreted by the kidneys. It can 
be detected in human breast milk. Its mode of action is 
not clearly understood. Bioavailability is limited by an 
extensive first pass effect through liver metabolism. This 
is exacerbated by dexamethasone and antiepileptic 
medication (through P-450 induction), often given 
concomitantly with praziquantel in patients with 
neurocysticercosis.*°** Cimetidine, which inhibits P-450 
metabolism, lengthens the drug’s elimination half-life.” 

It is effective against all schistosomes as well as most of 
the other trematodes (flukes).°° For S. haematobium and 
S. mansoni, it is given as a single 40 mg/kg dose, and for 
S. japonicum it is given as 20 mg/kg three times in 1 day. 
For C. sinensis, it is the treatment of choice. Surgery may 
be necessary for biliary obstruction. Clonorchis and 
intestinal flukes (F buski and Heterophyes heterophyes) are 
treated with a dose of 25 mg/kg three times per day for 
1 day. The lung fluke (Paragonimus) is treated with 
25 mg/kg three times per day for 2 days. The only fluke 
not responsive to praziquantel is © hepatica, for which 
bithionol must be used. 

In addition to the trematodes, praziquantel is also 
effective against the cestodes (tapeworms). T. saginata 
(beef tapeworm), T. solium (pork tapeworm), and 
Diphyllobothrium nana (fish tapeworm) are treated with 
10 mg/kg as a single dose, and H. nana (dwarf 
tapeworm) is treated with 25 mg/kg as a single dose. For 
human cysticercosis, infection with T. solium eggs, treat- 
ment is with 50 mg/kg per day in three divided doses for 
2 weeks. This is usually given with corticosteroids to avoid 
the immunologic reaction common with the large 
antigenic load that is released. It may also have a role in 
the treatment of Echinococcus. 

Side effects and toxicity from praziquantel are usually 
a result of the treatment of the infection rather than of 
the medication per se. When all inhabitants in an area of 
high prevalence of S. mansoni (61.8%) were treated, 
27.2% had side effects (abdominal discomfort, fever, 
headache), mostly mild, disappearing in 24 hours, 
correlating with those that were infected.*” 

Toxicity is rare. Mild toxicity does not require dis- 
continuance of medication. If toxicity is from the rapid 
killing of worms, corticosteroids may be administered if 
not already given. 


Metrifonate 


Metrifonate, also called trichlorfon, is an organophos- 
phorus compound that is selective for treatment of 
S. haematobium. It is nonenzymatically transformed into 
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dichlorvos and inhibits plasma cholinesterase activity. It 
inhibits erythrocyte cholinesterase to a lesser degree. 
The dose is 7.5 mg/kg (range, 5 to 15) every 2 weeks for 
6 weeks. 

Side effects include those of other cholinergic med- 
ications if taken in sufficient quantity. Suicide attempts 
among patients using metrifonate have been reported. 
Also reported have been cases of polyneuropathy.°® 
Management of toxicity is similar to that with other 
cholinergic medication. 


Oxamniquine 


Oxamniquine is an antischistosomal quinoline compound 
selective for S. mansoni. Fifty percent of an oral dose is 
absorbed; most is excreted in the urine. A metabolite 
turns the urine dark orange or reddish on the second 
day. The dosage used varies from 60 mg/kg over 3 days 
in Egypt or East Africa to a low of 12 mg/kg as a single 
dose. 

Side effects are frequent but usually mild and are 
likely due to immune reactions to the release antigenic 
load rather than the medication itself. They include 
dizziness, headache, vague abdominal pain, nausea, 
vomiting, and transient increases in results of liver 
function tests, especially in older patients. In one report, 
38% had fever of 38° C to 39° C often 24 to 72 hours after 
completing a 3-day treatment. Six of 40 developed 
Loffler’s syndrome with transient pulmonary infiltrates 
and eosinophilia.” Treatment is supportive. 


Hycanthone 


Hycanthone (Etronol) has an unknown mechanism 
of action but is effective against S. haematobium and 
S. mansoni. It has good GI absorption and can also be 
given intramuscularly. It is not sold in the United States. 

Side effects are frequent but mild and self-limited. 
The complaints usually are of GI origin (nausea, vomiting, 
and abdominal pain) or generalized (weakness, dizziness, 
headache, and myalgias). Very rarely a serious hepatic 
necrosis can occur. Hycanthone is mutagenic, carcino- 
genic, and teratogenic in animals and therefore should 
not be given to pregnant women until 1 month after 
delivery, nor to children or young adults. It should also 
be avoided by patients with liver disease. Treatment is 
symptomatic and supportive. 

Niridazole was discussed earlier in the section on 
imidazoles. 


OTHER ANTHELMINTICS 


Other anthelmintics, such as ivermectin and niclosamide, 
are in common use around the world, and others are of 
primarily historical importance. Some of the latter are 
still used in developing countries. 


Ivermectin 


Ivermectin enjoys widespread use around the world. In 
the United States, it is used primarily for prophylaxis and 
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treatment of heartworm in dogs. It is often the object of 
calls to regional poison control centers. 

Ivermectin is from a family of chemicals called 
avermectins. These are macrocyclic lactones from the 
fermentation broth of Streptomyces avermitilis. Itis thought 
to work by opening chloride-sensitive channels. In the 
free-living nematode Aenorhabditis elegans, it binds to a 
glutamate-gated chloride channel.*° 

It is active primarily in nematodes and is the drug of 
choice for the treatment of onchocerciasis. It kills the 
microfilariae of O. volvulus but not the adults. Sumarin 
(discussed later) is the only agent that kills the adults. It 
is also used to treat D. immitis (heartworm) in dogs. For 
onchocerciasis, it is given in a dose of 150 ug/kg as a 
single dose. It has been tried in the treatment of 
lymphatic filariasis (single dose), clearing microfilariae 
from the blood, but is not active against adult filarial 
worms in the lymphatic system.*! It can also be used as an 
alternative to mebendazole in the treatment of intestinal 
nematodes.” 

Adverse reactions are fairly numerous and may be 
related to the worm burden rather than the medication 
itself. Encephalopathy has been temporally related to 
ivermectin administration, most cases when the patients 
may have also had L. loa.* In another report, 97% had 
side effects when ivermectin was used to treat 
W. bancrofti. These consisted of fever, headache, pruritic 
rash, weakness, myalgias, lymphatic nodules, cough, and 
elevated alkaline phosphatase levels, all of which 
subsided in 12 to 72 hours after treatment. Some patients 
with very dense infection developed serious pulmonary 
symptoms consisting of cough with production of blood- 
tinged sputum, shortness of breath, and patchy 
pneumonitis.* Some patients, however, had heavy worm 
burdens but did not develop side effects. Other reported 
side effects include facial edema and bullous skin 
disease.** Treatment is symptomatic. 


Niclosamide 


Niclosamide (Yomesan) is not absorbed through the GI 
tract and therefore has almost no side effects. It is used 
to treat cestodes (tapeworms), which include T. saginata 
(beef tapeworm), T. solium (pork tapeworm), D. latum 
(fish tapeworm), and H. nana (dwarf tapeworm). It is 
not effective against cysticercosis (eggs of T. solium) or E. 
granulosus (hydatid disease), because these require tissue 
penetration. 

Patients occasionally complain of GI symptoms, such 
as abdominal cramping and nausea. Treatment is 
supportive and symptomatic. 


Suramin 


Suramin is an antiparasitic drug that is now used in 
cancer chemotherapy. It was introduced in 1920 for the 
treatment of African trypanosomiasis and began to be 
used in 1947 for the treatment of onchocerciasis. 
It is the only medication that kills the adult O. volvulus. It 
is not well absorbed orally, and intramuscular injection 
causes significant local skin irritation; thus, it is given 
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intravenously. Its elimination half-life is 36 to 54 hours. 
Nearly 100% (99.9%) is protein bound. 

It is recommended for onchocerciasis only if the 
patient has recurrent skin disease after treatment with 
ivermectin and several courses of diethylcarbamazine or 
for patients with eye disease. A test dose of 100 mg is first 
given, and if this is tolerated, 1.0 g is given intravenously 
each week for 6 weeks. Treatment is stopped if 
proteinuria or casts appear in the urine or if exfoliative 
dermatitis develops. 

Suramin toxicity can result in renal and adrenal 
insufficiency, coagulation factor abnormalities, immune 
suppression, and polyneuropathy. 

Other side effects include a wide variety of skin 
eruptions,” including a lethal toxic epidermal necrolysis,*° 
and weakness due to hypophosphatemia, mitochondrial 
myopathy,*” or motor axonal polyneuropathy (some 
with sensory symptoms).*® Treatment is supportive and 
symptomatic. The drug should be withdrawn if side 
effects occur. 


Pyrantel Pamoate 


Pyrantel pamoate is a depolarizing neuromuscular 
blocker. It results in spastic neuromuscular paralysis of 
the parasite, allowing its expulsion. It is poorly absorbed 
from the GI tract; 40% is excreted in the feces, and small 
amounts are detectable in the urine. It is used for 
enterobiasis (pinworm), ascariasis (giant roundworm), 
and N. americanus (hookworm) infections. The usual 
dose is 11 mg/kg orally once (maximum 1 g), repeated 
after 2 weeks. 

Because most of an oral ingestion remains in the 
lumen of the GI tract, the medication itself has very few 
side effects. Most of the side effects are from the parasitic 
burden. These include nausea, vomiting, abdominal pain, 
tenesmus, headache, dizziness, insomnia, drowsiness, 
fever, rash, and nasal congestion. Liver transaminase 
levels may become transiently elevated. Use of pyrantel 
pamoate is contraindicated in pregnancy, in those 
younger than 1 year, and in patients with liver disease. 
‘Treatment is symptomatic and supportive. 


Pyrvinium Pamoate 


Pyrvinium pamoate, like pyrantel pamoate, is useful to 
eliminate certain intestinal parasites because of its 
minimal absorption from the GI tract. Patients should be 
warned of changes in stool color, which most often becomes 
red. It has been largely replaced by mebendazole for the 
treatment of enterobiasis (oxyuriasis). 

It produces minimal side effects, with occasional 
nausea, vomiting, and abdominal pain. A photosensitive 
skin reaction has also been reported. Treatment is 
symptomatic. 


Poquil 


Poquil has been used for the treatment of enterobiasis 
(oxyuriasis) at a dose of 1.5 mg/kg per day for 8 days. 
Mebendazole treatment is simpler (one dose) and is the 


agent of choice. Poquil is well tolerated, although 
occasional nausea and vomiting are reported. It causes a 
bitter taste in the mouth. Treatment of intoxication is 
symptomatic and supportive. If vomiting or other effects 
are severe, it should be discontinued. 


Antimony 


The trivalent antimonials act by inhibition of phos- 
phofructokinase. They have to be administered intra- 
venously because oral ingestion leads to significant GI 
irritation. They bind to erythrocytes and thus have slow 
renal excretion, on the order of weeks to months. 

Trivalent antimony has been replaced by other 
medications for most helminthiasis, but on occasion they 
are used, mainly for schistosomiasis. S. japonicum responds 
to antimony potassium tartate and antimony sodium 
dimercaptosuccinate. S. haematobium and S. mansoni also 
respond to antimony sodium dimercaptosuccinate. 
S. mansoni also responds to stibophen. 

The antimonials have many toxicities. They are 
contraindicated in hepatic disease, unless it is due to 
schistosomiasis, because they can cause worsening of 
liver function. They can rarely cause hepatitis. A host 
of immunologic reactions can occur, such as an 
anaphylactoid reaction and anaphylaxis, arthralgias, 
arthritis, myalgias, headache, fainting, skin rashes, and 
facial edema. Pulmonary symptoms include pneumonia 
(especially with tartrates), coughing, dyspnea, and apnea. 

More specific side effects include fever, fainting, 
rashes, and vomiting with use of dimercaptosuccinate; 
hemolytic anemia, thrombocytopenia, vomiting, and 
albuminuria with stibophen; and phlebitis, cough, and 
death due to rapid injection with tartrates. Dimercap- 
tosuccinate is contraindicated in the presence of bacterial 
infection or herpes (simplex or zoster) infection. 

The medication should be withdrawn if the side effects 
are severe. Treatment is supportive and symptomatic. 

Pentavalent antimony is used in the treatment of 
protozoan infections such as leishmaniasis. 


Bephenium Hydroxynaphthoate 


Bephenium hydroxynaphthoate is a quaternary ammo- 
nium used for the treatment of hookworm (N. 
americanus, 5 g twice per day for 3 days; and A. duo- 
denale, 5 g twice per day for 5 days); and also for giant 
roundworm (A. lumbricoides). It has been replaced for the 
most part by mebendazole but is more effective than 
tetrachloroethylene. 

Bephenium hydroxynaphthoate has minimal GI 
absorption. It does have a bitter taste, and this is what 
usually causes the nausea and vomiting. Treatment is 
symptomatic. 


Bithionol 


Bithionol may still be used for human fascioliasis (30 
to 50 mg/kg on alternate days for 10 to 15 doses), for 
which it is the treatment of choice. It may be used for 
paragonimiasis (30 mg/kg every other day for 20 days), 
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but for the most part, treatment of this and other 
trematode infections has been replaced by praziquantel. 

Side effects are skin reactions and GI irritation, which 
are rarely severe enough to discontinue medication. 
Treatment is symptomatic. 


Paromomycin 


Paromomycin can be used to eradicate the cestodes 
(tapeworms) T. saginata, T. solium, D. latum, and H. nana. 
It is given in a dosage of l g every 4 hours for 
4 days. Treatment with paromomycin has largely been 
replaced by niclosamide. 
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At a Glance... 


m Isoniazid, which is structurally related to nicotinic acid, 
pyridoxine, and other pyridines, remains the most common 
treatment for tuberculosis. 

m Isoniazid produces a broad range of adverse effects, including 
drug-drug interactions, hypersensitivity reactions, and hepa- 
totoxicity. 

m In overdose, isoniazid produces the pathognomonic triad of 
seizures, severe metabolic acidosis, and coma. 

m Treatment of isoniazid overdose begins with supportive care 
that includes seizure control, which begins with administration 
of benzodiazepines. 

m The specific antidote and treatment of choice for isoniazid- 
induced seizures is intravenous vitamin B, (pyridoxine), given in 
a gram-for-gram dose. If the ingested dose of isoniazid is 
unknown, 5 g (75 mg/kg in children) should be administered 
intravenously. 


Isoniazid (INH) was introduced in 1952 and remains the 
antibiotic most commonly used in the treatment of 
tuberculosis. It is first-line treatment for both latent 
tuberculosis and in combination with other agents for 
active tuberculosis. Because the incidence of tuberculosis 
remains high worldwide, INH continues to be more 
widely prescribed.! With this expanded use has come 
a greater opportunity for INH adverse effects and 
poisoning. Fortunately, a greater understanding of the 
biochemical mechanisms underlying its effects has led to 
the development of effective strategies for the treatment 
of INH intoxication.” 


PHARMACOLOGY 


INH, which contains a pyridine nucleus, is a structural 
analog of the nutrients nicotinic acid (niacin, vitamin 
B), nicotinamide-adenine dinucleotide (NAD), and 
pyridoxine (vitamin B,) (Fig. 55-1). INH is also a con- 
gener of the monoamine oxidase inhibitor antide- 
pressant isocarboxazid. Its complete name, isonicotinic 
acid hydrazide, identifies INH as a congener of nicotinic 
acid.’ INH has primary pKa of 1.9.4 

As monotherapy in latent tuberculosis, INH is given 
daily in 5 mg/kg (adult) or 10 mg/kg (pediatric) doses.° 
Treatment regimens vary for active tuberculosis.’ Details 
about isoniazid pharmacotherapy go beyond the scope 
of this chapter; the reader is referred to sources specific 
for the treatment of tuberculosis.’ Isoniazid also may be 
given as an intramuscular injection and has been given 
intravenously in experimental settings. 


INH is rapidly absorbed from the gastrointestinal tract 
(primarily the small intestine), and peak serum concen- 
trations are achieved within 1 to 2 hours.** Absorption is 
delayed by concomitant administration of antacids.° 
Once absorbed, INH is distributed throughout body water 
and has an apparent volume of distribution of 0.6 L/kg.*° 
INH has negligible binding to plasma proteins.*° 

The primary metabolic pathway for INH is acetylation 
by the enzyme Macetyltransferase (NAT). This enzyme is 
located in the liver and intestinal mucosa. NAT has been 
identified as a polymorphic enzyme whose pharmaco- 
kinetic activity follows Michaelis-Menten (saturable) 
kinetics. Additionally, the activity of this enzyme is genet- 
ically controlled by autosomal-dominant inheritance.** 
Phenotypically, slow and fast acetylators can be identified. 
The fast acetylation phenotype is found primarily among 
Eskimos and Japanese, and slow acetylation among 
Scandinavians, Jews, and North Africans. In the United 
States, the prevalence of slow acetylation is about 50% of 
the general population. Acetylation activity is responsible 
for a number of the clinical differences observed in slow 
versus fast acetylators: (1) slow acetylators have a smaller 
degree of hepatic clearance (first pass effect) than fast 
acetylators, (2) fast acetylators metabolize INH five to six 
times faster than slow acetylators, and (3) plasma INH 
concentrations are 30% to 50% lower in fast versus slow 
acetylators. Daily INH treatment regimens usually do not 
result in any differences in response rates between slow 
and fast acetylators. Fast acetylators may have a sub- 
optimal response in once-weekly regimens.” It is thought 
that slow acetylators may be more prone to the 
hepatotoxic effects of INH.’ 

The elimination half-life of INH in fast acetylators is 
approximately 70 minutes, compared with a mean of 
3 hours in slow acetylators. ‘The primary metabolites after 
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FIGURE 55-1 Structural relationships of isoniazid. 
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INH biotransformation are acetylisoniazid and isonic- 
otinic acid.**9 Based on urinary concentrations of these 
metabolites and the parent compound, it is possible to 
determine acetylation status with a technique outlined by 
Kohno and colleagues.!®!! Both INH and its inactive 
metabolites are excreted in the urine, and 75% to 95% 
of a single dose is eliminated within 24 hours. Twenty- 
seven percent of INH is excreted unchanged in slow 
acetylators, in contrast to 11% in fast acetylators.* The 
clearance of INH averages 46 mL/ min.* The half-life is 
especially prolonged in those with end-stage renal 
disease (up to 17 hours). Compliance with therapy 
may be measured using either urine or serum testing 
(colorimetric urine tests have been developed), but 
serum concentrations are not routinely monitored. 

Hydrazine, a component of rocket fuel that is also 
touted as an alternative treatment for cancer, and 
monomethylhydrazine, the toxic component of Gyromitra 
mushrooms, are derivatives of INH. They produce 
neurotoxicity and hepatotoxicity in a similar manner.” 
Hydrazine is well-known as a human carcinogen. Iso- 
niazid has not been demonstrated to be carcinogenic. 
INH is an inhibitor of several cytochrome P-450- 
mediated functions, particularly demethylation, oxidation, 
and hydroxylation.'® In vitro, INH has been shown to 
inhibit CYP2C19 and CPY3A4 isoenzymes at clinically 
relevant plasma concentrations; coadministration with 
substrates of these enzymes may result in drug 
interactions.!4 INH appears to exert a biphasic effect 
on the CYP2EI] isoenzyme with inhibition followed by 
induction.!>!” Significant drug interactions exist with 
INH.'? Table 55-1 demonstrates the more clinically 
significant interactions. An effect on the anticonvulsant 
phenytoin has been well described; altered mental status 
(occasionally coma) has occurred in patients who were 
simultaneously prescribed INH and phenytoin, asso- 
ciated with the development of toxic serum phenytoin 
concentrations. Phenytoin toxicity results from INH 
inhibition of cytochrome P-450 hydroxylases.°° This 
decrease in phenytoin clearance tends to occur in the 
second week of combined treatment.'® Other drugs whose 
elimination is reduced by concomitant administration 
of INH are carbamazepine, valproate,'® coumarin antico- 
agulants, and rifampin.'® 
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When coadministered with INH, serum theophylline 
concentrations are increased, resulting from inhibition 
of its metabolism.*” Case reports have suggested a 
significant adverse interaction between INH and aceta- 
minophen,”” the result of CYP2E1 enzyme induction. 
However, well-controlled clinical studies have failed to 
demonstrate a greater risk for hepatotoxicity when these 
two are taken simultaneously.'° The degree of aceta- 
minophen toxic metabolite formation also may be 
dependent on the patient’s acetylation phenotype.?! 

Certain herbal medications have been associated with 
fulminant hepatic failure when taken with INH.” One 
case of central nervous system (CNS) depression and 
hemodynamic instability has been reported when INH 
was coadministered with meperidine, a serotonergic 
opioid.** No cases of interactions with serotonin reuptake 
inhibitors have been reported. 

INH has a significant effect on several biochemical 
pathways (Table 55-2). INH also affects the enzymes 
involved in the metabolism of the CNS neurotransmitter 
y-aminobutyric acid (GABA). GABA is the primary 
neurotransmitter at the motor inhibitory neurons of 
the CNS. GABA levels are regulated by two enzymes, 
glutamic acid decarboxylase (GAD) and GABA amino- 
transferase. GAD catalyzes the synthesis of GABA, 
whereas GABA aminotransferase promotes GABA 
breakdown. Both enzymes require pyridoxal phosphate 
as a cofactor. INH is an inhibitor of both enzymes 
but has a greater inhibitory effect on GAD, leading to 
reduced GABA levels.®??74 Reduction in GABA has been 
directly associated with the development of seizures.***4 
Monomethylhydrazine has a similar pharmacologic 
action. 

INH’s effect on pyridoxine metabolism is pivotal in 
the drug’s toxicity. Pyridoxine activity is markedly 
reduced by INH, and pyridoxine depletion ultimately 
results. At least two mechanisms are responsible for this 
loss of pyridoxine activity: (1) INH inhibition of the 
enzyme pyridoxine phosphokinase, which converts 
pyridoxine to its active form, pyridoxal phosphate,*° and 
(2) INH binding to pyridoxal phosphate, which forms an 
inactive hydrazone complex that is excreted in the 
urine.*”° Daily urinary excretion of pyridoxine is doubled 
with INH doses of 3 to 5 mg/kg and is quadrupled 





Drug Interactions with Isoniazid 


DRUG NATURE OF INTERACTION 


Phenytoin 
Carbemazepine 

Valproic acid 

Coumarin anticoagulants 


Inhibition of parahydroxylation 
P-450 inhibition (3A4) 


Unknown 


Rifampin 
Theophylline Unclear; possible P-450 inhibition 
P-450 2E1 inhibition 
Monoamine oxidase 

inhibition 


Acetaminophen 
Meperidine 


Unknown; possible enzymatic inhibition 


Possible enzyme induction by rifampin 


CLINICAL EFFECT REFERENCES 

Increased phenytoin level 3:5, 18 

Increased carbamazepine level 5 

Increased valproic acid level 19 

Increased warfarin levels; 5 
increased prothrombin time 

Isoniazid hepatotoxicity 5 13 

Increased theophylline levels; 5 
tachycardia, neurotoxicity 

Hepatotoxicity 16, 20, 21 

Coma, hemodynamic instability, 22 


possible serotonin syndrome 
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Metabolic Actions of Isoniazid 





BIOCHEMICAL EFFECT CLINICAL EFFECT REFERENCES 
Enzyme inhibition 
P-450 1 Clearance of other drugs 13, 14 


Monoamine oxidase Sensitivity to tyramine 2 


Mood elevation 


Glutamate decarboxylase | GABA activity 23, 24, 65 
GABA aminotransferase T GABA activity 23 
Apotryptophanase Peripheral neuritis 2 
Histaminase Sensitivity to scombroid fish poisoning 13255 
Pyridoxine phosphokinase Conversion of pyridoxine to pyridoxal phosphate 23, 70 
Transaminases; decarboxylases Catecholamine synthesis 70 
Binding of pyridoxal phosphate Pyridoxine activity 70 
Replacement of nicotinic acid, producing Impaired glucose and fatty acid oxidation, 26, 66, 70 


inactive nicotinamide-adenine dinucleotide 


GABA, y-aminobutyric acid. 


metabolic acidosis 





with INH doses of 20 mg/kg.*° The consequences of 
pyridoxine depletion include impaired activity of 
pyridoxine-dependent transaminases and decarboxylases 
(including GAD). Catecholamine synthesis also is 
affected by inhibition of these enzymes. 

Because of INH’s structural similarity to nicotinic 
acid, it may replace nicotinic acid in the synthesis of 
NAD, and an inactive compound may form.**7 

INH readily crosses the placenta and enters breast 
milk. No teratogenic or mutagenic effects have been 
identified with INH use during pregnancy.* The 
American Academy of Pediatrics has determined that it 
is safe to continue breast-feeding while a woman is taking 
isoniazid.7® 


CLINICAL TOXICOLOGY 


Adverse Events 


Because of its many biochemical effects, INH is asso- 
ciated with a myriad of adverse reactions when taken in 
therapeutic doses. The overall incidence of adverse drug 
reactions with INH therapy is 5.4%.° The most common 
of these are rash, neuropsychiatric abnormalities, and 
abnormal liver function with the appearance of jaundice. 
INH hepatotoxicity may result from the generation of 
hydrazines.*'**9 INH-induced liver enzyme elevation 
occurs in up to 20% of patients and in most cases is 
asymptomatic.” Approximately 0.6% of patients develop 
frank jaundice and hyperbilirubinemia, and approxi- 
mately 0.4% go on to develop ongoing liver disease.” 
Hepatotoxicity appears to occur more often in older 
patients and in slow acetylators.® A study of health care 
workers found elevation of transaminases to levels 
requiring discontinuation of the drug in 9.6%. A study 
of patients in a public health tuberculosis clinic found a 
hepatotoxicity incidence of 0.1% in those starting a 
regimen containing INH.°*”*! A British study found mild 
aminotransferase elevation in 30% of children receiving 
triple therapy for tuberculosis disease, but treatment was 
discontinued in only one child.** Fulminant hepatitis 


occurs in an estimated 20.7 per 1000 persons; approxi- 
mately | to 4.2 cases per 100,000 result in death.**°? Liver 
transplantation may be necessary.°° It is well established 
that the risk for hepatotoxicity is increased with 
multidrug antitubercular regimens. Other risk factors 
for INH-induced or -associated hepatotoxicity are 
alcoholism and active hepatitis B infection (as evidenced 
by positive hepatitis Be antigen).°°°’ Hepatitis C 
seropositivity was not considered to be a risk factor 
for INH-induced hepatitis.°° The Centers for Disease 
Control and Prevention has recommended discontinu- 
ation of isoniazid when transaminases reach elevations 
greater than three times the upper limit of normal and 
the patient is symptomatic, or an asymptomatic elevation 
greater than five times the upper limit of normal. The 
reader again should refer to these guidelines for more 
specific details of tuberculosis management.’ 

Acute pancreatitis has also been associated with INH 
use but is rare.°°°? Autoimmune phenomena ranging 
from an asymptomatic ANA seropositivity to frank lupus 
erythematosus occurs.*? Approximately 25% of those 
taking INH develop antinuclear antibodies.*! The 
mechanism is unknown, although it may be related to 
the hydrazine structure of INH; slow acetylators may be 
at higher risk. 4° Symptoms usually consist of fever, rash, 
arthralgias or frank arthritis, and pleuritis.® Life- 
threatening complications such as pericardial tamponade 
have been reported.*! The syndrome usually resolves 
with discontinuation of the drug; corticosteroids and/or 
immunosuppressants may be required in some cases.*”” 

Peripheral or optic neuritis may also occur with INH 
use. Peripheral neuritis has been observed in up to 20% 
of those taking INH at doses greater than 6 mg/kg. 
Those at greater risk include patients with poor nutritional 
status, alcoholism, pregnancy, or hemodialysis-requiring 
renal disease. Children appear to be at lesser risk for 
neuropathy.” Symptoms of peripheral neuritis include 
paresthesias in a stocking-glove distribution, which may 
progress proximally.* Although primarily a sensory 
neuritis, myalgias and weakness may occur.* Optic 
neuritis generally is manifested as decreased visual acuity 
(often unilateral).2°°°*** Less commonly, CNS toxicity 
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occurs, with manifestations of dysarthria, ataxia, and 
psychiatric disturbances. Suicidal psychosis has been 
observed with therapeutic dosing and resolved with 
discontinuation of the drug.t®4 Neurologic com- 
plications are usually reversible and may be due to INH 
inhibition of the neuronal enzyme apotryptophanase.* 
Coadministration of pyridoxine with INH prevents their 
occurrence.’ 

INH may precipitate seizures in those with such a 
predisposition, even at therapeutic dosing.**® Patients 
receiving hemodialysis appear to be at greater risk.’ 
Pellagra in the setting of INH use has been documented. 
The result of vitamin B; (niacin) depletion, pellagra is 
characterized by a triad of dermatitis, diarrhea, and 
dementia or alteration in mental status. INH is thought 
to act as an analog for niacin in biochemical reactions 
and may precipitate pellagra in those with niacin 
depletion. Some investigators have attempted to treat 
INH-induced pellagra with pyridoxine (vitamin Bg), only 
to find it ineffective.42°° However, when INH was dis- 
continued, and in some cases, niacin supplemented, the 
pellagra resolved.**°? Patients with the slow acetylator 
phenotype may be at greater risk.>? 

INH use also may have a significant effect on diet. INH 
is known to be a weak monoamine oxidase inhibitor. In 
fact, soon after the introduction of INH to the market, 
tuberculosis patients were noted to have improvement in 
their mood. One derivative of INH, itsocarboxazid, was 
used as an monoamine oxidase inhibitor antidepressant. 
This property predisposes the patient to similar inter- 
actions with tyramine-containing foods (e.g., cheese, wine, 
aged sausages). Symptoms of a tyramine reaction in- 
clude hypertension, flushing, and tachycardia. A 
syndrome similar to scombroid poisoning may occur after 
ingestion of certain fish due to INH inhibition of 
histaminase. Patients should be forewarned about the 
possibility of these food reactions.®!*+°%°° Isoniazid also 
has been linked to hematologic disturbances, including 
red cell aplasia, agranulocytosis, hemolytic anemia, 
sideroblastic anemia, thrombocytopenia, eosinophilia, 
and megaloblastic anemia.®°® Skin disorders associated 
with INH use range from simple rash to exfoliative 
dermatitis to Stevens-Johnson syndrome.®°”® 


Acute Intoxication 


Acute ingestion of 2 to 3 g of INH leads to toxicity, 
whereas ingestion of more than 10 to 15 g or 80 mg/kg 
is usually fatal without aggressive treatment.” Severe 
INH toxicity correlates with serum INH concentrations 
of greater than 30 mg/L. Clinical manifestations of 
INH intoxication may appear as early as 30 minutes after 
ingestion.®61-63 Early signs and symptoms include 
nausea, vomiting, slurred speech, dizziness, mydriasis, 
and tachycardia. A subsequent cascade of biochemical 
events soon leads to the striking clinical features that 
characterize INH intoxication, namely, recurrent seizures, 
severe metabolic acidosis, and coma. As described 
earlier, INH prevents pyridoxine-dependent synthesis of 
GABA, the major inhibitory neurotransmitter. A proposed 
mechanism for this sequence is shown in Figure 55-2. 


ANTIMICROBIAL, CHEMOTHERAPEUTIC, AND IMMUNOSUPPRESSIVE AGENTS 


Seizures after INH overdose are episodic and tend to 
occur at regular intervals; either hyperreflexia or areflexia 
precedes their onset.* Improvement in consciousness 
may occur between seizures.” Once they begin, seizures 
are difficult to control despite the administration of 
anticonvulsants. Seizures refractory to conventional anti- 
convulsant therapy are a hallmark of INH intoxication. 

Severe metabolic acidosis is another prominent 
feature of INH overdose. Although pH ranges of 6.80 to 
7.30 are common, surviving victims may present with a 
systemic pH as low as 6.49.% The etiology of metabolic 
acidosis appears to be an increase in the generation of 
lactic acid because of the muscular activity of recurrent 
seizures. Experimental data have demonstrated that 
paralyzed animals with INH intoxication do not develop 
severe metabolic acidosis.” Other theories of metabolic 
acidosis have been proposed, however, including (1) the 
generation of acidic INH metabolites, (2) an increase in 
keto acids (specifically, B-hydroxybutyric acid) due to 
altered fatty acid oxidation, and (3) the formation of 
inactive NAD, leading to impairment of both glucose 
and fatty acid metabolism. The last-named theory has led 
to the suggestion that nicotinic acid be administered in 
INH overdose, although no clinical studies have been 
performed to this end.4?7°668 

Coma may be protracted after overdose (lasting more 
than 24 hours) and may continue after seizures have 
abated and metabolic acidosis has been corrected. ‘This 
profound CNS depression has been attributed to CNS 
catecholamine depletion.®*” 

Other clinical effects of acute INH intoxication are 
severe hypotension, hyperglycemia, acetonuria, abnormal 
results of liver function tests, and renal failure.?8%70 INH- 
induced renal failure is often exacerbated by the 
myoglobinuria that develops from seizure-induced 
rhabdomyolysis.” 


DIAGNOSIS 


In the absence of a history of overdose, INH overdose 
may be suspected in patients who present with the 
characteristic symptom complex. The differential 
diagnosis of severe metabolic acidosis includes diabetic 
ketoacidosis and the ingestion of cyanide, methanol, 
ethylene glycol, iron, ibuprofen, or salicylates. Of these, 
only INH overdose has recurrent seizures as its hallmark. 
The toxic screen generally does not detect the 
presence of INH, although serum INH concentrations 
can be measured if confirmation is required. These 
results likely will return well after the patient’s acute 
toxicity has resolved. Other important laboratory tests are 
an arterial blood gas determination, electrocardiogram, 
electrolyte measurements, liver function tests, creatine 
phosphokinase determination, and urinalysis. 


MANAGEMENT 


The initial management of INH intoxication requires 
stabilization of vital signs with provision of a patent 
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FIGURE 55-2 Proposed mechanisms of isoniazid toxicity. 


airway, oxygen, cardiovascular support with intravenous 
fluids, and administration of sodium bicarbonate to treat 
metabolic acidosis (Box 55-1). 

If emergency department arrival is within 1 hour of 
ingestion, administration of activated charcoal with a 
cathartic is indicated. Ipecac-induced emesis is contra- 
indicated owing to the potentially rapid onset of seizures 
and risk for airway compromise. Delayed absorption of 
INH after an overdose has not been observed, and it is 
thus suggested that late gastrointestinal decontami- 
nation may be ineffective. 

Intravenous pyridoxine has been shown to be highly 
effective for INH intoxication and should be admin- 
istered to all symptomatic patients.°’? The milligram 
dose of pyridoxine should equal the ingested dose of 
INH. Pyridoxine (given as pyridoxine hydrochloride) 
has been shown to terminate seizures, correct metabolic 
acidosis, and abbreviate the duration of coma.””? The 
efficacy of pyridoxine is directly correlated with the 
administered dose; in one study, recurrent seizures 
occurred in 60% of patients who received no pyridoxine, 
47% of those who received 10% of the ideal pyridoxine 
dose, and none of the patients who received a full dose 
of pyridoxine.” When the quantity of ingested INH is 
unknown, a pyridoxine dose of 5 g (75 mg/kg in 
children) should be administered. Repeated doses of 
pyridoxine may be required based on the resolution of 
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signs and symptoms. Pyridoxine is commonly dispensed 
as 100 mg/mL solution with a pH ranging from 2 to 3.8. 
A relatively large volume of such an acidic solution may 


BOX 55-1 


Supportive Care 


Ventilatory support 
Vascular access 
Fluids, vasopressors 


Gastrointestinal Decontamination 
Activated charcoal plus cathartic 


Pharmacologic Treatment 


Sodium bicarbonate to correct metabolic acidosis 

Benzodiazepines and/or barbiturates as anticonvulsants 

Pyridoxine: gram for gram per dose ingested, 5 g (75 mg/kg for 
children) if isoniazid dose is unknown; may be repeated if 
necessary 


Elimination Enhancement 


Hemodialysis 
? Multiple-dose activated charcoal 
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temporarily worsen a metabolic acidosis soon after 
administration. This transient decline in serum pH 
should resolve within approximately 30 minutes and 
should not be interpreted as a failure of treatment, nor 
should it be a contraindication to pyridoxine adminis- 
tration for INH overdose.’*” A patient with significant 
INH overdose may deplete local supplies of pyridoxine. 
Santucci and colleagues suggest stocking at least 5 g of 
pyridoxine in the emergency department at all times.” 
Contingency plans should be created for access to 
pyridoxine in the event of multiple INH exposures 
within a brief period.’°”” 

Conventional anticonvulsants remain important in 
the early treatment of seizures. The benzodiazepines are 
agents of choice because they have a synergistic effect 
with pyridoxine as well as inherent GABA agonist 
activity.?73-579 Prophylactic administration of benzodi- 
azepines has no proven efficacy. Several investigators 
have recommended against the use of phenytoin in INH 
overdose because of an apparent lack of efficacy and 
the potential for phenytoin intoxication.® However, 
impaired phenytoin metabolism has been documented 
only in those ingesting INH continually, not after acute 
intoxication. Phenytoin may be an acceptable anti- 
convulsant, although its efficacy remains in question.” 
Phenobarbital, like the benzodiazepines, is a potent 
GABA agonist that may be effective in the treatment of 
seizures. Phenobarbital may worsen CNS depression, 
especially if administered after a benzodiazepine. 

INH has a small volume of distribution and low 
protein binding, pharmacokinetic features that make it 
amenable to hemodialysis and peritoneal dialysis. Up 
to 75% of serum INH may be removed within 5 hours 
by hemodialysis, with clearance rates as high as 
120 mL/min.*® Hemodialysis should be reserved for 
patients with severe acidosis or who develop renal 
failure. ‘These same characteristics make isoniazid similar 
to theophylline and phenobarbital, two drugs whose 
elimination is enhanced by the “gut dialysis” effect of 
multiple-dose activated charcoal. While data are lacking, 
multiple-dose activated charcoal should be considered 
as a potential means of elimination enhancement in 
patients with severe intoxication. 
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Chemotherapeutic Agents 


RICHARD Y. WANG, DO 


At a Glance... 


m Overdoses from chemotherapeutic agents occur infrequently, 
but are associated with devastating outcomes. 

m The majority of unintentional exposures occur iatrogenically, 
resulting from errors in either dosage regimen or drug preparation. 

m Mucositis, emesis, pancytopenia, and alopecia are common 
clinical manifestations of toxicity. 

m Management includes stabilization of life-threatening disorders, 
decontamination, prevention of overwhelming sepsis, the timely 
use of rescue agents, and enhanced elimination in specific 
instances. 


The use of chemotherapeutic agents in the treatment of 
cancer stems from the discovery that mustard agents 
used during World Wars I and II caused bone marrow 
toxicity. Mustard gas (sulfur mustard) was first used in 
World War I as a chemical warfare agent at Ypres, Belgium, 
in 1917, and was later found to cause myelosuppression 
in animals and in sailors unintentionally exposed to this 
agent while on a U.S. naval vessel.’ Upon further evalu- 
ation of this class of agents, it was demonstrated that they 
were effective against tumors in animals and the nitrogen 
mustards were less toxic to the host than sulfur mustard. 
These findings led to the production of mechlorethamine 
(Mustargen) for the treatment of lymphoma by Merck & 
Co, West Point, Pennsylvania, in 1943. The next class of 
chemotherapeutic agents developed for clinical use was 
the folate analogs. Pteroyltriglutamic acid was identified 
in 1946 as the active agent in the fermentation products 
of Lactobacillus casei that caused the remission of breast 
tumors in mice.* Since then, other folate analogs and 
several other classes of agents have been developed and 
used successfully in cancer therapy. These agents can be 
generally classified as antimetabolites, alkylating agents, 
antibiotics, and antimitotics. Certain tumor cells (e.g., 
prostate, breast, endometrial) are responsive to hormonal 
therapy, and these agents comprise another class. Unlike 
other classes of pharmaceutical agents, the chemothera- 
peutic agents are more likely to cause toxicity in people 
with exposures because of the unique mechanism of 
action and narrow therapeutic window of these agents. 
The occurrence of toxicity from chemotherapeutic 
agents in patients during therapy was characterized in a 
review of the Surveillance, Epidemiology, and End 
Results (SEER) tumor registry of the hospitalizations of 
women with breast cancer from 1991 to 1996.° There 
were 35,060 women diagnosed with breast cancer in this 


period, and 4134 underwent chemotherapy that included 
doxorubicin, mitoxantrone, cyclophosphamide, fluo- 
rouracil, methotrexate (MTX), and paclitaxel. The 
observed frequency of hospital admissions for adverse 
effects attributed to chemotherapy (i.e., neutropenia, 
thrombocytopenia, fever, and unspecified adverse effects 
of systemic therapy) was 14%, which was higher than the 
0.5% of women admitted for the same diagnoses who did 
not receive chemotherapy. Neutropenia accounted for 
about half of the admissions in the treated women, and 
the rate of hospitalizations for these adverse effects 
increased by about 2-fold with advancing stages of tumor. 
Chemotherapy was associated with a 10-fold higher 
mortality rate and a 6-fold higher likelihood for death in 
women admitted for health effects associated with treat- 
ment. The host factors that were associated with hospital 
admission for toxicity related to chemotherapy were 
advanced stage of tumor and type of chemotherapeutic 
agent. Women treated with anthracycline agents were 
two to three times more likely to be admitted for toxicity 
than those who were treated with cyclophosphamide, 
fluorouracil, MTX, or paclitaxel. 

Unintentional exposures to chemotherapeutic agents 
may occur by confusing the amount to be administered, 
the route of administration, the dose frequency, or the 
agent itself. The following discussion is intended to 
familiarize health care providers with the clinical mani- 
festations of toxicity and management of the commonly 
observed chemotherapeutic agents in therapy. 


MECHANISMS OF ACTION AND 
TOXICITY 


Chemotherapeutic agents cause cell death by primarily 
disrupting DNA synthesis or function during cell 
replication. These agents can alter DNA structure, impair 
DNA synthesis, or inhibit chromosomal separation by a 
variety of mechanisms. The alkylating agents interact 
through reactive intermediates with electrophilic DNA 
side groups to form a covalent bond by nucleophilic 
substitution. The alkylated DNA can form inter- or 
intrastrand cross-linkages, which can promote errors in 
base pairing during DNA replication or transcription 
and lead to cell death. The 7 nitrogen in the imidazole 
ring of guanine is a favored substitution site because it 
can alter the DNA structure by either forming the 
unfavorable enol tautomer or disrupting the imidazole 
ring complex. The nitrogen mustard agents are most 
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likely to form cross-linkages because each molecule 
contains two reactive 2-chloroethyl side chains. The 
reactive intermediates of the alkylating agents can be 
formed by spontaneous hydrolysis or an enzymatic- 
dependent process. The anthracycline antibiotics impair 
DNA structure by causing breaks in the strand, which can 
result from any one of several mechanisms. The planar 
structures of these agents allow them to intercalate with 
DNA to cause single-strand breaks. Similar results can 
occur from the generation of oxygen free radicals from 
the formation of a semiquinone intermediate during the 
hepatic metabolism of these agents. The anthracyclines 
can bind and inhibit topoisomerase II to cause 
permanent double-strand breaks in DNA, which are 
more damaging to the cell than single-strand breaks. 

The antimetabolites indirectly disrupt DNA synthesis 
by serving as inhibitory analogs to either cofactors or 
nitrogenous bases of nucleic acids. These agents can be 
categorized as folate analogs (e.g., MTX), pyrimidine 
analogs (e.g., 5-fluorouracil, 5FU), and purine analogs 
(e.g., mercaptopurine). The antimitotic agents, such as 
vinca alkaloids, disrupt chromosomal separation during 
cell division by impairing microtubule function. These 
agents bind to tubulin, which is a protein subunit of 
microtubules, and cause cells to stop at metaphase 
during mitosis. 

In recent years, hormonal active agents have become 
part of chemotherapy because of their ability to alter 
gene transcription and to cause cell death. Topotecan 
and irinotecan belong to a new class of chemothera- 
peutic agent that inhibits toposisomerase I, which is 
responsible for reversible DNA breaks and is necessary 
for DNA replication. These agents are derived from 
camptothecin, which is isolated from the tree Camptotheca 
acuminata. Bone marrow suppression with resultant 
overwhelming sepsis and death can occur from an 
overdose with topotecan.* 


PHARMACOLOGY 


The chemotherapeutic agents can be administered by a 
variety of routes, including intravenous (IV), intra-arterial, 
intravesicular, intracavitary (pleural, peritoneal), intra- 
lesional, topical, and oral. The majority of chemothera- 
peutic agents are administered by the IV route, and only 
a few are given orally. The intrathecal (IT) route of 
administration is limited to MTX and cytarabine (cytosine 
arabinoside). These three routes are the common ones 
associated with overdoses. The selection of the route of 
administration depends on drug stability and the 
intended site of action. Some medications poorly 
penetrate the blood-brain barrier and must be given 
intrathecally for them to be effective in cases of existing 
(or the potential for) brain metastasis. The agents 
available as tablets and associated with overdoses in the 
literature include MTX, busulfan, and melphalan. MTX 
is rapidly absorbed from the gut, with peak serum levels 
achievable within 1 to 2 hours after oral administration. 
Gut bacteria metabolize about 5% of MTX to 2,4 
diamino-N(10)-methylpteroic acid (DAMPA), which is 
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inactive at the dihydrofolate reductase (DHFR) site, but 
will cross react on the clinical TDx assay (Abbott 
Laboratories, Abbott Park, IL) to contribute to the 
overall serum MTX level. In an oral overdose of 
4 mg/kg busulfan tablets, the peak plasma busulfan level 
was observed at 4 hours after ingestion. Typically, 
busulfan does not distribute well into the cerebrospinal 
(CS) space, but at doses higher than 16 mg/kg, 
appreciable CSF levels can be achieved to result in 
seizures. A similar situation occurs when a high dose of 
vincristine is administered. Unique to paclitaxel is its 
49.7% ethanol diluent, which can cause its own toxicity 
in the overdose setting. 

Many of the chemotherapeutic agents distribute in 
the body according to a multicompartment model based 
on the decay of the plasma level. The initial plasma half- 
life for these agents ranges from minutes to hours and 
the terminal half-life ranges from hours to days (Table 
56A-1). Several agents have high plasma protein or tissue 
binding capacities and large volumes of distribution, 
which would limit their ability to be removed by 
hemodialysis. MTX can distribute into third space fluids 
(e.g., peritoneal, pleural) to prolong the terminal half- 
life, which is associated with increased host toxicity. 
Bowel obstruction can also increase MTX’s terminal 
half-life by allowing for the re-uptake of MTX by entero- 
hepatic circulation. 

The majority of the chemotherapeutic agents are metab- 
olized in the liver and the metabolites are eliminated by 
the kidneys through either glomerular filtration or active 
tubular secretion. For some agents, they are eliminated 
unchanged in the urine and require their dose adjusted 
in patients with diminished renal function. Biliary 
elimination accounts for a small amount of total drug 
elimination for certain agents, such as MTX. Some 
agents (e.g., mechlorethamine, cisplatin) undergo 
spontaneous hydrolysis and quickly become reactive 
intermediates upon the administration of the drug. 
Cisplatin’s chloride molecule is replaced by a hydroxyl 
molecule to form monohydroxymonochloro cis- 
diammine platinum, which contributes to renal tubular 
toxicity. This hydrolytic reaction is limited in the 
presence of a high chloride concentration, which is why 
sodium chloride diuresis is performed during high-dose 
cisplatin therapy. For some agents, additional drug 
metabolism occurs intracellularly. MTX undergoes 
polyglutamation inside the cell by the enzyme folyl 
polyglutamate synthetase. This prolongs MTX’s duration 
in the cytosol and activity at the DHFR site. 

Some of the metabolites of the chemotherapeutic 
agents can contribute to host toxicity. For example, 
cyclophosphamide is metabolized by a series of hepatic 
and intracellular enzymatic reactions to phosphoramide 
mustard and acrolein, which are both renally eliminated 
and biologically active. Phosphoramide mustard is the 
active alkylating intermediate, and acrolein is a_by- 
product. Acrolein is a highly reactive aldehyde because 
of the close proximity between the carbonyl and vinyl 
groups in its structure, and is highly irritating to 
epithelial cells. The latter effect may result from 
acrolein’s ability to bind to sulfhydryl groups, which can 
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lead to the disruption of cellular protein activity. In the 
urinary bladder and in high concentration, acrolein can 
cause a hemorrhagic cystitis. This is prevented by 
hydrating the patient to promote urinary flow and to 
lower the urinary acrolein level and by administering 
the thiol agent sodium 2-mercaptoethane sulfonate 
(MESNA) during high-dose cyclophosphamide therapy 
(>120 mg/kg) before bone marrow transplantation. 
Another example of a toxic metabolite is when MTX 
is administered at a dose higher than 1 g/m*. MTX is 
metabolized by aldehyde oxidase to 7-hydroxymethotrexate 
(7OHMTX), which is not active as a folate analog and 
is eliminated uneventfully in the urine. However, this 
metabolite is less soluble than MTX and tends to 
precipitate in acidic pH. During high-dose MTX therapy, 
appreciable levels of 7OHMTX can be achieved to cause 
precipitation in the renal tubules with resultant necrosis 
and renal failure. 


TOXICOLOGIC MANIFESTATIONS 


The toxicologic effects of the chemotherapeutic agents 
in the body are most apparent in cells with a high 
turnover rate, such as those in the epithelium, bone 
marrow, and hair follicle. This is because these agents 
were designed to limit cancerous cell growth by ex- 
ploiting their high rate of mitosis. Thus, patients with 
toxicity will present with mucositis, alopecia, and 
leukopenia. The occurrence of these events post- 
treatment will vary by agent, but can be expected at 
about 3 to 5 days for mucosal epithelial loss and 7 to 13 
days for the nadir effect of leukopenia. The mucosal 
epithelial loss can lead to gastrointestinal bleeding and 
serve as a source for sepsis from the entry of gut bacteria 
into the systemic circulation. MTX, 5FU, bleomycin, and 
doxorubicin are highly associated with mucosal ulcera- 
tions during therapy. The white blood cell count usually 
returns to baseline at 21 to 24 days. For some agents, 
the nadir of the leukopenia can be delayed by weeks 
(e.g., carmustine) or the duration of bone marrow sup- 
pression is much more sustained and can last for months 
to years after the exposure (e.g., busulfan). During 
this period of myelosuppression, patients may require 
blood product replacement, use of granulocyte colony- 
stimulating factors,®” reverse isolation, and antibiotic 
therapy to protect them from overwhelming sepsis. 
Granulocyte colony-stimulating factor has been demons- 
trated to improve neutrophil count response, improve 
rate of recovery from neutropenia, decrease duration 
of febrile neutropenia, and decrease hospital length of 
stay in patients undergoing chemotherapy. Additional 
findings common to overdoses of chemotherapeutic 
agents include nausea, vomiting, and hyperuricemia. 
The onset of nausea and vomiting is within 6 hours 
of exposure, and the effect can last for as long as 24 
hours. 

Chemotherapeutic agents are highly emetogenic, 
especially cisplatin, mechlorethamine, and doxorubicin 
because of their ability to stimulate the emetic center 
located in the medulla from various pathways. These 
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include the chemoreceptor trigger zone (CTZ), which 
can be affected by constituents in the blood or CSF, and 
the solitary tract nucleus, which receives vagal and 
sympathetic innervation by the enterochromaffin cells in 
the intestinal mucosa. The vagal and sympathetic 
afferents can stimulate the emetic center by way of the 
CTZ as well. Because serotonin is involved in many of 
these pathways, ondansetron is an effective antiemetic 
agent for chemotherapeutic agent-induced vomiting. In 
order to assist patients with protracted emesis from these 
agents, the pharmacologic inhibition of the other neuro- 
transmitters involved in these pathways (e.g., dopamine) 
is often necessary, requiring combination drug therapy. 
Certain chemotherapeutic agents cause unique toxi- 
cologic manifestations and they are further discussed in 
the advancing sections. 


Cardiac 


The chemotherapeutic agents causing cardiotoxicity in a 
dose-dependent fashion are cyclophosphamide and the 
anthracycline antibiotics. The pyrimidine analog 5FU 
appears to be associated with manifestations consistent 
with coronary vasopasm during high-dose continuous 
infusion therapy. Doxorubicin and daunorubicin are 
the original anthracycline agents, and their use is limited 
by their oxidative-induced damage to myocardial tissue, 
which can lead to irreversible congestive cardiomyopathy. 
Cardiomyopathy is a significant and consequential effect 
of anthracycline therapy because it is irreversible, can 
lead to congestive heart failure, and is associated with a 
48% mortality rate.” The availability of structural analogs 
(e.g., epirubicin and idarubicin) and liposomal encap- 
sulated formulations of the original anthracyclines allows 
for the continued use of this class of agents with less 
toxicity to the host. For example, the cumulative dose 
for doxorubicin and epirubicin to cause a 20% inci- 
dence of congestive cardiomyopathy is 550 mg/ m° and 
720 mg/m*, respectively.'°'! Daunorubicin and mitox- 
antrone are associated with a 2% incidence at the cumul- 
ative doses of 600 mg/ m° and 140 mg/ mê, respectively. 
In addition to cardiomyopathy, which is a delayed 
effect, the anthracycline agents can cause immediate 
manifestations of cardiac toxicity. These immediate 
effects, occurring within 24 hours of administration, 
include dysrhythmias, ST segment and T wave changes 
on the electrocardiogram, diminished left ventric- 
ular ejection fraction leading to congestive heart failure, 
pericarditis, myocarditis, and sudden death.'*!° The 
repolarization changes on the electrocardiogram are 
observed in about 40% of patients receiving doxoru- 
bicin therapy, and are transient and not associated with 
either total dose or peak serum levels.!*1617 The onset of 
cardiomyopathy is heralded by manifestations consistent 
with biventricular heart failure and its timing, since the 
last course of treatment can be quite variable, ranging 
from months to years. Although this period is usually 
1 to 4 months, it tends be longer for the less toxic 
anthracycline analogs.!°?° 

Cyclophosphamide’s toxic effects on the heart are 
described in patients receiving high-dose therapy for 
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bone marrow transplantation and in the overdose 
setting.*! These patients can develop congestive heart 
failure, hemorrhagic pericarditis, or cardiac tamponade 
resulting in death within days of exposure.**** Patients 
receiving a mean cyclophosphamide dose of 174 mg/kg 
were observed to have greater reductions in QRS voltage 
and increases in left ventricular mass index compared 
with patients treated at a lower dose.** These findings 
were attributed to myocardial swelling from either 
edema or hemorrhage.” Patients at increased risk for 
cardiac effects from cyclophosphamide therapy include 
those who are older than 50 years, have a history of 
cardiac dysfunction,*® or received treatment with 
anthracycline agents or thoracic radiotherapy. 

5FU is associated with myocardial ischemia and 
cardiogenic shock when administered as a high-dose 
continuous infusion.?’ The incidence of cardiac symp- 
toms in patients receiving high-dose continuous infusion 
therapy was observed to be about 10%, which was 10- 
fold higher than patients receiving bolus therapy.® In 
some of these patients, diminished QRS voltage and 
ventricular wall motion normalized within 48 hours of 
discontinuation of 5FU treatment. These manifestations 
are attributed to increased myocardial oxygen demand*® 
and coronary vasospasm,~ which may be a response to 
endothelial damage caused by the metabolite fluoro- 
acetate.” Patients with coronary artery disease or prior 
thoracic radiotherapy are at risk for these events during 
5FU therapy, and they should be treated by discontinu- 
ation of 5FU and with coronary artery vasodilators (e.g., 
nitrates, calcium channel blockers) for myocardial ischemia. 


Neurologic 


The chemotherapeutic agents can cause a variety of 
neurologic effects, including central nervous system 
(CNS) and peripheral nervous system disorders, from 
the systemic administration of an excessive dose. Altered 
mental status and seizures are commonly observed 
during overdoses from the nitrogen mustards, MTX, and 
vincristine. The inappropriate IT administration of 
vincristine or MTX (by dose) can result in seizures as 
well. The putative neurotoxin from chlorambucil and 
ifosfamide overdoses is chloroacetaldehyde, which is 
produced by Ndechloroacetylation in the liver.*’*? The 
seizures from chlorambucil overdoses typically present 
within 6 hours of exposure and are generalized tonic- 
clonic activity, which can last for 24 hours.*** Vin- 
cristine-induced seizures occur much later than those 
caused by the nitrogen mustards; typically at 1 to 7 days 
after exposure. Patients with underlying seizure dis- 
orders, delayed drug elimination,*°*’ or altered drug 
pharmacokinetics (e.g., nephrotic syndrome) (salloum) are 
at risk for seizures during treatment with these agents. 
Vincristine toxicity can cause hypothalamic stimulation 
as well as central autonomic instability. The former can 
lead to fevers and the syndrome of inappropriate 
secretion of antidiuretic hormone (SIADH).*° The 
duration of the fevers can be protracted, lasting for 1 
week after the exposure, and serum electrolyte abnor- 
malities may not present until 10 days after drug 





exposure. The manifestations of central autonomic 
instability include bowel ileus, constipation, atony of 
the urinary bladder, hypertension, and hypotension.” 
Other chemotherapeutic agents associated with altered 
mental status include L-asparaginase, 5FU, and pro- 
carbazine.*! 5FU is associated with cerebellar ataxia 
in less than 5% of treated patients, and the mechanism 
remains to be determined.” 

The neurologic effects from MTX toxicity are variable 
and depend on the nature of the exposure. Chemical 
arachnoiditis occurs within hours of IT treatment and 
manifests as cephalgias, meningismus, pleocytosis, sterile 
CSF, and increased CSF protein and CSF MTX levels. 
The early administration of systemic steroids may limit 
the inflammatory response that is believed to occur 
during this process. A CSF MTX level higher than 
100 umol/L during IT therapy suggests either an 
excessive amount of MTX administered or a CSF outflow 
obstruction.*® Transverse myelopathy can occur from the 
lumbar subarachnoid administration of MTX and is 
typically not a reversible process, which is unlike that of 
chemical arachnoiditis. Neurobehavioral disorders and 
depressed mental status presenting months to years after 
treatment is characteristic of MTX-induced leukoen- 
cephalopathy. The overall incidence of this disorder is 
variable, ranging from 10% to 70%, and patients with 
increased age, intraventricular or IT administration of 
MTX, or prior cranial radiation appear to be at risk for 
developing this finding.“ Computed tomography scan 
and magnetic resonance imaging of the brain can 
demonstrate findings consistent with demyelination and 
necrosis of the white matter.” 

IT overdoses with MTX occur infrequently and are 
associated with devastating outcomes, including per- 
manent neurologic deficits and death. IT therapy is used 
to prevent CNS spread of cancerous cells in patients with 
acute lymphoblastic leukemia. The common cause of IT 
errors is confusing IV for IT medication, which can occur 
with similarly named drugs, multiple medications at the 
bedside, or when varying doses by different routes of 
administration are available for the same medication.*® 
This latter reason accounts for some MTX IT overdoses 
because the higher IV dose was administered as the IT 
dose. The manifestations of toxicity present within 
minutes of the drug’s administration, and include pain 
in the lower extremities, cephalgia, meningismus, and 
depressed level of consciousness. An electroencephalo- 
graph can demonstrate diffuse alterations in electrical 
activity.“ IT overdoses with vincristine also have occurred, 
and the clinical outcome is more devastating than other 
chemotherapeutic agents administered in a similar 
manner.**°? Patients present with findings consistent 
with an ascending myelopathy, and the outcome is typically 
fatal or includes permanent neurologic sequelae. 

Peripheral neuropathies are observed with cisplatin 
and vincristine toxicities and occur in a dose-dependent 
fashion. The neuropathy is classic in its clinical pre- 
sentation, ascending in nature, and can involve both 
sensory and motor components. The incidence of 
paresthesia with vincristine therapy is about 60% at a 
dose of 12 to 25 ug/kg and increases sixfold at a dose of 
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75 ug/ ke The occurrence of neuropathies is higher for 
vincristine than vinblastine. The onset of symptoms dur- 
ing therapy ranges from 2 to 8 weeks after treatment, and 
limits the dosing regimen for vincristine.” For the vinca 
alkaloids, the loss of the Achilles tendon reflex is an early 
finding that can be expected to resolve within 7 weeks 
upon discontinuation of further therapy.” Cranial nerve 
(I-VII and X) and laryngeal nerve involvement have 
been described in association with the vinca alkaloids.*!°4 
In comparison to vincristine, paclitaxel (taxol)-induced 
neuropathies have more of a sensory deficit and a shorter 
recovery period. This may be related to the difference in 
the mechanism of activity of these two agents on 
microtubule synthesis. The peripheral neuropathy 
associated with cisplatin toxicity is primarily a sensory 
disorder, and it is potentiated by the concomitant use of 
other neurotoxic agents, such as paclitaxel. The patient 
will present with paresthesia, and loss of vibratory sense 
and proprioception. Other clinical findings associated 
with cisplatin toxicity include tinnitus, high-frequency 
hearing loss, and retinopathy.” 


Renal 


Chemotherapeutic agents can cause renal toxicity either 
directly or indirectly, resulting from the accumulation of 
breakdown products of cell death (i.e., uric acid). Acute 
uric acid nephropathy is commonly observed during the 
use of these agents for the treatment of leukemia or 
lymphoma. MTX is associated with renal insufficiency at 
doses higher than 500 mg/m? (100 mg/kg). Prior to the 
institution of prophylactic measures, such as hydration 
and urinary alkalinization, MTX was associated with 
renal insufficiency in 30% of the patients receiving 
therapy, and mortality in patients with severe renal 
failure.°° The cause is the precipitation of the 7OHMTX 
metabolite in the renal tubules to cause acute tubular 
necrosis. This metabolite is less soluble than MTX and 
crystallizes in renal tubules in an acidic environment. 
The solubility of 7OHMTX at pH 5.5 is 2 mmol/L and 
increases at a higher pH. Cisplatin is another agent that 
causes renal tubular necrosis in a dose-dependent man- 
ner, and when repeat doses are administered in close 
succession. Protein unbound cisplatin freely enters into 
renal tubular cells, accumulating in the corticomedullary 
region of the kidney to cause distal and proximal tubular 
necrosis. Pretreatment with sodium chloride reduced 
the level of cisplatin and cisplatin metabolites in the 
kidney tissue and urine of treated animals.°’ When the 
cisplatin dose is higher than 50 mg/m*, the frequency of 
renal failure is about 30%. The time of onset for the 
increase in serum blood urea nitrogen (BUN) and 
creatinine is about | to 2 weeks after treatment, which is 
slightly delayed compared to MTX. Hypomagnesemia 
and hypocalcemia are observed during cisplatin toxicity 
and may be attributed to renal loss from tubular injury.*® 
Patients at risk for renal toxicity from these agents 
include the elderly, those with underlying renal disease, 
and those receiving concomitant therapy with nephro- 
toxic agents (e.g., aminoglycosides). 
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DIAGNOSIS 


The diagnosis of a patient with an overdose from a 
chemotherapeutic agent is based on the presence of 
clinical manifestations consistent with the toxicity of the 
agent, historic evidence of the exposure, and laboratory 
findings supporting the exposure or toxicity. In most 
instances, the event will be clearly evident based on 
the history alone because these agents are typically 
administered in the controlled setting of a hospital. 
However, for agents associated with delayed onset of 
clinical toxicity or toxicity from chronic exposure, a 
heightened level of awareness will be necessary to 
establish the relationship between exposure and clinical 
findings.*° 

The mechanisms responsible for the unintentional 
administration of chemotherapeutic agents involve 
either errors in dosage regimens or drug preparations, 
and they should be investigated in situations where the 
exposure is not apparent but suspected.” Some of the 
reasons for the dosage regimen errors include inap- 
propriate dosage, misinterpretation of the protocol, and 
incorrect number for current treatment cycle. Such 
occurrences result from the lack of familiarity with the 
treatment protocol, errors in prescribing, errors in 
administration, errors in interpretation of the written 
order, and lack of familiarity with the patient’s medical 
background. ‘Two common examples of errors in admin- 
istration include doxorubicin (correct, 100 mg/m? for 
over 4 days in divided doses; incorrect, 100 mg/m? daily 
for 4 days) and vincristine (correct, IV dose [0.06 
mg/kg]; incorrect, administered IT). A systemic approach 
to prevent medical errors with chemotherapeutic agents 
is discussed elsewhere.” Patient risk factors for toxicity 
from these agents need to be considered during the assess- 
ment because these may explain the clinical findings. 
These include inability to eliminate or metabolize the 
drug (i.e., renal or hepatic insufficiency), pre-existing 
disorder (e.g., seizures, congestive heart failure, coronary 
artery disease) of the target organ of toxicity, the presence 
of third space fluid compartments (e.g., peritoneal, 
pleural) that can sequester the drug or metabolite, and 
concomitant treatments (e.g., medications or radiotherapy) 
that can potentiate the target organ’s toxicity. 

Drug levels for this class of agents are not routinely 
available in the clinical setting to assist in confirming the 
diagnosis of toxicity. However, analytical assays to 
measure MTX, busulfan,° cisplatin (platinum),°® and 
vincristine®’ are available, and the levels of these agents 
can be used to assess for exposure. Some of the 
chemotherapeutic agents are associated with unique 
manifestations of toxicity such that when these are 
present, the agents should be suspected. For example, 
the anthracyclines are associated with congestive heart 
failure and cardiomyopathy; cisplatin with renal in- 
sufficiency, ototoxicity, and peripheral neuropathy; the 
vinca alkaloids with peripheral neuropathy, SIADH, and 
central autonomic instability; and ifosfamide with 
seizures. 

Certain studies can assist the diagnostic process by 
either confirming the findings on clinical examination 
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or by evaluating for other disorders that may present 
with similar findings. For example, myocardial biopsies 
can evaluate for infectious and ischemic causes of 
cardiomyopathy when anthracycline toxicity is being con- 
sidered. Although this procedure is infrequently used 
for this purpose, it is still used in conjunction with the 
left ventricular ejection fraction to determine the course 
of anthracycline treatment in select cases. The 
electroretinogram can identify retinal disorders of the 
post-photoreceptor neural function that is described 
in patients with visual loss and color aberrations from 
cisplatin toxicity.” Other studies include audiometry to 
evaluate for high-frequency hearing loss from cisplatin 
toxicity; brain computed axial tomography or magnetic 
resonance imaging to evaluate for leukoencephalopathy 
from MTX, hemorrhage, and metastatic lesions; and 
nerve conduction studies to evaluate for sensorimotor 
deficits attributed to a peripheral neuropathy. Drug- 
induced peripheral neuropathies in cancer patients need 
to be differentiated from paraneoplastic syndromes.” 


MANAGEMENT 


The initial approach toward the patient with a chemo- 
therapeutic agent overdose requires the stabilization 
of immediate life-threatening findings. These include 
dysrhythmias, congestive heart failure, seizures, and com- 
plications of pancytopenia (e.g., sepsis). Furosemide, 
inotropic agents, and fluid restriction can be used to 
treat heart failure. Uncontrolled hypertension can be 
managed with a peripheral vasodilating agent, such as a 
calcium channel blocker. This may be necessary because 
vincristine toxicity central autonomic instability can 
occur in this setting. Seizures can be treated with benzo- 
diazepines, barbiturates, and phenytoin. For busulfan, 
phenytoin is used in a prophylactic manner during high- 
dose therapy (>16 mg/kg). Methylene blue (50 mg IV as 
a 1% solution) is used to treat encephalopathy from 
ifosfamide, and it was attributed to an improved patient 
outcome in a small case series.® Blood product replace- 
ment may be necessary because of either anemia or 
thrombocytopenia. In order to protect febrile neutropenic 
patients from overwhelming sepsis, granulocyte colony- 
stimulating factor, reverse isolation, and broad-spectrum 
antibiotics will be necessary. 

There are two events when decontamination is 
important, and they are oral and IT exposures. The 
application of gut decontamination is limited to only a 
few chemotherapeutic agents because of their availability 
as oral formulations. These include MTX, busulfan, 
melphalan, and chlorambucil. The oral administration 
of activated charcoal is indicated when patients present 
in a timely manner following the ingestion. Repeat doses 
of activated charcoal can be used in the setting of 
delayed MTX elimination (e.g., renal failure) to limit 
enterohepatic recirculation of the drug.®%* As for IT 
overexposures, it is imperative to decontaminate imme- 
diately the cerebrospinal space so that the maximal 
amount of drug can be removed. IT decontamination 
consists of CSF drainage, lavage of the cerebrospinal 





space, and ventriculolumbar perfusion.*’ The volume of 
CSF that can be safely removed at one time is dependent 
on the age of the patient. For an adult, up to 75 mL can 
be removed and replaced with an equal volume of 
Ringer’s lactate. Cerebrospinal space lavage is 
accomplished by exchanging CSF with isotonic saline or 
lactated Ringer’s mixed with fresh-frozen plasma to 
minimize protein loss from the CSF. 

Patients need to be adequately hydrated to promote 
renal perfusion because they are at risk for volume 
depletion from gastrointestinal fluid loss. Specific 
approaches to limit renal toxicity by stabilizing either 
parent drug or metabolite are recommended for 
cisplatin and MTX. Sodium chloride promotes the 
anionic state of cisplatin and decreases urine platinum 
concentrations to limit renal toxicity.°°° Therapy with 
0.9% saline hydration and osmotic diuresis with 
mannitol to achieve a urinary output of 1 to 3 mL/kg/hr 
for 6 to 24 hours is recommended. It is important 
to maintain urinary output because platinum renal 
elimination is dependent on urine flow and not on 
creatinine clearance.®” For MTX, the patient needs to be 
adequately hydrated and the urine alkalinized to limit 
renal toxicity from the precipitation of drug metabolite. 
The urine pH should be maintained at >7.0, which can 
be accomplished with a sodium bicarbonate infusion. 

Baseline studies should be obtained upon initial evalu- 
ation of the patient, and they include complete blood 
count, serum electrolytes, BUN, creatinine, liver func- 
tion tests (1.e., aspartate transaminase, alanine transami- 
nase, lactate dehydrogenase, alkaline phosphatase, bili- 
rubin), prothrombin time/partial thromboblastin time, 
urine analysis, and electrocardiogram. If the woman 
may be pregnant, a pregnancy test is necessary to evaluate 
the consequences of the exposure to the pregnancy. 
Trace elements such as magnesium should be monitored 
in the setting of cisplatin toxicity because renal wasting 
can lead to hypomagnesemia. In general, hematologic 
indices should be followed weekly for up to 2 weeks after 
hospital discharge of the patient because myelo- 
suppression may not present until weeks after the expo- 
sure. For many of the chemotherapeutic agents, patients 
with an excessive exposure will require intensive manage- 
ment for their condition. This will include close and con- 
stant monitoring for existing and evolving toxicities 
(e.g., cardiac, CNS, renal), or treatment with either res- 
cue agents or the use of enhanced elimination therapy. 
Thus, these patients need to be admitted to the area in 
the hospital that can provide them with the appropriate 
level of care. 

Drug levels are infrequently monitored during 
chemotherapy and thus are not available in the routine 
clinical setting. However, MTX is an exception, and drug 
levels are monitored to assist patient management in the 
course of therapy. A serum MTX level should be 
obtained initially and repeated at 24 and 48 hours to 
determine the risk for toxicity and the duration of 
leucovorin treatment. An MTX half-life greater than 3.5 
hours within the first 24 hours of exposure or a serum 
MTX level greater than 5 umol/L at 28 hours post- 
exposure is associated with increased risk for toxicity. 
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MTX CSF levels can assist in evaluating symptomatic 
patients at risk for neurotoxicity (e.g., prior meningeal 
disease) from either an overdose or a CSF outflow 
obstruction. In both cases, the CSF MTX level would be 
elevated. The common clinical method for measuring 
MTX is the fluorescence polarization immunoassay 
(TDx), which has a level of sensitivity of 0.01 umol/L and 
can accept various biologic specimens (e.g., plasma, 
serum, urine, and CSF). The notable interferents with 
this method are MTX metabolites, such as 7OHMTX 
and DAMPA. 


Rescue Agents 


Rescue agents or chemoprotectants®” are medications 
that limit host toxicity from the effects of drugs used in 
chemotherapy. The role for rescue agents in the man- 
agement of patients with chemotherapeutic agent tox- 
icity is limited because of the few drugs available and the 
need to use them in a timely manner. These rescue 
agents were designed for pretreatment and not post- 
treatment therapy. Thus, when an exposure is recognized, 
it is important to administer the rescue agent imme- 
diately once the decision is made to use it. Rescue agents 
are available for MTX (folinic acid, carboxypeptidase), 
cisplatin (amifostine, thiosulfate), and the anthracycline 
antibiotics (dexrazoxane). Although glutamic acid is not 
considered a rescue agent because of its nonspecific 
activity, it has been used during vincristine therapy to 
limit peripheral neuropathy based on animal evidence.” 
Patients treated with glutamic acid were observed to have 
improved deep tendon reflex and sensory responses,”! 
and a shorter duration of myelosuppression.” The ther- 
apy is benign and should be offered to overdosed pa- 
tients. The dose for glutamic acid is 500 mg every 8 
hours, by mouth or IV. 

Folinic acid (leucovorin) is used to limit the toxic 
effects of MTX on host cells by allowing for the con- 
tinuation of biochemical processes that are dependent 
on tetrahydrofolate. Tetrahydrofolate is necessary for 
single carbon transfer reactions that are critical to the 
formation of certain amino acids, purine nucleotides, 
and thymidylate. The latter two products are necessary 
for the synthesis of DNA and RNA. MTX blocks the 
reduction of dihydrofolate to tetrahydrofolate by 
inhibiting DHFR. The addition of reduced folate analogs 
(e.g., folinic acid [5-formyl-5,6,7,8-tetrahydro-folic acid] ) 
allows for continued cell function and survival by 
bypassing this enzymatic blockade. The beneficial effects 
of folinic acid have been demonstrated to decrease 
gastrointestinal mucosal disruption and bone marrow- 
suppressive effects during high-dose MTX therapy. The 
use of folinic acid is indicated when the serum MTX level 
is anticipated to be greater than 0.01 Umol/L, which can 
occur during high-dose MTX therapy, in the overdosed 
patient or in a patient with delayed MTX elimination. 
Although the effective MTX concentration to inhibit 
DHFR is 0.5 umol/L, it is generally accepted that a level 
of 0.01 umol/L is not likely to have any toxicologic effects, 
and folinic acid rescue treatment is recommended until 
this level is achieved. The IV route of administration is 
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preferred for folinic acid in the acute setting or in the 
patient with toxic manifestations. This is because of the 
efficiency of drug administration and the limitations 
associated with the oral route in this setting. These 
include incomplete gut absorption’? and lack of 
compliance, which can result in the patient with mucosal 
ulcerations. The dose of folinic acid is from 15 to 25 mg 
orally, and up to 1000 mg/ m* IV, and is administered 
every 6 to 8 hours. When 100 mg/ m° folinic acid was 
administered IV over 4 hours, it achieved a steady-state 
reduced folate level of 4 Umol/L.” Folinic acid should 
be administered IV during IT MTX overexposures to 
limit systemic toxicity from the distribution of MTX from 
the cerebrospinal space to the systemic circulation. 
Folinic acid is not to be administered intrathecally for IT 
MTX overdoses because this route of administration was 
associated with a fatal outcome.” Serum MTX levels 
should be monitored daily to determine adjustments in 
dose and therapeutic end point during the use of folinic 
acid. Folinic acid therapy is benign, and treatment 
should not be delayed in anticipation of a serum MTX 
level in patients with an MTX overdose. 

Carboxypeptidase (NSC-641273) is a bacterial enzyme 
that effectively deactivates MTX by cleaving the glutamyl 
residue. This rescue agent is under investigatory use to 
degrade MTX during situations of host toxicity. 
Carboxypeptidase has been used systemically (1.e., IV) 
and in the cerebrospinal space for IT overdoses with 
success.” This agent is made available through the 
National Institutes of Health, and the indications for use 
include renal failure and an elevated serum MTX level”® 
or IT overdoses (protocol number 92-C-0137). The 
contact information is as follows: Clinical Studies Support 
Center/National Cancer Institute, telephone (888) 624- 
1937, fax (301) 881-8239, website http://ccr.ncifcrf.gov/ 
trials/cssc/patients/search.asp, and e-mail address ncicssc 
@mail.nih.gov. A limitation to the use of carboxypep- 
tidase is host sensitization, which has not been previously 
described. 

Amifostine (Ethyol, MedImmune Oncology, Inc., 
Gaithersburg, MD), and sodium thiosulfate are thiol 
agents that have been clinically used to limit cisplatin- 
induced nephrotoxicity. Although only amifostine is 
approved by the Food and Drug Administration to protect 
against nephrotoxicity, the mechanism by which these 
thiol agents work to counteract cisplatin are different. 
Thiol agents have long been studied for their protective 
effects from cisplatin toxicity. Several mechanisms are 
proposed by which these agents elicit their protection, 
and they include binding to reactive cisplatin inter- 
mediates, scavenging for free radicals, or regenerating 
intracellular glutathione.” Amifostine is an organic thiol 
agent and is activated by intracellular alkaline phosphatase. 
It is most effective when administered prior to cisplatin, 
and may offer additional beneficial effects by limiting 
myelosuppression, mucositis, and neuro-toxicity.’”*” 
Amifostine administration can cause hypotension; thus, 
the patient needs adequate hydration and frequent 
blood pressure monitoring during the use of this drug. 
Sodium thiosulfate works by binding to extracellular 
protein unbound platinum species, which limits the metal’s 
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deposition in the renal tubules to cause damage.” There 
is some evidence that thiosulfate may limit neurotoxicity 
from cisplatin as well.®°®! Thiosulfate needs to be 
administered soon after cisplatin exposure to obtain 
maximal benefit, and as an infusion because of its short 
plasma half-life (approximately 20 minutes). When 
thiosulfate was administered as an IV bolus of 
4 g/ m* and continued as an infusion of 12 g/m? over 6 
hours, it was shown to limit renal toxicity in patients 
receiving cisplatin at a dose as high as 270 mg/m/?.**°° 
BNP7787 is a disulfide of MESNA and is being investi- 
gated as another thiol rescue agent for cisplatin toxicity. 
In controlled animal trials, BNP7787 was shown to limit 
cisplatin-induced nephrotoxicity and myelosuppression.** 

Dexrazoxane is used to limit cardiotoxicity during 
doxorubicin therapy of women with breast cancer and 
who are receiving doses higher than 300 mg/ m°. This 
agent is a cyclic analog of ethylenediaminetetra-acetic 
acid (EDTA) and forms an intracellular intermediate to 
chelate iron to interrupt the formation of free radicals 
responsible for cardiotoxicity. Dexrazoxane treatment is 
associated with improved left ventricular ejection 
fraction and decreased incidence of congestive heart 
failure following doxorubicin therapy.” During chemo- 
therapy, dexrazoxane is administered 30 minutes prior 
to doxorubicin treatment, and in a dose ratio of 10:1. 
Although further investigations are necessary to define 
the role of this rescue agent in the overdose setting, its 
use may benefit patients with doxorubicin overdoses, 
and the oncologist should be consulted on this topic. 
Amifostine®® and monohyroxyethylrutoside®” are being 
considered as new rescue agents to protect patients from 
the cardiotoxic effects of the anthracycline agents. 


Enhanced Elimination 


The application of enhanced elimination for patients 
with chemotherapeutic agent overdoses is based on the 
limited experience and variable success with a few 
agents. These include busulfan, ifosfamide, cisplatin, 
doxorubicin, mitoxantrone, MTX, and vincristine. The 
factors significantly contributing to the effectiveness of 
these approaches include timeliness of intervention and 
the extent of either tissue binding or tissue distribution 
by the chemotherapeutic agent. The protein-binding 
capacity of the agent is important when hemodialysis is 
being considered. Hemodialysis has been used to 
enhance the elimination of busulfan in renal failure 
patients during therapy*®*” and in an overdosed patient. 
This procedure may be effective for ifosfamide expo- 
sures”? as well. In a 4.6-kg infant who received a four 
fold overdose of busulfan tablets, hemodialysis was 
instituted at 9 hours following exposure and continued 
for 3 hours at a flow rate of 68.3 mL/min.° During 
hemodialysis, the plasma half-life for busulfan was 1 hour 
and the clearance was 61 mL/min/kg, which were 
improved from the pretreatment values of 1.6 hours and 
41 mL/min/kg, respectively. 

Hemoperfusion is the preferred method for the 
enhanced elimination of MTX because of its greater 
efficiency compared to hemodialysis.2' Hemodialysis 





should be reserved for patients with both an elevated 
serum MTX level and renal failure because MTX is 
efficiently eliminated by normal functioning kidneys.?*”° 
At 24 hours, about 85% of MTX administered IV is 
eliminated by the body. Delayed endogenous clearance 
of MTX occurs when the creatinine clearance is less 
than 60 mL/m?/min. Hemoperfusion may be effective 
in removing doxorubicin because it was shown 
to increase doxorubicin clearance by 20-fold in animal 
experiments,”* and to rapidly decrease serum drug levels 
in patients with doxorubicin overdoses.” However, 
hemoperfusion was less successful in removing mito- 
xantrone in an overdosed patient even though it was 
initiated within hours of the drug’s administration.”° The 
lack of efficacy in this latter situation may be attributed 
to this drug’s extensive tissue-binding capacity or tissue 
distribution. 

Plasmapheresis is best used to enhance the elim- 
ination of chemotherapeutic agents with a high capacity 
for protein binding. Plasmapheresis is the preferred 
approach to remove cisplatin because it was shown to be 
more effective than hemodialysis,°2°”? and associated 
with improved symptoms following a decline in plasma 
drug level.°? In an event where a patient received 400 
mg/m* of cisplatin, plasmapheresis was initiated the day 
after drug exposure and continued for 12 days for a total 
of nine sessions. The plasma cisplatin level declined from 
2470 ng/mL to 216 ng/mL, and the patient’s mental 
status improved after the fifth session.”? Plasmapheresis 
should be initiated soon after the exposure to limit 
further distribution of cisplatin into the intracellular 
space, but can still be of benefit when administered days 
after the initial exposure. For vincristine overdoses, 
plasmapheresis!!! and exchange transfusion” have 
been demonstrated to lower plasma drug levels and, 
possibly, shorten the duration of toxicity. Plasmapheresis 
and exchange transfusion were initiated at 6 hours post- 
exposure, and drug levels decreased from pretreatment 
levels by 23% and 65%, respectively. It is important to 
institute these procedures soon after exposure to 
maximize removal of the drug while it remains in the 
blood compartment. 


SUMMARY 


Chemotherapeutic agent overdoses are associated with 
high morbidity and mortality because of the cell-specific 
mechanism of action and the narrow therapeutic 
window of the drugs in this class. The causes of the 
exposure are typically iatrogenic and involve several 
mechanisms that can be categorized as errors in either 
dosage regimen or drug preparation. The manifestations 
of toxicity common to these agents include pancy- 
topenia, nausea, vomiting, mucositis, and alopecia. The 
presence of additional clinical findings, such as cardiac 
dysrhythmias and failure, renal insufficiency, seizures, 
peripheral neuropathies, and electrolyte abnormalities 
will vary by the chemotherapeutic agent. The manage- 
ment of these patients includes stabilization of 
immediate life-threatening disorders, decontamination, 
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administration of rescue agents, and institution of 
enhanced elimination. Despite all of these modalities, 
prevention remains the best treatment for these patients. 


This chapter was written by Richard Y. Wang in his 
private capacity. No official support or endorsement by 
the CDC is intended or should be inferred. 
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Thalidomide 


MICHAEL W. SHANNON, MD, MPH 


At a Glance... 


m Thalidomide has many useful clinical properties, possessing 
sedative-hypnotic, antibiotic, anti-inflammatory, anti-angio- 
genesis, and immunomodulatory effects. It consequently has a 
wide range of potential clinical uses. 

m Thalidomide is also a very potent teratogen, capable of 
producing birth defects after a single dose. The limb deformity 
phocomelia is the best characterized of thalidomide’s effects. 

m Adverse effects of thalidomide when taken therapeutically 
include somnolence, rash (including Stevens-Johnson syndrome), 
peripheral neuropathy, and hepatotoxicity. 


Thalidomide is one of the most notorious drugs ever 
created. The agent was used around the world for 
approximately 5 years before its role as a potent 
teratogen was recognized. Banned after producing a 
generation of children with severe birth defects, the drug 
began making a surprise comeback in the 1980s. In 1998, 
thalidomide was approved by the Food and Drug 
Administration (FDA) for use in erythema nodosum 
leprosum. Since that time, the drug’s list of clinical 
indications has proliferated as its broad range of 
pharmacologic actions are exploited to treat leprosy, 
multiple myeloma, leprosy, and many other disorders. 


HISTORY 


Thalidomide was first released in Germany as the drug 
Contergan in 1956 and in England in 1958 as Distaval. 
Originally developed to be an antibiotic, it was found 
to have a useful sedative effect. It was approved as a 
sedative-hypnotic, safer than barbiturates and other 
central nervous system (CNS) depressants of its era. Its 
liquid form was often given to crying children, earning it 
the title “West Germany’s baby sitter.”! Proving to be 
effective in hyperemesis gravidarum, it became a popular 
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drug for the nausea of pregnancy, with the added benefit 
of offering women a full night’s sleep. Having an 
excellent safety profile, its use rapidly grew; it quickly 
became the third largest selling drug in Europe; at its 
peak it was sold in 48 countries.* In North America, it was 
used briefly in Canada as the drug Kevadon; for a brief 
period Kevadon was distributed illegally in the United 
States. However, when a new drug application to market 
Kevadon in the United States was filed with the FDA in 
1960, the drug’s approval was deferred by Dr. Frances O. 
Kelsey because reports of thalidomide-associated 
peripheral neuropathy had begun to appear and 
because animal safety data seemed inadequate. As the 
FDA continued to seek more data, in November 1961 
thalidomide’s role in causing phocomelia (“seal limb”) 
in the offspring of women who used the drug during 
pregnancy was reported almost simultaneously by Drs. 
Lenz in West Germany and McBride in Australia. The 
drug was promptly removed from the market. By 1962, 
phocomelia, amelia, and other birth defects in more 
than 12,000 children in 46 countries were attributed to 
thalidomide; at least 17 cases of phocomelia occurred in 
the United States.° While phocomelia, an obvious and 
debilitating birth defect, became synonymous with 
thalidomide, cardiac defects and other anomalies were 
also found in the progeny of pregnant women who used 
thalidomide.* Birth defects were associated with 
ingestion of as little as a single dose. 

After its worldwide withdrawal in 1961, the drug was 
shunned for only a few years. In 1965 its efficacy in the 
treatment of erythema nodosum leprosum (ENL) was 
discovered. After years of growing scientific interest, and 
drug research and development, in July 1998 the FDA 
approved thalidomide for the treatment of ENL, a 
debilitating condition associated with lepromatous 
leprosy. Soon thereafter it was shown to be valuable as a 
treatment for aphthous ulcers, leading to its approval for 
this indication in 2001. Once clinical and experimental 
data indicated that thalidomide was also a potent 
angiogenesis inhibitor, its clinical role expanded even 


BOX 56-1 


Dermatologic 


Prurigo nodularis 
Pyoderma gangrenosum 
Actinic prurigo 

Erythema multiforme 
Uremic pruritis 

Bullous pemphigoid 
Cicatricial pemphigoid 
Toxic epidermal necrolysis 


Autoimmune 

Chronic graft-versus-host 
disease 

Lupus erythematosus 

Rheumatoid arthritis 

Cold hemagglutination disease 

Ankylosing spondylitis 


Neurologic 


Postherpetic neuralgia 


Other 


Sarcoidosis 
Behcet's disease 


HIV, human immunodeficiency virus 


more. Thalidomide is now used for a broad range of 


conditions (Box 56-1). 
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Digestive/Gastrointestinal 


Recurrent aphthous ulcers 
Ulcerative colitis 


Oncologic 


Langerhans’ cell histiocytosis 
Multiple myeloma 
Lymphoma 

Prostate cancer 

Renal cell carcinoma 


Infectious 

Erythema nodosum leprosum 

HIV-associated wasting syndrome 

Tuberculosis-associated weight 
loss 

HIV-associated proctitis 

HIV-associated Microsporidium 

diarrhea 

Hepatitis 


Vascular 
Diabetic retinopathy 
Macular degeneration 





Thalidomide is a glutamic acid derivative. Its structure is 
shown in Figure 56-1. The agent is available in 50-, 100-, 
and 200-mg capsules. For most of its clinical uses, 
thalidomide is prescribed in a dose of 3 to 6 mg/kg/day, 
taken in one to four divided doses. Customary doses 
are 200 to 800 mg daily. Absorption of thalidomide from 
the gut is slow but extensive; a 200-mg dose produces a 
peak concentration of 1 to 2 mg/L at 3 to 4 hours.” 
Distribution characteristics include plasma protein 
binding of approximately 60% and an apparent volume 
of distribution (Vd) of approximately 1 L/kg.°° 
Thalidomide is primarily biotransformed through 
spontaneous, nonenzymatic hydrolytic cleavage. The 
drug also undergoes metabolism by the cytochrome 
P-450 isoenzyme CYP2C19. Multiple metabolites have 
been identified; certain drug effects (e.g., antiangio- 
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FIGURE 56-1 Thalidomide structure. 





genesis activity) are attributed to its metabolites rather 
than to the parent drug. The drug’s elimination half-life 
is approximately 6 hours. Thalidomide metabolites are 
eliminated in urine and feces within 48 hours of a dose; 
there is little excretion of unchanged drug. Drug 
pharmacokinetics are not altered by repeat dosing. 
Thalidomide possesses no significant drug interactions. 

Having a broad range of clinical effects, thalidomide 
has unclear cellular mechanisms of action. However, on 
a macroscopic level, the drug appears to have four primary 
actions: (1) immunomodulatory, (2) anti-inflammatory,’® 
(3) antiangiogenesis, and (4) hypnosedative. Thalido- 
mide is an immunostimulant, producing an increase in 
total lymphocyte count and CD8*" T cells. It also increases 
interferon-y production’ while significantly lowering 
levels of circulating tumor necrosis factor-a (TNF-a, also 
referred to as cachectin). For many conditions, its 
efficacy is based on this action. For example, ENL is 
associated with high circulating levels of TNF-a; 
thalidomide’s efficacy correlates with falling TNF-a 
concentrations. Recurrent aphthous ulcers and Behcet’s 
disease, other conditions for which thalidomide is useful, 
are also associated with elevated circulating TNF-a.!0"! 
Sedative effects of the drug appear to have a mechanism 
different from barbiturates; rather than enhancing y- 
aminobutyric acid (GABA)-mediated neurotransmission, 
thalidomide appears to activate sleep centers in the 
forebrain.” Recent data also suggest that thalidomide is 
an inhibitor of nitric oxide synthase.'” 

Although thalidomide is FDA approved only for the 
treatment of recurrent aphthous ulcers and erythema 
nodosum leprosum, the range of disorders for which it 
has been used, with reported clinical benefit, is extensive 
(see Fig. 56B-1). It has been used successfully to treat 
infectious conditions such as HIV-associated wasting 
syndrome and tuberculosis-associated weight loss. It has 
also been used to treat chronic graft-versus-host disease. 
However, its most rapidly expanding use has been as a 
chemotherapeutic agent for select cancers, including 
multiple myeloma,'*'® prostate cancer, myelofibrosis, 
renal cell carcinoma, lymphoma, Kaposi’s sarcoma, and 
thyroid cancer.'” It has also been used to treat a number 
of autoimmune or idiopatic disorders, including 
ankylosing spondylitis, sarcoidosis,'® and inflammatory 
bowel disease.!%?° 


TOXICITY 


The mechanisms of thalidomide toxicity are equally 
unclear. By whatever mechanisms, the drug is associated 
with a very broad range of adverse effects (Box 56-2). 
These toxicities are found in those taking the drug 
chronically; acute single overdose of thalidomide appears 
to produce only mild sedation; ingestions of as much as 
14 g have led to minimal toxicity." 

The adverse effects associated with chronic thalidomide 
use include somnolence, rash, fatigue, constipation, 
abdominal pain, Stevens-Johnson syndrome, elevated 
liver enzymes, and peripheral edema.® Endocrine effects 
are also multiple and include hyperprolactinemia (with 





BOX 56-2 


Neurobehavioral Dermatologic 


Brittle fingernails 
Exfoliative dermatitis 
Face/limb edema 

Pruritus 

Red palms 
Stevens-Johnson syndrome 


Dizziness 

Increased appetite 
Mood changes 
Peripheral neuropathy 
Sedation or drowsiness 


Digestive/Gastrointestinal 


Elevated hepatic transaminases 
Constipation 
Nausea 


Hematologic 
Neutropenia 
Thrombocytopenic purpura 


Cardiovascular 
Allergic vasculitis 

Deep venous thrombosis 
Thromboembolism 


Endocrinologic/Reproductive 
Antithyroid effect 

Decreased libido 

Galactorrhea 

Hyperprolactinemia 
Hypoglycemia 

Increased adrenocorticotropic hormone 
Menstrual abnormalities 





accompanying galactorrhea), an antithyroid effect,“ and 
amenorrhea.?”% 

Peripheral neuropathy has been a recognized adverse 
effect of thalidomide since it was first released. The 
neuropathy characteristically affects sensory rather than 
motor neurons and lower more than upper extremities.** 
Victims often complain of distal lower extremity painful 
paresthesias. The neuropathy seems to be dose related, 
although dose-unrelated occurrences have also been 
reported.” At-risk groups are females rather than males 
and the elderly. The neuropathy is partially reversible and 
can be either an axonal length—dependent neuropathy or 
a ganglionopathy.*° 

Other clinical toxicities include sinus bradycardia, 
particularly in those taking other medications that 
decrease heart rate,” deep venous thrombosis, pulmonary 
embolus, and other thromboembolic events.*829 

As many as 30% of subjects must cease thalidomide 
use due to unacceptable adverse effects.°° 


TERATOGENICITY 


Thalidomide is a powerful teratogen, producing effects 
when taken during much of pregnancy, particularly days 
34 to 50 after the final period. The main categories of 
thalidomide embryopathy include limb deformity, cranio- 
facial defects (microtia or anotia, eye defects, choanal 
atresia), cardiac disturbances (ductus arteriosus, conotro- 
cal defects, septal defects), intestinal disorders (duo- 
denal atresia, anal atresia, pyloric stenosis), genito- 
urinary tract abnormalities (ectopic kidney, vaginal 
duplication, renal/testicular agenesis), and lung abnor- 
malities. Limb deformities such as phocomelia occurred 
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when women took any amount of thalidomide during 
the 20th to the 36th day of pregnancy. Most birth defects, 
including phocomelia, have been attributed to the 
drug’s antiangiogenesis effects. Thalidomide does not 
produce second-generation birth defects.°! 

When it approved thalidomide, the FDA and drug 
manufacturer instituted severe controls over the drug. 
To minimize the risk for birth defects, the FDA has 
mandated that physicians prescribing thalidomide be 
registered in the System for Thalidomide Education and 
Prescribing Safety (STEPS) program. Patients taking the 
drug must receive drug education and acknowledge that 
they received this education. Women must agree in 
writing to have no intercourse or to use two methods of 
birth control should they engage in intercourse. Women 
must also undergo periodic pregnancy tests. 


MANAGEMENT 


Acute overdose of thalidomide should be treated with 
initial stabilization and supportive care. Sedation can be 
anticipated. Activated charcoal adsorbs thalidomide and 
is a potentially valuable intervention, particularly if 
administered within 1 to 2 hours of ingestion. There are 
no specific laboratory data that would be useful in the 
diagnosis and management of thalidomide toxicity. An 
electrocardiogram and an arterial blood gas or pulse 
oximetry with end-tidal CO, monitoring can be useful 
adjuncts in management. Other tests (e.g., toxic screen 
testing) may be useful to rule out coingestions. There is 
no known method of enhancing the elimination of 
thalidomide; elimination enhancement should not be 
necessary since patients quickly recover without 
sequelae. A pregnancy test should be considered in 
women of childbearing age since thalidomide ingestion 
during pregnancy has grave implications that may 
require pregnancy counseling. Patients with acute 
overdose who are asymptomatic or who have only 
transient lethargy can be safely discharged from the 
emergency department with close follow-up. 
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Transplant Agents and Other 
Immunosuppressives 


SHARITA E. WARFIELD, MD, MS m MATTHEW W. HEDGE, MD 


At a Glance... 


m Transplant agents and other immunosuppressives are being 
used increasingly as the prevalence of solid organ and cell 
transplant recipients increases. 

m All transplant agents have important drug—drug or drug—food 
interactions, requiring careful dosing and close monitoring. 

m Tacrolimus and cyclosporine, the most common transplant 
agents, are metabolized by CYP3A3. Their metabolism can be 
significantly slowed in the presence of CYP3A inhibitors, leading 
to elevated concentrations and resulting toxicity. 

m The major toxicity resulting trom tacrolimus and cyclosporine 
overdose is renal injury. 


Transplantation of vital organs such as the kidney, liver, 
pancreas, heart, and bone marrow is efficiently used as a 
form of treatment for end-stage organ disease. It is the 
role of the body’s immune system to discriminate 
between self and nonself cells in the body and destroy 
the nonself cells. When an organ transplant is 
introduced to the body, it is recognized as foreign. It is 
this response that leads to transplants being rejected. 
Historically, immunosuppressive agents have been used 
to ensure the success of organ transplantation. However, 
the use of these agents was not without consequence. 
Older agents used in single and multiple drug protocols 
had many undesirable effects. The discovery and 
refinement of current conventional immunosuppressive 
agents, which function in a nonspecific manner to 
suppress the immune system, has helped revolutionize 
the field of transplantation. 

Until recently, these agents provided the mainstay of 
clinical immunosuppression with antiproliferative 
activity. They included antimetabolites, alkylating agents, 
and irradiation. The current belief is that T lymphocytes 
are primarily responsible for graft rejection. The intro- 
duction of agents that specifically act on T lymphocytes 
(cyclosporine, tacrolimus [FK506], and azathioprine) 
dramatically changed the outcome after transplantation. 

The use of immunosuppressive agents extends beyond 
organ graft protection. Many newer agents have shown 
efficacy in the treatment of dermatologic disorders 
including seborrheic dermatitis, cutaneous lupus 
erythematous, vulvar lichen sclerosus, and _ vitiligo.!* 
Some older agents have shown efficacy in the treatment 
of the vasculitides, rheumatoid arthritis, and multiple 
sclerosis.” In general, overdose of transplant agents is 
rare. However, increasing indications for the newer 
agents coupled with the occasional dosing errors with 


the older agents have sparked an interest in better 
understanding the toxicity and adverse effects of these 
drugs. 


TACROLIMUS (FK506) 


Pharmacology 


Tacrolimus (FK506) is a macrolide immunosuppressant 
derived from Streptomyces tsukubaensis. It has been used in 
liver, heart, kidney, and other experimental forms of 
transplantation. It is similar to cyclosporine in its mode 
of action, efficacy, and toxicity profile. The exact 
mechanism by which tacrolimus produces immunosup- 
pression remains unknown. It is proposed that 
tacrolimus inhibits T-lymphocyte activation by binding to 
an intracellular protein, FKBP-12. A complex is formed 
between tacrolimus and FKBP-12, calcium, calmodulin, 
and calcineurin. This complex inhibits the phosphatase 
activity of calcineurin. The inhibition of calcineurin is 
believed to prevent the dephosphorylation and translo- 
cation of nuclear factor of activated T cells (NF-AT), 
which is the cellular component thought to initiate gene 
transcription for the formation of lymphokines such as 
interleukin-2 (IL-2) and interferon-y. Tacrolimus also 
inhibits the transcription for genes that encode IL-3, IL- 
4, IL-5, granulocyte-macrophage colony-stimulating 
factor (GM-CSF), and tumor necrosis factor-a (TNF-a), 
all of which are involved in the early stages of T-cell 
activation. In addition, it inhibits the release of 
preformed mediators from skin mast cells and basophils, 
as well as potentiating the effects of corticosteroids. 


Pharmacokinetics 


The pharmacokinetic profile of tacrolimus has been 
studied extensively in adults and children. Bioavailability 
after oral administration averages 17% to 22%. The 
presence of food, particularly a high-fat meal, decreases 
the rate and extent of tacrolimus absorption. Peak 
whole-blood levels are achieved within 1.5 to 3 hours 
after oral dosing.”* Tacrolimus is highly protein bound 
and also binds to erythrocytes and lymphocytes. The 
volume of distribution in adults is 1.4 to 1.9 L/kg; in 
children, it is 2.6 L/kg. Tacrolimus is primarily metab- 
olized in the liver via cytochrome P-450 isoenzymes 
CYP3A4 and CYP3A5. The metabolites are eliminated in 
the bile at a rate of 0.04 to 0.08 L/kg/hr in adults and 
0.14 L/kg/hr in children. The elimination of tacrolimus 
is not affected by renal or mild hepatic dysfunction; 
however, in patients with severe hepatic dysfunction or 
hepatitis C, the clearance rate is prolonged.” 
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Tacrolimus is available in the United States and 
Canada in three formulations: oral, parenteral, and a 
topical ointment. Dosage varies and is based on body 
weight. Typically for adults, teenagers, or children, the 
oral dose will be 0.1 to 0.3 mg/kg/day. The parenteral 
dose is 0.01 to 0.05 mg/kg/day. 


DRUG INTERACTIONS 

The metabolism of tacrolimus by CYP3A increases the 
risk of drug interactions when it is used with drugs that 
are also metabolized via the cytochrome P-450 enzyme 
system. A variety of drug classes cause increased 
tacrolimus concentrations, including antifungal agents, 
corticosteroids, calcium channel blockers, macrolide 
antibiotics, and gastrointestinal (GI) prokinetic agents. 
Other substances such as cyclosporine, metronidazole, 
cimetidine, and grapefruit juice may lead to decreased 
tacrolimus concentrations. Nephrotoxicity has been 
reported in patients taking tacrolimus; the concomitant 
use of other nephrotoxins such as amphotericin, amino- 
glycosides, cisplatin, or nonsteroidal anti-inflammatory 
agents (NSAIDs) may place the patient at increased risk 
for this adverse effect.”* 


Toxicology 
CLINICAL MANIFESTATIONS 


Data are limited on cases of overdoses with tacrolimus. 
However, chronic overdose is known to cause nephro- 
toxicity. This usually is manifested early in therapy as an 
increase in serum creatinine and a decrease in urine 
output. Dosage adjustment or discontinuation of therapy 
will usually reverse the nephrotoxic effect. Neurotoxicity, 
which appears more commonly in patients with elevated 
tacrolimus concentrations or hepatic dysfunction, has 
also been reported. In severe cases, it may manifest as 
seizures, delirium, or coma. Some individuals may have a 
genetic predisposition to developing tacrolimus-induced 
neurotoxicity.° 


ADVERSE EFFECTS 

The most common adverse effects associated with 
tacrolimus are listed in Box 57-1. Type 1 diabetes mellitus 
develops in approximately 20% of patients taking 
tacrolimus. It appears to be more common in African 
Americans, in patients receiving high-dose corticosteroids, 
and in patients with elevated tacrolimus levels.”° 


Management 


Supportive care is the mainstay of therapy. A single dose 
of charcoal should be given after an acute overdose to 
help decrease absorption. Benzodiazepines can be used 
to treat agitation and seizures if they develop. Currently, 
no robust data support the use of multiple-dose activated 
charcoal or hemodialysis as treatment for tacrolimus 
overdose. 
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BOX 57-1 


CNS Pulmonary 


Tremor Pleural effusion 
Confusion Edema 
Headache Atelectasis 
Hallucinations 

Dizziness GI 

Asthenia Nausea 
Insomnia Diarrhea 
Agitation Pain 

Seizures Constipation 


Metabolic 


Dermatologic 
Hyperkalemia Rash 


Hypomagnesemia 
Hyperglycemia 
Hypertension 


Pruritus 
Alopecia 


AZATHIOPRINE 


Pharmacology 


Azathioprine was originally approved by the Food and 
Drug Administration (FDA) in 1968 for use as an adjunct 
immunosuppressant agent. It was often used in combi- 
nation with corticosteroids for solid organ transplan- 
tation. In recent years, azathioprine use has markedly 
declined and has been replaced by mycophenolate. 
Azathioprine is a pro-drug that is converted in the body 
to 6-mercaptopurine (6-MP). 6-MP is a purine analog 
that acts as an antimetabolite immunosuppressive agent 
inhibiting T-cell proliferation by interfering with the 
synthesis of nucleotides. Azathioprine is also used to treat 
Crohn’s disease, lupus nephritis, rheumatoid arthritis, 
psoriasis, myasthenia gravis, and other autoimmune 
diseases. 


Pharmacokinetics 


Orally, azathioprine is well absorbed. Azathioprine is 
rapidly eliminated from the blood and converted in the 
liver by xanthine oxidase to 6-MP, which is then 
metabolized to 6-thiourate and several other metabolites. 
These metabolites are excreted in the urine; no 
azathioprine or 6-MP can be detected in the urine after 
8 hours. The plasma half-life of azathioprine is less than 
15 minutes, and the half-life of 6-MP is 1 to 3 hours. 
Azathioprine is 30% protein bound and only partially 
dialyzable. 

The drug is available in two forms: an oral 50 mg tablet 
and an injectable solution of 100 mg/20 mL vial. The 
intravenous and oral doses are equivalent. Intramuscular 
injection is not advised. The initial recommended dose is 
3 to 5 mg/kg once a day, and the maintenance dose is 
reduced to | to 2 mg/kg once a day. Dose reduction is 
necessary in patients with impaired renal function. 
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DRUG INTERACTIONS 

The use of azathioprine with drugs including cotrimoxa- 
zole, carbamazepine, and ganciclovir affects leukocyte 
production and thus may induce hematologic toxicity in 
patients. The use of angiotensin-converting enzyme 
(ACE) inhibitors in patients taking azathioprine has 
been reported to cause anemia and severe leukopenia."* 
Severe leukopenia can develop particularly in renal 
transplant patients. Allopurinol inhibits xanthine oxidase, 
the enzyme responsible for the inactivation of 6-MP to 6- 
thiouric acid and other metabolites. The use of azathio- 
prine and allopurinol in combination causes 6-MP to 
accumulate and places the patient at risk for marked 
immunosuppressive effects from azathioprine. Therefore, 
the dose of azathioprine should be reduced by 50% 
when used with allopurinol.'® Prolonged use of azathio- 
prine with corticosteroids may cause muscle wasting. 
Azathioprine also is known to impair fertility by reducing 
sperm counts in males. When azathioprine is used with 
tubocurarine, it decreases the effect of tubocurarine and 
other nondepolarizing neuromuscular blocking agents.’* 


Toxicology 
CLINICAL MANIFESTATIONS 


The principal and potentially serious toxic effects of 
azathioprine are hematologic and gastrointestinal. 
There also is an increased risk of secondary infection 
and cancer. Large overdoses of azathioprine may acutely 
cause abdominal pain, nausea, vomiting, and diarrhea. 
In general, patients undergoing azathioprine therapy 
experience nausea and vomiting for the first few months. 
Vomiting and abdominal pain may also be associated 
with hypersensitivity pancreatitis that rarely develops in 
these patients. Hepatotoxicity, manifested by elevated 
serum transaminases, alkaline phosphatase, and bilirubin, 
also is known to occur. Discontinuation of azathioprine 
therapy usually reverses the hepatotoxic effects. A rare 
but life-threatening hepatic veno-occlusive disease 
associated with chronic use of azathioprine has been 
reported.” Periodic measurements of serum transam- 
inases, alkaline phosphatase, and bilirubin are indicated 
to detect hepatotoxicity early. Leukopenia and 
thrombocytopenia are dose dependent but may occur 
with chronic therapy. Dose reduction or temporary 
withdrawal will reverse these toxicities. In addition, 
macrocytic anemia and bleeding are known to occur 
with azathioprine therapy. A single case has been 
reported of a renal transplant patient who ingested a 
large dose (7500 mg) of azathioprine. The immediate 
toxic reactions were nausea, vomiting, and diarrhea, 
followed by mild leukopenia and mild abnormalities 
in liver function. The white blood cell count, serum 
glutamic oxaloacetic transaminase (SGOT), and bili- 
rubin returned to normal 6 days after the overdose. !4 


ADVERSE EFFECTS 
The most common adverse effects associated with 
azathioprine are listed in Box 57-2. 








BOX 57-2 


Hematologic Dermatologic 


Leukopenia Rash 
Pancytopenia Alopecia 
Macrocytic anemia Skin cancer 

Jaundice 
GI Bruising 


1 Appetite 
Nausea 
Vomiting 
Diarrhea 
Pancreatitis 


Systemic 
Fatigue 
Fever 
Serum 
Sickness 
Renal 


Interstitial nephritis 


Management 


Overdose with azathioprine is rare; therefore, data 
regarding management in overdose are lacking. 
Supportive care seems to be the mainstay of treatment 
for GI manifestations. Protection from falls or injury 
seems prudent to avoid bruising or bleeding. Alanine 
transaminase (ALT), aspartate transaminase (AST), bili- 
rubin, and alkaline phosphatase should be monitored. 
Hemodialysis may serve as an adjunct to supportive care 
with large ingestions, since it has been shown to remove 
up to 45% of azathioprine.'* No data support the use of 
multiple-dose activated charcoal for azathioprine 
overdose. Single-dose activated charcoal may prove useful 
but may be complicated by the GI manifestations that 
preclude its successful administration. 


CYCLOSPORINE 


Cyclosporine is an ll-amino acid cyclic polypeptide 
produced by Beauveria nivea and Tolypocladium inflatum 
Gams. The amino acids at the 1, 2, 3, and 11 positions 
form an active site; experimental modifications of the 
drug have resulted in decreased immunosuppressive 
activity. Cyclosporine was introduced in the early 1980s 
and brought with it significant improvements to the 
field of organ transplantation. It has improved both 
initial and long-term allograft survival. The use of 
cyclosporine has also decreased the initial length of 
stay and the rate of readmission after transplantation. 
Cyclosporine is used in solid organ transplantation of 
heart, liver, and kidney as well as for treatment of 
rheumatoid arthritis and psoriasis. Minimal change, focal 
segmental, and immunoglobulin A (IgA) nephropathy 
may also be treated with cyclosporine.’ It has shown 
benefit in the initial treatment of type 1 diabetes mellitus. 
There have been reports of significant decreases in the 
patient’s insulin requirement if cyclosporine therapy is 
initiated within the first 2 months.'” 
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Pharmacology 


Cyclosporine reversibly inhibits the proliferation of 
immunocompetent lymphocytes in Gp and G, phases of 
the cell cycle, specifically, the T-cell lines. This inhibition 
of immune activity is accomplished by cyclosporine 
forming a complex with cyclophilin that binds to and 
inhibits the activity of the phosphatase, calcineurin. This 
in turn inhibits the production of the lymphokine, IL-2. 
IL-2 is a growth factor for the immune system and 
stimulates the replication of activated immunocom- 
petent lymphocytes. This inhibition is greater in ‘T-helper 
cells than in T-suppresser cells. The immunosuppressant 
activity of cyclosporine is largely due to the parent com- 
pound, because its metabolites have little pharmacologic 
activity. 


Pharmacokinetics 


Two forms of cyclosporine are currently available: Neoral, 
a microemulsion formulation, and Sandimmune, the 
conventional formulation. Neoral has significantly better 
bioavailability and less variability in absorption, both 
intra- and interindividual. It allows for more consistent 
dosing. The interindividual oral biovariability can still be 
quite significant, between 20% and 50% of the area 
under the curve. This great variability in absorption 
necessitates frequent drug monitoring to establish and 
maintain a stable dosing regime. Both forms of 
cyclosporine are highly lipid soluble, with absorption 
significantly affected by diet; high-fat meals increase 
absorption. Cyclosporine has a large volume of distri- 
bution, between 3 and 5 L/kg, and is up to 90% protein 
bound. Cyclosporine is metabolized by the cytochrome 
P-450 system, specifically CYP3A4, with 94% of 
metabolites excreted in the bile. A small portion, 6%, is 
excreted by the kidney, and 0.1% is excreted unchanged. 
Because excretion mainly is via the bile, there is a 
potential for enterohepatic recirculation. Cyclosporine 
has approximately 25 metabolites, none with significant 
immunosuppressive activity. 


SPECIAL POPULATIONS 
The pediatric population is notably different from the 
adult population in the metabolism and excretion of 
cyclosporine. Clearance has been reported to be 
enhanced significantly in the pediatric population—up 
to 40% greater.! This difference in clearance may be 
related to differences in body composition and an 
apparent decrease in the volume of distribution (Vd) in 
children. Cyclosporine is classified by the FDA as 
pregnancy class C but has been used during pregnancy. 
Placental transfer is estimated to be between 37% and 
64%. There is little evidence that cyclosporine adversely 
affects fetal outcome. Although there does seem to be an 
increased rate of prematurity and a trend toward fetal 
malformation and low birth weight, only prematurity 
reached statistical significance in one meta-analysis.!° 
Cyclosporine clearance is decreased in the geriatric 
population. It is unclear whether this decrease relates to 
a decrease in hepatic function or a change in Vd or lipid 
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transport.’ Cyclosporine clearance has also been found 
to be decreased in patients with decreased levels of low- 
density lipoproteins. This most likely represents a 
decrease in the ability to transport the drug to the liver 
for metabolism and excretion. Since there is minimal 
renal excretion of cyclosporine, patients with poor but 
stable renal function do not require dose adjustment. 
Greater than 90% of cyclosporine is metabolized in the 
liver, particularly the cytochrome P-450 system, and then 
excreted in the bile. A patient with significantly 
decreased hepatic function requires changes in the 
dosing regime. 


DRUG INTERACTIONS 

Owing to the extensive number of drugs that are 
metabolized via the cytochrome P-450 system, the 
potential interactions are numerous. Many commonly 
prescribed therapeutics are metabolized at CYP3A, 
increasing the risk of potential drug—drug interactions. 
The macrolides, azole antifungals (e.g., fluconazole), 
antiretroviral protease inhibitors, and many calcium 
channel blockers are also known inhibitors of CYP3A. 
These drugs have the potential to elevate a patient’s 
cyclosporine level either through competition for the 
active site as a competitive inhibitor or through 
inhibition of the cytochrome via a secondary allosteric 
site as a noncompetitive inhibitor.!’ Carbamazepine, a 
substrate of CYP3A, potentially acts as a competitive 
inhibitor. Many anticonvulsants such as carbamazepine, 
phenobarbital, phenytoin, and the glucocorticoids also 
interact with this cytochrome as inducers, increasing the 
amount of the enzyme and potentially leading to 
decreased cyclosporine levels and ineffective immuno- 
suppression. Aminoglycosides, antineoplastics, antifungals 
such as amphotericin B, NSAIDs, and colchicines are 
known to cause renal dysfunction; concomitant use with 
cyclosporine may increase this risk. 


Toxicology 


Generally, acute toxicity from an oral ingestion is 
minimal. However, neonates and patients who receive 
unintentional parenteral overdoses are of concern, for 
they can develop significant toxicity. Parenteral overdose 
produces significant morbidity although the number of 
reported cases is limited. Reported effects, mainly in 
premature neonates, include worsening renal failure, 
metabolic acidosis, cyanosis, coma, hyponatremia, and 
hyperbilirubinemia.'® There is also a case report of 
cerebral edema with uncal herniation due to an 
intravenous cyclosporine overdose.'’ When cyclosporine 
is used with other drugs that cause nephrotoxicity, 
synergistic effects could lead to rejection of an allograft. 
The pattern of nephrotoxicity has been broken down 
into three classes, all defined by a decrease in glomerular 
filtration rate (GFR) of 25%. The three classes are 
defined by the time course as acute (onset within the first 
7 days of initiation of treatment), subacute (onset within 
7 to 60 days of initiation of treatment), and chronic 
(onset >30 days after initiation of treatment). Increased 
serum creatinine, reduced glomerular filtration, and 
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decreased renal plasma flow rates are believed to be 
secondary to alterations in intrarenal hemodynamic 
function. Cyclosporine is thought to cause increases in 
Ca** influx in response to vasoconstrictors, particularly in 
the afferent arteriole. Cyclosporine also increases levels 
of thromboxane As. Thromboxane As increases vascular 
tone in the renal arterioles and myocyte proliferation in 
the intima of the vessel wall. Alternatively, an alteration 
in the ratio of thromboxane Ag, to prostacyclin could 
cause this effect, since thromboxane A, is a vasocon- 
strictor and prostacyclin is a vasodilator. 

Many patients taking cyclosporine report neurologic 
side effects. The complaints consist mainly of pares- 
thesias and numbness, although visual disturbances and 
coma have been reported. Many symptoms improve 
upon discontinuation of cyclosporine; however, they 
often recur upon rechallenge. GI disturbances including 
nausea and vomiting have been reported. Dysfunction of 
the biliary tree has been observed, with patients devel- 
oping cholestasis, cholelithiasis, and hyperbilirubinemia. 

Multiple endocrine effects have been noted with 
cyclosporine use, particularly hyperglycemia. The hyper- 
glycemia is not associated with ketosis, and there is no 
change in the amount of secreted insulin or in the 
number of insulin receptors. Hyperglycemia is thought 
to be related to impaired glycogen synthesis with 
resulting accumulation of substrate. 


Management 


Decontamination of the GI tract with activated charcoal 
is suggested following acute toxic ingestion, particularly 
since cyclosporine has limited oral bioavailability. Some 
case reports suggest that multiple-dose activated charcoal 
decreases the half-life of cyclosporine although it is 
unclear whether these reported declines in serum levels 
represent redistribution to the tissues or elimination 
of the drug.*??! In the setting of parenteral overdose, 
various therapies have been attempted, some being more 
effective and having a better rationale than others. 
Plasmapheresis was used in an adult who developed 
hyperbilirubinemia after a 30 mg/kg unintentional 
intravenous overdose.** Although this therapy would 
help eliminate drug that was either free or bound to 
serum proteins, most of the circulating cyclosporine is 
bound to red blood cells (up to 50%) and 10% is bound 
to lymphocytes. Consequently, there appears to be little 
theoretic benefit to this intervention. Exchange trans- 
fusion has been used to treat neonatal cyclosporine over- 
dose. In one case report, it produced a 30% reduction in 
cyclosporine level. In another case report, exchange 
transfusion was unsuccessful in changing the clinical 
outcome, and the patient died.!8 The timing of the 
transfusion in relation to the overdose was unclear. At 
autopsy, there was significant tissue accumulation of 
cyclosporine, suggesting sufficient time had elapsed for 
redistribution to the tissues to occur. 


LABORATORY MONITORING 
Several methods are used to measure serum cyclosporine 
concentration. High-performance liquid chromatography 





(HPLC) and radioimmunoassay techniques are the most 
common; these tests have variable sensitivity for the 
detection of cyclosporine metabolites. Little evidence 
suggests that measuring acute serum cyclosporine 
concentrations is helpful in management, particularly 
since peak levels can be delayed by up to 4 hours. The 
value in serial cyclosporine levels is more to determine 
when to resume immunosuppression than to aid in 
acute management. Serum blood urea nitrogen (BUN), 
creatinine, transaminases, and bilirubin should be 
monitored in patients with underlying renal or hepatic 
dysfunction. 


ELIMINATION 

Cyclosporine is not effectively removed by hemodialysis 
or hemoperfusion. It is not known whether charcoal, 
either in single or multiple doses, is effective in 
enhancing elimination although multiple-dose activated 
charcoal has been suggested as an effective means of 
elimination enhancement. It has also been suggested 
that CYP3A inducers might be useful therapeutic 
adjuncts, but little evidence supports its efficacy. 


MYCOPHENOLATE MOFETIL 


Mycophenolate mofetil is a prodrug that is rapidly 
metabolized to the active metabolite mycophenolic acid 
(MPA). MPA is a reversible, noncompetitive inhibitor of 
inosine monophosphate dehydrogenase, an essential 
enzyme in the production of purines. B and T lympho- 
cytes have a greater reliance on the de novo pathway of 
purine synthesis, while other cell lines can use scavenger 
pathways to meet their metabolic needs. MPA is thus 
cytostatic in respect to lymphocytes. 


Pharmacokinetics 


Mycophenolate mofetil is rapidly absorbed and con- 
verted to MPA. MPA has a large Vd—3.6 to 4 L/kg—and 
is up to 97% protein bound. MPA is then metabolized to 
the phenolic glucuronide (MPAG) form. MPAG is largely 
excreted by the kidney; 93% is eliminated either by 
glomerular filtration or secretion from the renal tubule. 
The remaining MPAG is eliminated in the GI tract via 
biliary excretion, or it is excreted unchanged. MPAG that 
has been secreted in the bile and eliminated into the GI 
tract undergoes enterohepatic recirculation. 

The absorption, metabolism, and area under the curve 
for children are similar to those of adults. Pharmaco- 
kinetics have not been studied in the geriatric 
population. 

Because mycophenolate mofetil requires metabolic 
activation, patients with significantly impaired hepatic 
function have lower levels of the active form of the drug 
and less immunosuppressive activity. 

Renal elimination is required for the excretion of the 
inactivated metabolite, and patients with impaired renal 
function have a prolonged exposure to the active form of 
the drug. Patients with significantly decreased renal 
excretion have similar peak drug levels but a decreased 





C 948 


rate of excretion, leading to an enlarged area under the 
curve compared with that of patients with normal renal 
function. 

Although mycophenolate mofetil has been shown to 
be teratogenic in animal experiments, it is classified as 
pregnancy class C.*° 


DRUG INTERACTIONS 

Only a few drug—drug interactions have been studied 
with this agent. Antacids with magnesium and aluminum 
hydroxides decrease the amount of MPA absorbed. 
Cholestyramine lowers the area under the curve by 
interrupting the enterohepatic recirculation, leading to 
increased drug excretion. MPA decreases the amount of 
hormone absorbed from oral contraceptives, but what 
effect that has on suppression of ovulation is unknown. 
MPAG is excreted through glomerular filtration and 
tubular secretion; drugs that block this secretion such as 
probenecid will increase the area under the curve. 
Alterations in gut flora have the potential to alter the 
enterohepatic circulation and change the absorption 
and excretion characteristics of the drug, with less 
hydrolysis of MPAG, leaving less MPA for reabsorption. 
There are no reported significant drug interactions with 
cyclosporine, acyclovir, or ganciclovir. In patients with 
renal dysfunction, trimethoprim-sulfamethoxazole may 
compete with MPAG in the renal tubule for secretion 
into the tubular lumen. 


Toxicology 


Toxic manifestations of MPA are exaggerated therapeutic 
effects, consisting primarily of neutropenia. 

Adverse effects that have been noted include an 
increased incidence of GI disturbance, GI bleeding, 
herpesvirus infection, and neutropenia. 

Determination of drug levels is made either by 
enzyme-mediated immunofluorescence or HPLC. 


Management 


There are currently no case reports of acute MPA over- 
dose in humans. Rats have been able to tolerate up to 
4 g/kg and monkeys up to 1 g/kg; typical adult dosing is 
2 to 4 g/day. Since many of therapeutic effects are dose 
dependent, the toxic manifestations would most likely be 
exaggerated clinical responses. 

As for any overdose, supportive care is essential, with 
protection of the airway and evaluation of other toxic co- 
ingestants. Activated charcoal as a single dose may be 
useful in decreasing absorption of the drug. Evaluating 
serum drug concentration probably has more utility in 
determining when to restart MPA than in acute manage- 
ment. Secondary to the large Vd and protein binding of 
the drug, it is unlikely that either hemodialysis or 
hemoperfusion would be of significant benefit in 
enhancing elimination. There is significant entero- 
hepatic recirculation, and animal studies suggest that 
cholestyramine can interrupt this circulation and 
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possibly enhance elimination. There is also a theoretic 
rationale for the use of multiple-dose activated charcoal 
to interrupt enterohepatic recirculation. 
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FREDERIC LAPOSTOLLE, MD, DMC m STEPHEN W. BORRON, MD, MS 


At a Glance... 


m Digitalis glycosides (digoxin and digitoxin) are drugs with small 
therapeutic indices. 

m Digoxin is eliminated primarily via the kidneys, digitoxin by 
hepatic metabolism. 

m Symptoms of toxicity may be vague, particularly in the elderly, 
and may involve multiple organ systems. 

m Patients presenting with hyperkalemia, underlying cardiac 
disease, and advanced age have a poor prognosis. 

m Digitalis Fab fragments may be lifesaving and should be 
administered early in case of serious poisoning or in the 
presence of poor prognostic factors. 

m Cardiac conduction abnormalities, gastrointestinal disturbances, 
and both hypokalemia and hyperkalemia associated with 
digitalis toxicity are rapidly corrected by the administration of 
Fab fragments, obviating the need for other therapy. 


Digitalis was introduced into clinical medicine by 
William Withering in 1785, after his investigation of 
a home remedy used by herbalists in the English 
countryside.'* He reported therapeutic efficacy and 
toxicity of leaves of Digitalis purpurea, commonly named 
foxglove. He recommended that digitalis “be continued 
until it acts either on the kidneys, the stomach, the pulse, 
or the bowel . . . let it be stopped upon the first 
appearance of any of these effects and I will maintain 
that the patient will not suffer from its exhibition, nor 
the practitioner be disappointed in any reasonable 
effects.” 

Thereafter, cardiac glycosides, including digoxin, 
digitoxin, and ouabain, were extracted from plants and 
largely prescribed. Nowadays, indications for cardiac 
glycosides are restricted to the treatment of heart failure 
with or without associated supraventricular arrhythmia. 

Due to a narrow therapeutic index (40% to 60% of 
the lethal dose is required to achieve the maximal thera- 
peutic effect), digitalis toxicity remains frequent in 
patients with chronic heart diseases.’ Less frequently, 


digitalis toxicity results from acute overdose in suicide 
attempts. Digitalis poisoning treatment strategy has 
been dramatically modified since 1976, with the 
introduction of digoxin-specific Fab fragments by Smith 
and colleagues.* 


SCOPE OF PROBLEM 


Digitalis intoxication was once considered the most 
common adverse drug reaction in U.S. medical practice. 
Studies from the 1960s and 1970s showed that as many as 
15% of all patients in medical admissions were taking 
digitalis, and 20% to 30% of these patients would have 
signs of toxicity.? Prescribing habits and the incidence of 
toxicity have begun to change because of (1) better 
appreciation of digitalis pharmacodynamics and drug 
interactions, (2) more appropriate maintenance dosage, 
(3) easy and rapid availability of serum digoxin deter- 
minations, and (4) expanded drug therapy for congestive 
heart failure, eliminating the need to push digitalis to 
higher, more potentially toxic concentrations. Never- 
theless, the number of patients receiving maintenance 
digitalis therapy remains high, and the numerous 
common untoward effects still demand attention and 
understanding. Recently, toxicity associated with chronic 
digoxin treatment has been reported in 6% to 23% of 
patients, especially in the elderly.*° 

The mortality rate of poisoned patients is poorly docu- 
mented in cases of chronic intoxications but reaches 
25% in cases of acute overdose.’ Neither pacing nor 
antidotal treatment has significantly reduced this 
mortality rate.”* 


PHARMACOLOGY 


The preparations of cardiac glycosides now used in 
clinical practice were initially derived from the leaves of 
plants from the species D. purpurea. Other plants that 
contain cardiac glycosides (e.g., strophanthus, red squill, 
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FIGURE 58-1 Digoxin and digitoxin pharmacokinetics, showing average values for absorption, excretion, enterohepatic circulation, and 
half-life. (From Doherty JE: Digitalis glycosides: pharmacokinetics and their clinical implications. Ann Intern Med 1973;79:229.) 


Digoxin and Digitoxin Main Phamacologic 


Characteristics 





DIGOXIN DIGITOXIN 
Absorption 55%-75% 90%-100% 
for tablets 
90%-100% for 
liquid or 
encapsulated 
liquid 
Volume of distribution 5.6 L/kg 0.56 L/kg 
Protein binding 25% 95% 
Half-life 33-34 hr 6-7 days 
Clearance Renal Hepatic 





and derivatives) have occasionally led to unsuspected 
cardiac complications. Recently, accidental contamination 
of dietary supplements by Digitalis lanata has been 
reported.’ 

Several preparations of digitalis are available. How- 
ever, because of their ease of oral administration and 
duration of action, only two preparations are used in 
clinical practice today: digoxin and digitoxin. Their 
main pharmacologic characteristics are reported in 
Figure 58-1 and Table 58-1. Digoxin and digitoxin are 
both passively absorbed from the small intestine. 
Detailed pharmacodynamic studies have shown that 
drug action depends on tissue concentration, which is 
relatively constant in relation to serum concentrations, 
and that the major depot in humans is skeletal 
muscle.!™!! These findings lead to two conclusions: (1) 
the constant relationship of myocardial digoxin concen- 
tration to serum concentration supports measuring 
serum concentrations to monitor patients compliance 


and toxicity, and (2) dosage requirements and the 
likelihood of toxicity can be anticipated on the basis of 
muscle mass and not overall body weight. Digoxin and 
digitoxin are eliminated differently (see Fig. 58-1). 
Digoxin is excreted primarily via the renal route, 
whereas digitoxin is eliminated primarily via metabolic 
inactivation. Because enterohepatic circulation has a 
role in the metabolism of both drugs, biliary production 
affects digitalis elimination. Bioavailability of the drug 
may vary with different manufacturing processes and 
malabsorption syndromes and because of inactivation of 
gut flora, which can be altered by antibiotics.'* Further- 
more, digoxin is one of the breakdown products of 
digitoxin metabolism (about 8%) (Figs. 58-1 and 58-2). 


Basic Mechanism 


Digitalis acts at the subcellular level by altering the 
sodium/potassium-adenosine triphosphatase (Na*/Kt- 
ATPase) transport system (Fig. 58-3). The effect is an 
intracellular gain of Na* and loss of K* and a corre- 
sponding extracellular gain in K*. Through interaction 
with Na* and Ca** membrane transporters, an associated 
intracellular gain of Ca** is observed. In short, the net 
effect is a decreased intracellular K* concentration and 
an increased Nat and Ca** concentration. The increased 
Ca** augments myofibril interaction in cardiac muscle 
and leads to positive inotropic action responsible for 
digitalis’s usefulness in clinical practice.'® 

In an intact heart, the effects of digitalis can be 
separated into mechanical and _ electrophysiologic 
actions, with toxicity related to its excessive therapeutic 
effects and the status of the patient at the time of drug 
administration. 


Cardioinactive Cardioactive 
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Cardioinactive 
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FIGURE 58-2 Metabolic pathways of digoxin and digitoxin. Note that digoxin is part of the metabolic pathway of digitoxin. (From 
Doherty JE: Digitalis glycosides: pharmacokinetics and their clinical implications. Ann Intern Med 1973;79:229.) 
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DIGITALIS INOTROPIC EFFECT 

A major therapeutic use for digitalis is for its inotropic 
effect. Digitalis augments the force of myocardial 
contraction by increasing the velocity of shortening and 
the velocity of developed tension of cardiac muscle.'® 
Therefore, there is less encroachment on compensatory 
mechanisms, allowing greater cardiac reserve. In 
patients with heart failure, digitalis causes a decrease in 
end-diastolic pressure and volume, increasing cardiac 


J> Nat 


FIGURE 58-3 Cellular interactions between Na*/K+*- 

ATPase pump and digoxin. Digitalis alters the Na*/Kt- 
K+ ATPase transport system. The net effect is an intracellular 
loss of K+ and gain of Nat and Ca?*. The increased Ca?+ 
augments myofibril interaction in cardiac muscle and 
leads to positive inotropic action. 


output and stroke work. The usefulness of digoxin for 
congestive heart failure in patients in sinus rhythm has 
been the subject of some controversy. However, most 
conclude that digoxin is a weak inotropic agent.'*!° The 
Digitalis Investigators’ Group trial and the study by Krum 
and colleagues demonstrated the usefulness of digoxin 
in congestive heart failure.!®!7 More precisely, in 1997, 
The Digitalis Investigators’ Group trial!’ showed that 
although, in comparison with placebo, digitalis treat- 
ment did not reduce the mortality rate, it did reduce the 
rate of hospitalization, including hospitalization for 
worsening heart disease. In a nonfailing heart, the effects 





of digitalis are more controversial. Positive inotropic 
action may occur, but it is not manifested by a meas- 
urable change in cardiac output or by a decrease in left 
ventricular filling pressure.'® 


DIGITALIS CHRONOTROPIC EFFECT 

The negative chronotropic effect of digitalis is primarily 
central, mediated through an increase in vagal tone 
associated with decreased sympathetic activity. Thus, 
effects of digitalis may vary, depending on the inter- 
action of drug concentration and autonomic tone. 

Digitalis decreases the refractory period of both atrial 
and ventricular cells and tends to increase action potential 
amplitude and Vmax: This improves conduction within the 
muscle, as reflected in a shortened QT interval. The 
same mechanism accounts for the increased atrial rate in 
atrial flutter or atrial flutter-fibrillation.!® 

Digitalis decreases the rate of sinoatrial (SA) node 
depolarization. Digitalis increases the refractory period 
of the atrioventricular (AV) node and the bundle of His. 
It prolongs phase 3 of the action potential, accounting 
for decreased ventricular response in atrial fibrillation. 
Some AV nodal effects are independent of vagal tone 
and affect phase 0, thus decreasing conduction velocity.' 
Most if not all effects of digitalis on the Purkinje system 
and ventricular muscle are direct effects and do not 
depend on autonomic interaction.'° 

Digitalis causes significant effects on myocardial 
automaticity (ability of tissue to undergo spontaneous 
depolarization) and excitability (ability of tissue to 
respond to a given stimulus). Inhibition of the Na* pump 
leads to an influx of Na’ into the cell (see Fig. 58-3). This 
Nat influx increases phase 4 depolarization in all cardiac 
tissue except the SA node and leads to the appearance of 
new or latent pacemakers, thus increasing automaticity. 
This influx also lowers the resting membrane potential 
threshold, thus increasing excitability. 

Na* influx also causes delayed afterpotentials (oscil- 
lations in transmembrane potentials that follow full 
repolarizations of the membrane), and this effect 
provides a logical basis for understanding digitalis- 
induced arrhythmias.!° 
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Digitalis Toxicity 


The toxic effects that occur when blood concentrations 
exceed the therapeutic range are almost uniformly a 
consequence of excessive normal physiologic responses. 
They can occur in any condition that increases the 
amount of digitalis in the body or modifies the cardiac 
sensitivity to digitalis. Drug interactions and other 
factors, such as electrolyte abnormalities, renal or 
hepatic failure, ischemia, or inflammation, predispose to 
digitalis toxicity. 


INTERACTION WITH OTHER DRUGS 

The importance of drug interactions in the development 
of digitalis toxicity was not truly appreciated until reliable 
assays of digoxin concentrations became widespread. 
Such interactions are important to consider, because 
introducing or discontinuing these drugs without 
changing the digoxin dose may lead to a digitoxic state. 
The most common interactions are listed in Table 58-2. 

By far, the most important and dangerous drug inter- 
actions with digoxin are caused by the antiarrhythmics. 
Quinidine*® causes an increase in serum digoxin in up to 
90% of patients. The magnitude of the increase varies 
but is often twofold. The serum digoxin concentration 
begins to increase with the onset of quinidine therapy, 
and the concentration remains elevated as long as both 
drugs are continued. The adverse effects of elevated 
digoxin concentrations caused by quinidine are similar 
to those experienced with an overdose of digoxin. 

There is no evidence that other antiarrhythmics 
similar to quinidine in their action (type I) interact with 
digoxin.”!*° Procainamide, disopyramide, lidocaine, 
mexiletine, and flecainide do not increase serum 
digoxin concentrations. 

Another major antiarrhythmic drug that interacts 
with digoxin is amiodarone.*4 Digoxin concentrations 
increased by 25% to 70% within 24 hours after adding 
amiodarone. The effect is mediated via a decrease in 
renal and nonrenal clearance. The result is more 
frequently bradyarrhythmias or heart block rather than 
tachyarrhythmias. 





Agents Affecting Digitalis Pharmacology 


ALTERATION AGENTS 


Decreased absorption 


Antacids, antibiotics (neomycin, sulfasalazine, p-aminosalicylic acid), bran, 


cholestyramine, cytotoxic, kaolin-pectin 


Increased absorption (less of a problem 
when the capsule form is used)! 

Inhibited protein binding 

Increased renal excretion 

Decreased extra renal clearance 

Decreased volume of distribution 

Increased serum digitalis concentration 


Quinidine 


Antibiotics inhibiting gut flora (erythromycin and tetracycline), anticholinergics 
Clofibrate, phenobarbital, phenylbutazone, prazosin, warfarin 

Hydralazine, levodopa, nitroprusside 

Diatiazem, quinidine, verapamil 


Amiodarone, aspirin, bepridil, diltiazem, flecainide, ibuprofen, indomethacin, 


nefidipine, nicardipine, nosoldipine, nitrendipine, propafenone 


From Mooradian AD: Digitalis: an update of clinical pharmacokinetics, therapeutic monitoring techniques and treatment recommendations. Clin 


Pharmacokinet 1988; 15(3):165-179. 





The interaction between Ca** channel-blocking drugs 
and digoxin varies greatly.*°** The dihydropyridines 
(nifedipine, amlodipine, isradipine, nicardipine) have 
minimal or no effect, and diltiazem has such a small 
effect that toxicity is unlikely. On the other hand, 
verapamil increases serum digoxin concentrations as 
much as 70% by altering renal and extrarenal clearance, 
which can lead to lethal cardiac toxicity.?)*° 

Other antiarrhythmics, such as sotalol, aprindine, 
ajmaline, and moricizine, do not affect digoxin concen- 
trations.?)72 

Potentially toxic interaction may also occur with 
potassium-sparing diuretics (such as spironolactone), 
which inhibit tubular secretion of digoxin; with anti- 
hypertensive agents, which can significantly alter renal 
reperfusion and glomerular filtration rate; and with anti- 
inflammatory drugs, especially indomethacin, in 
neonates or patients with renal dysfunction. 

Some antiadrenergic agents, such as clonidine, 
methyldopa, reserpine, and p blockers, in combination 
with digitalis, may lead to severe bradyarrhythmias, 
especially in patients with SA node disease.*!* 

Reports have shown toxicity in patients with myo- 
carditis when cyclosporine is added to digoxin in 
patients who have heart failure.*® Aside from the drug 
interactions discussed earlier, renal dysfunction leading 
to decreased renal excretion of digitalis is the major 
factor leading to the increased total of digitalis 
throughout the body. Neither dialysis nor cardio- 
pulmonary bypass causes much body loss of digitalis. 


ALTERING SENSITIVITY TO DIGITALIS 

Toxicity from digitalis is not limited to situations that 
increase total body concentration of the drug but can 
develop with any condition that modifies the cardiac 
sensitivity to digitalis. These include myocardial infarc- 
tion or ischemia, myocarditis, cardiomyopathy, amyloi- 
dosis, and other trauma, including surgery. A healthy 
heart tolerates large amounts of digitalis, whereas 
diseased myocardium appears to develop arrhythmias at 
lower serum concentrations.2’ The myocardial disease 
leads to local areas of altered electrophysiology, which in 
turn can cause variation in digitalis uptake by cardiac 
tissue. The concentration differences and local ischemia 
lead to variation of cellular recovery times and set the 
Stage, once again, for reentry phenomena. Intrinsic 
cardiac disease alone may produce similar rhythm 
disturbances, several of which are common in acute 
myocardial infarction. These rhythm disturbances have 
no specific distinguishing feature. However, digitalis 
toxicity can be implicated in most instances when 
withdrawal of the drug is followed by resolution of the 
arrhythmia. This increased sensitivity does not preclude 
careful use of digitalis when clinically indicated.*® 


ALTERING METABOLISM 

Metabolic factors are important in myocardial sensitivity 
to digitalis.***? Electrolyte abnormalities, especially 
hypokalemia and hypocalcemia, are well known, but 
aberrations of magnesium are important to consider. 
Other metabolic abnormalities, including acidosis, 
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BOX 58-1 


Patient-related Factors 


Old age 

Severe heart disease 
Myocardial infarction 
Myocarditis 

Recent cardiac surgery 


Electrolyte Abnormalities 


Hypokalemia 
Hypernatremia 
Hypercalcemia 
Hypomagnesemia 
Alkalosis 


Cor pulmonale 
Renal failure 
Hemodialysis 
Hypothyroidism 
Anoxia 
Amyloidosis 


Drugs 
Diuretics 
Steroids 
Reserpine 
Catecholamines 
Quinidine 
Verapamil 
Amiodarone 
Cyclosporine 


alkalosis, hypoxemia, and hyperthermia, may alter 
digitalis’s effect but are probably not independent 
risk factors. Diseases of other organ systems, especially 
chronic lung disease and hypothyroidism, predispose 
patients to digitalis toxicity. Acute cerebrovascular events 
may lead to toxicity by large sympathetic discharge, 
which may lower the arrhythmia threshold. Boxes 58-1 
and 58-2 contain a more complete list. 


CLINICAL PRESENTATION 


Pathophysiology 


Digitalis toxicity represents the result of the interactions 
of the drug on the transmembrane potentials and ionic 
current flows of the cardiac cells (direct effects) and 
those effects related to the autonomic nervous system 
(indirect). These interactions have various results 
depending on which cells are affected; they are expressed 
as abnormalities of atrial, AV nodal, or ventricular 
pathology. The mechanism of digitalis cardiotoxic 
rhythms may result from depression of conduction or 
alteration of impulse formation, with increased hetero- 
geneity of refractory periods. 


Manifestations 
CARDIAC 


Cardiac manifestations are frequent and dangerous 
presentations of digitalis toxicity.”*9 A healthy heart rarely 
has any signs of toxicity unless the ingested quantity is 
high. Therefore, accidental overdoses, especially in 
children, rarely present any cardiac findings but may 
show AV conduction disturbances. On the other hand, a 
diseased heart is prone to lethal arrhythmias. No 
arrhythmias are pathognomonic of digitalis toxicity 
because similar rhythms may represent underlying 
disease. A change in the rhythm, especially decreased 
pulse rate, may be the most important clue. Never- 





BOX 58-2 


Bioavailability 


Decreased 

Cathartics 

Antacids 
Cholesterol-binding agents 
Malabsorption syndromes 
Bowel edema 
Eubacterium lentum 
Gastric hyperacidity 


Increased 

Lanoxicaps or elixir 
Antibiotics (E. lentum) 
Omeprazole 


Distribution 


Decreased 
Renal failure 
Hyperkalemia 
Aging 
Hypothyroidism 
Amiodarone 


Increased 
Hypokalemia 
Hyperthyroidism 
Pregnancy 
Physical activity 


Elimination 


Decreased 
Renal failure 
Excessive diuretics 
Aging 
Indomethacin 
Cyclosporine 
Spironolactone 
Verapamil 
Quinidine 
Propafenone 
Increased 
Diarrhea 
Vasodilators 


From Lewis RP: Clinical use of serum digoxin concentrations. Am J Cardiol 
1992;69:97G. 





theless, toxicity should be suspected in any patient 
receiving the medication and exhibiting evidence of 
depressed conduction, alteration of impulse formation 
(automaticity), or both. 

Depressed conduction is related to slowing of SA and 
AV nodal conduction and prolonged nodal refractoriness 
from high vagal tone, but at high concentrations, 
digitalis may directly prolong AV nodal refractoriness. 
Thus, blocks of all types may be observed”? (Box 58-3). 

SA nodal block is relatively common since impulse- 
forming alterations from digitalis toxicity are often 
manifested as suppression of atrial pacemakers, 
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BOX 58-3 


Excitant 


Atrial premature beats 

Atrial tachycardia 

Atrial flutter (rare) 

Atrial fibrillation (rare) 

Junctional premature beats 

Accelerated junctional rhythms 

Ventricular premature beats, bigeminy and multiformed 
Ventricular tachycardia 

Bidirectional tachycardia 

Ventricular fibrillation 


Suppressant 


Sinus bradycardia 

Sinoatrial block 

Type | second-degree AV block (Wenckebach) 
Bundle branch block 

Complete AV block 

Type II second-degree AV block (?) 


Combination Excitant and Suppressant 


Atrial tachycardia with AV block 

Sinus bradycardia with junctional tachycardia 
Wenckebach with junctional premature beats 
Regularization of ventricular rhythm with atrial fibrillation 


AV, atrioventricular. 


primarily the SA node. SA nodal block may range from 
sinus pauses to the SA nodal Wenckebach phenomenon 
or to total SA nodal exit block. The resultant arrhythmia 
is frequently sinus bradycardia, which may be quite 
severe, especially in elderly patients and in those with 
SA node disease (Fig. 58-4). 

First-degree AV block (i.e., with prolonged PR 
interval), from digitalis is indistinguishable from other 
causes (Fig. 58-5). 

Second-degree AV block, with intermittent dropped 
beats, may be Mobitz type I (Wenckebach) or Mobitz 
type II (see Fig. 58-5). The resultant heart rhythm may be 
complicated by accelerated junctional escape beats. 

Third-degree block, or complete AV dissociation, is 
usually associated with a narrow QRS escape focus at 
adequate rates, and hemodynamic alterations are rare in 
the absence of other cardiac abnormalities (Fig. 58-6). 

Alterations of impulse formation may be divided into 
those that suppress higher pacemakers or those that 
excite lower pacemakers. Suppression of higher pace- 
makers is limited primarily to direct effect on the sinus 
node. Excitation is due to increased frequency of 
discharge of junctional or ventricular pacemakers, taking 
the form of accelerated junctional or accelerated ven- 
tricular tachycardias. The combination of suppressant 
and excitant effects should be considered digitalis 
toxicity until proven otherwise (Fig. 58-7). However, as 
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FIGURE 58-4 The electrocar- 
diogram of an 82-year-old woman 
recently begun on digitalis shows 


sinus rhythm with sinus arrest and 
atrioventricular dissociation with 


the number of older patients with intrinsic cardiac 
disease increases, these arrhythmias are not specific for 
digitalis toxicity. Digitalis toxicity results in an 
exacerbation of the drug’s normal effects on refractory 
periods of the conduction system and myocardial cells. 
Increased heterogeneity of the refractory periods allows 
for the development of reentry phenomena, which are 
the probable mechanisms for the development of 
tachyarrhythmias. Myriad extrasystoles may be seen, such 
as premature ventricular contractions (PVCs) (see Fig. 
58-7), ventricular parasystole, or ventricular or bidi- 
rectional tachycardia. The PVCs may be multiformed, 
bigeminal, paired, or in couplets. Before more current 
therapy, ventricular tachycardia related to digitalis 
toxicity carried a 50% mortality rate. Bidirectional 
tachycardia was almost always fatal. 

Conduction and rhythm disturbances can be seen in 
combination, resulting in various electrocardiographic 
presentations. The rhythms are usually manifested by an 
increased sinus rate with block or second-degree AV 
block with accelerated lower pacer. Examples are atrial 
fibrillation with slow ventricular response rate resulting 
in irregular bradycardia, or Wenckebach block with 
accelerated junctional escape beats (Fig. 58-8). Even 


slow atrial escape and faster 
junctional escape rhythm. 


though nonspecific, digitalis toxicity should always be 
considered when this type of arrhythmia is encountered. 


NONCARDIAC 

Digitalis intoxication induces noncardiac as well as cardiac 
clinical effects.**!°* Gastrointestinal manifestations are 
present in both acute and chronic intoxication. 
Anorexia, nausea, and vomiting are common. These 
symptoms often occur early and may be the presenting 
complaint. In patients on chronic digitalis treatment, 
onset of these symptoms has to be considered a possible 
overdose symptom. Other gastrointestinal complaints 
are less common. Neurologic and visual manifestations 
are also frequent and range from headache and fatigue 
and weakness, to depression, confusion, disorientation, 
aphasia, delirium, and hallucinations. The visual 
disturbances of blurring and alteration in color are less 
common. A more complete list and incidence can be 
found in Table 58-3. In this study, vigorous attempts were 
made to establish digitalis as the cause of these symptoms.*! 
Digitalis intoxication should always be considered in 
patients, particularly in the elderly, who are receiving 
digitalis therapy and present with vague gastrointestinal 
complaints, malaise, or altered mental status.°°? 





956 CARDIOVASCULAR, HEMATOLOGIC, AND ENDOCRINE AGENTS 


ee fe eee eee Veer eee We eee Wee ey eee 


eA ee 


FIGURE 58-5 An 82-year-old man was referred for slow pulse. An electrocardiogram (ECG) 1 day before the present ECG showed 2:1 
heart block. The patient was taking digoxin, 0.25 mg/day. Strips show first-degree atrioventricular (AV) block and 5:4 AV nodal block with 


a narrow QRS complex. 


LABORATORY DERANGEMENTS 


As previously mentioned, the mechanism of cellular 
digitalis toxicity directly induces hyperkalemia, which is 
significantly correlated with digitalis poisoning severity 
and mortality. Mortality rates are greater in patients with 
serum potassium greater than 4.5 mEq/L, approaching 
35% in patients with serum potassium greater than 
5 mEq/L, and 100% in patients with concentrations 
greater than 6.4 mEq/ L.3 A recent retrospective review 
has confirmed the importance of hyperkalemia as a poor 
prognostic indicator in digitalis poisoning.** 


DIAGNOSIS 


Acute overdose may result from accidental or suicidal 
overdose in patients, whether or not previously treated 


by digitalis.”°°°° In such cases, the main challenge is early 
detection of digitalis toxicity. Recognition of chronic 
digitalis toxicity requires a high index of suspicion 
among patients manifesting any of the cardiac or non- 
cardiac symptoms mentioned earlier. In both cases, 
definitive diagnosis is via serum digitalis determinations. 


Digitalis Concentrations 


The concentration of digitalis in the serum is the net 
result of whole body absorption, distribution, and excre- 
tion. Measurement of serum concentrations is currently 
the cornerstone of digitalis poisoning diagnosis. 

The range of therapeutic concentration is 0.5 to 
2.0 ng/mL for digoxin and 10 to 30 ng/mL for digitoxin. 
Due to the lack of specificity of digitalis poisoning symp- 
toms, serum concentrations must be liberally obtained 


in chronically treated patients who experience gastro- 
intestinal symptoms, malaise, or any change from baseline 
rhythm disturbances. However, serum concentrations are 
not always diagnostic; major problems remain in diag- 
nosing toxicity. 

Assays of different digitalis preparations often overlap, 
and accurate interpretation of results is possible only if 
the exact preparation is known. 

False-positive elevations may occur for several reasons. 
For example, spironolactone and hyperbilirubinemia 
interfere with the test. Far more frequent is a false- 
positive assay result in patients with chronic renal failure. 
This elevation is thought to be caused by an endogenous 
circulating digoxin-like substance, which has been 
reported in more than 60% of patients with chronic 
renal insufficiency.*” 

Clinical correlations of therapeutic and toxic 
concentrations all have been made at steady-state 
concentrations. These concentrations are reached 6 to 
8 hours after administration, and any measurements 
made before this time may give values two to three times 
greater than at steady-state concentrations. Digoxin 
undergoes bimodal elimination; thus, measurements 
made in the first few hours of administration (œ elimi- 
nation phase) do not correspond with toxicity. As the 
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FIGURE 58-6 Electrocardio- 
gram (ECG) of a 79-year-old 
woman admitted with shortness 


of breath and weight loss. She 
was receiving maintenance digoxin 


therapy. The ECG shows atrioven- 


[II tricular (AV) dissociation secondary 


to a high-grade AV block with a 
narrow QRS complex. 


& elimination phase begins, concentrations more closely 
approach steady-state concentrations and correspond 
better with toxicity. 

Defining a toxic digitalis concentration is difficult 
because serum concentrations of patients with and 
without clinical toxicity overlap considerably. Figure 58-9 
demonstrates this problem in an older study, but a more 
complete list is found in the review by Smith.*® 

Multiple factors, previously detailed, predispose 
patients to toxicity at concentrations well below 
2 ng/mL, usually considered the upper limit of normal. 
Hypokalemia is the most important of these. Hypoxia 
caused by chronic pulmonary disease or advanced forms 
of heart disease is also important. Factors enhancing 
digitalis sensitivity are listed in Boxes 58-1 and 58-2.** 

In summary, serum concentrations should be used as 
a guide to appropriate therapeutic doses and as an 
indication of toxicity. Serum concentrations also may 
verify drug compliance and aid dose regulation in 
patients with changing renal function, those who have 
undergone cardiac surgery, or those with severe 
congestive heart failure. It must be emphasized that 
toxicity cannot be diagnosed from serum concentrations 
alone. Special consideration must be given to those 
patients with underlying problems. In general, an 





increased serum digitalis concentration indicates digitalis 
toxicity in patients chronically treated with digitalis who 
are manifesting cardiac or noncardiac symptoms. 


THERAPY OF DIGITALIS INTOXICATION 


Successful therapy of digitalis intoxication depends not 
only on early recognition but also on early and, at times, 
aggressive management. Physicians must maintain a high 
index of suspicion about digitalis intoxication if they 
are to make this diagnosis, especially in patients with 
predisposing factors, such as old age, renal disease, 
chronic lung disease, or quinidine use. Most of these 
patients suffer from chronic overdose, rather than severe 
suicidal or accidental acute ingestion. In unusual 
circumstances, such as involuntary plant poisoning or 
poisoning through herbal supplements, the diagnosis 
may be particularly elusive.9***** It should be remem- 
bered that gastrointestinal manifestations, such as 
anorexia, nausea, or vomiting, are often the first clinical 
signs in these rare poisonings. In these circumstances, 
electrocardiographic manifestations and hyperkalemia 
should strongly increase the suspicion of digitalis 
poisoning, calling for measurement of serum digitalis 
concentrations. 

When digitalis poisoning is diagnosed, precocious 
treatment, including antidotal therapy, should be 
considered. 


Conventional Therapy 
GASTROINTESTINAL DECONTAMINATION 


A single dose of activated charcoal should be used in 
patients with acute poisoning if the patient has ingested 
a potentially toxic dose of digitalis and if charcoal can 
be administered during the first 2 hours following 
ingestion.** Neither repeated charcoal administration in 
acute poisoning nor single-dose charcoal administration 
in patients with chronic overdose has been demonstrated 
to be of value. 
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FIGURE 58-7 A, Admission elec- 
trocardiogram of an 89-year-old 
with a digoxin level of 2.4 ng/mL. 
B, One day later. 


FIGURE 58-8 This rhythm strip shows atrial tachycardia with 
block. There is an atrial rate of approximately 150 beats/min with 
a 3:1 block. 


Noncardiac Symptoms of Digitalis Toxicity 





DEFINITE POSSIBLE NO 

INTOXICATION INTOXICATION INTOXICATION 

(%) (%) (%) 
Vomiting 48 30 27 
Anorexia 34 27 18 
Dizziness 14 19 23 
Fatigue 14 16 11 
Visual 9 5 7 

disturbances 

Syncope 6 3 2 
Abdominal pain 6 4 0 
Diarrhea 2 2 2 
Headache 0 2 0 
Delirium 0 1 0 


Modified from Mahdyoon H, Battilana G, Rosman H, et al: The 
evolving pattern of digoxin intoxication: observations at a large urban 
hospital from 1980 to 1988. Am Heart J 1990;120:1189 
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Toxic 


FIGURE 58-9 Results of 100 serum digoxin radioimmunoassay 
measurements. Sixteen patients were believed to be clinically 
toxic; their mean serum level was 3.0 ng/mL. Seven patients 
thought to be nontoxic also had serum levels of more than 3.0 
ng/mL. Overlap of normal toxic values does occur; therefore, 
judgment must be used when evaluating results. (From Doherty 
JE: Digitalis glycosides: pharmacokinetics and their clinical 
implications. Ann Intern Med 1973;79:229.) 


Not toxic 


EXTRACORPOREAL REMOVAL TECHNIQUES 

There are no data to support the use of any extra- 
corporeal removal techniques in acute or chronic 
digitalis poisoning. 


CORRECTION OF ELECTROLYTE DISORDERS 

Correction of hypokalemia and dehydration are 
important in cases of chronic toxicity. However, the 
pathophysiologic mechanism of hypokalemia should be 
kept in mind, and care should be taken to avoid 
secondary hyperkalemia. It is generally recommended 
that calcium be avoided in the treatment of hyper- 
kalemia in digitalis poisoning, due to concerns that 
intracellular calcium concentrations are already elevated 
and that administration of further calcium may lead to 
life-threatening dysrhythmias. This notion has been 
called into question by Kuhn, who cites a study by Nola 
and colleagues in dogs, which demonstrated that 
calcium could safely be administered in digitalis toxicity, 
so long as the serum calcium did not exceed 20 mg/dL. 
A more recent paper by Hack and _ colleagues*® 
demonstrated that calcium can be safely administered in 
a pig model of acute digitalis intoxication. Caution 
should be exercised, however, in overinterpretation of 
these studies, which involved acute contemporaneous 
digitalis and calcium administration, rather than 
administration of calcium in a model with extant digitalis 
intoxication (with sufficient time to observe poisoning of 
the Na/K-ATPase pump). More importantly, it should 
also be remembered that antidotal treatment with Fab 
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fragments corrects hyperkalemia,*° so that adminis- 


tration of calcium for hyperkalemia should probably be 
reserved (if ever used) for those situations in which 
digitalis Fab fragments are not available. 


TREATING BRADYCARDIA OR OTHER 
BRADYARRHYTHMIAS 

Severe bradycardia and bradyarrhythmias are often 
related to increased vagal tone. Treatment is crucial, 
because bradyarrhythmias increase the risk for life- 
threatening ventricular arrhythmias. 

Atropine is the treatment of first choice. A trial of 0.5 mg 
atropine may be given intravenously and repeated up to 
a total dose of 2.0 mg. Large cumulative doses of 
atropine may lead to anticholinergic encephalopathy. 

Adrenergic agonists, such as isoproterenol, should be 
avoided, because the risk for precipitating more severe 
arrhythmias is high due to their dromotropic effects. 


TREATING ECTOPY 

One half to three fourths of patients developing high- 
grade ventricular tachyarrhythmias from digitalis toxicity 
will die. Early, aggressive therapy is essential in these 
situations. The following agents should be considered: 


Cardiac pacing. Cardiac pacing can be used to treat 
bradycardia and bradyarrhythmias and to prevent 
ventricular arrhythmias.”® But pacing is not 
immediately available everywhere and is associated 
with life-threatening ventricular arrhythmias and 
with other nonfatal complications, such as infec- 
tion. As a rule, it should be performed only if 
treatment by Fab fragments is not rapidly available. 
A recent article by Chen and colleagues suggests 
that pacing can be safely performed in patients 
with chronic digitalis poisoning. The authors 
caution against its use in digitalis intentional 
overdose.*° 

Magnesium. The use of intravenous magnesium sulfate 
in digitalis toxicity has theoretical indications, 
especially if the magnesium concentration is low. 
Magnesium may be considered even when the 
magnesium concentration is normal or high if, as is 
often the case, the potassium concentration is 
elevated.*” Magnesium potentiates Na/K-ATPase 
activity without affecting binding of proteins. 
Hypermagnesemia and related side effects may 
occur, particularly in patients with renal 
dysfunction. It is unlikely to appear, however, with 
an initial bolus of 10 to 20 mmol. Magnesium 
sulfate generally is packaged as 1.5 to 3 g of 
magnesium sulfate in 10 or 20 mL. Intravenous use 
for a cardiac emergency is 3 g diluted to 100 mL 
and given over 10 minutes. This is often repeated 
once, followed by maintenance intravenous drips, 
while monitoring the magnesium and potassium 
concentrations. 

Other antiarrhythmic drugs, such as lidocaine and 
phenytoin, quinidine, procainamide, disopyra- 
mide, calcium channel blockers, and B blockers, 
have been previously used. Efficacy was poor and 
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the risk for side effects high. Nowadays, antidotal 
treatment is the first-line treatment for digitalis 
poisoning. 

Cardioversion. Direct current countershock should be 
the last resort in life-threatening arrhythmias, and 
if used, the lowest effective energy level for 
cardioversion is suggested. Even at low energy 
levels, the highest mortality rates for direct current 
cardioversion occur in digitalis toxicity. It should be 
performed only if treatment by Fab fragments is 
not rapidly available. 


ANTIDOTAL THERAPY 

The most immediate decision for the physician treating 
suspected digitalis overdose concerns the need for 
antidotal therapy. Digitalis in massive doses may be lethal 
after suicidal or accidental overdoses, which are not 
uncommon. Resultant ventricular arrhythmias are 
responsible for a high mortality rate, reaching 25% in 
recent studies.**°° The end result is asystole and finally 
a complete loss of any cardiac electric activity. 

The best method for treating very high concen- 
trations of digitalis poisoning is the use of digoxin- 
specific polyclonal antibody fragments (Fab). The first 
report of their use appeared in 1976 (Fig. 58-10).* 
Efficacy and safety have since been clearly demonstrated 
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in acute and chronic poisonings in adults and in children. 
The fragments (molecular weight 50,000 Daltons) 
neutralize digoxin and digitoxin toxicity by reversing 
tissue binding of digitalis. Bound digitalis reaches high 
concentrations in the plasma, but the relatively small 
molecular size allows glomerular filtration and rapid 
excretion. 

Two methods of antidotal treatment with Fab frag- 
ments have been proposed,*® equimolar neutralization 
in patients with life-threatening poisoning and 
semiequimolar neutralization in patients with less severe 
intoxication and/or poor prognostic risk factors, 
although the latter has not been subjected to clinical 
trial. In effect, survival of patients who experience 
cardiac arrest due to digitalis poisoning is very poor. 
Smolarz and colleagues first suggested “prophylactic” 
neutralization to prevent secondary ventricular life- 
threatening arrhythmias.*” Woolf and colleagues recom- 
mended the same strategy in poisoned children.” 
Taboulet and colleagues recently suggested the following 
approach. Once again, it should be emphasized that 
“semimolar neutralization” has not been subjected to 
controlled clinical trials, although it has been routinely 
employed in France for several years.*® 

In patients with life-threatening intoxication, immed- 
iate equimolar neutralization: 


FIGURE 58-10 Sequential elec- 
trocardiograms recorded before, 
during, and after treatment with 
digoxin-specific Fab fragments. A, 
In the tracing recorded imme- 
diately before the start of Fab 
infusion, serum potassium level is 
8.7 mEq/L; the escape interval 
when pacer stimulus is reduced 
below threshold is 4.60 seconds. B, 
In the tracing recorded 15 minutes 
after the start of Fab infusion, 
serum potassium level is 8.0 mEq/L; 
the escape interval is 3.96 seconds. 
C, In the tracing recorded 30 
minutes after the start of Fab 
infusion, the escape interval is 2.76 
seconds. D, In the tracing recorded 
2 hours after the start of Fab 
infusion, the serum potassium level 
is 7.4 mEq/L; a sinus mechanism is 
present at a rate of 75 beats/min, 
with first-degree atrioventricular 
block (P-R interval of 0.24 second). 
(From Smith TW, Haber E, Yeatman 
VI L, Butler VP Jr: Reversal of advance 
digoxin intoxication with Fab frag- 
ments of digoxin-specific antibodies. 
N Engl J Med 1976;294:797.) 
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. Asystole 

. Ventricular arrhythmia (fibrillation or tachycardia) 

. Bradycardia: heart rate less than 40 beats/min (after 
atropine venous infusion) 

4. Serum potassium greater than 5.0 mmol/L 
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In patients with severe intoxication and/or bad 
prognostic risk factors, semimolar neutralization: 


1. Patients older than 55 years 

2. Patients with cardiac disease 

3. Bradycardia: heart rate less than 60 beats/min (after 
intravenous atropine) 

4. Second- or third-degree SA or AV blocks 

5. Serum potassium greater than 4.5 mmol/L 


Antidotal treatment is efficacious in the treatment of 
digitalis-induced cardiac as well as noncardiac distur- 
bances. Hyperkalemia is best treated by Fab fragments. 
All others symptoms, including gastrointestinal symp- 
toms, disappear after Fab fragment infusion. 

The dose of Fab fragments to administer is deter- 
mined by calculating digitalis body load.’* Digitalis body 
load may be estimated, based on supposed ingested 
digitalis amount (in acute poisoning) or by measured 
digitalis blood concentrations. When these data are not 
available, in cases of acute toxicity, empirical dosing 
recommendations are that 20 vials (760 mg) of Digibind 
(GloxoSmithkline, Research Triangle Park, NC) is ade- 
quate to treat most life-threatening ingestions in both 
adults and children. However, in children it is important 
to monitor for volume overload. The physician may 
consider administering 10 vials, observing the patient’s 
response, and following with an additional 10 vials if 
clinically indicated. 

In cases of chronic intoxication, for adults, six vials 
(228 mg) usually is adequate to reverse most cases of 
toxicity. This dose can be used in patients who are in 
acute distress or for whom a serum digoxin or digitoxin 
concentration is not available. In infants and small 
children (weighing less than or equal to 20 kg), a single 
vial usually should suffice. 

Total digitalis body load is calculated in Box 58-4. The 
rate of Fab fragment administration is determined on 
the basis of the presence of life-threatening toxicity: the 
fragments are given over a few minutes in cases of 
ventricular disturbances and over 1 hour in cases of 
prophylactic indications. Resolution of digitalis 
poisoning symptoms after Fab fragment infusion is rapid. 
Reversal, including correction of serum potassium 
concentration, has been obtained in 75% of the patients 
within 1 hour.” Vital signs, electrocardiogram, and 
serum potassium monitoring during Fab fragment 
infusion are means of assessing treatment efficacy and 
safety. It is important to understand that serum digitalis 
concentrations measured by routine methods rise 
dramatically after administration of digitalis Fab 
fragments. Free digitalis concentrations may be 
measured to distinguish bound from unbound fractions, 
but such measurements are technically more difficult to 
perform and generally less available. 

Prior history of allergy after Fab fragment admin- 
istration is the sole contraindication to Fab fragment 
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BOX 58-4 


Calculation of digitalis body load based on ingested digitalis 
amount: 
Digoxin body load (mg) = 0.8 x suspected ingested amount (mo) 
Digitoxin body load (mg) = 1 x suspected ingested amount (mg) 
NB: 0.8 and 1 are digoxin and digitoxin bioavailability. In case of 
elixirs and gel tablets, the value is 0.95. 
Calculation of digitalis body load based on serum digitalis 
concentration: 
Digoxin body load (mg) = [digoxin serm concentration (ng/mL)] x 
5.6 (L/kg) x weight (kg)/1000 
Digitoxin body load (mg) = [Digitoxin serum concentration (ng/mL)] 
x 0.56 (L/kg) x weight (kg)/1000 
NB: 5.6 and 0.56 (L/kg) are digoxin and digitoxin’s respective 
volumes of distribution 
NB: Digoxin serum concentration (nmol/L) x 0.781 = digoxin serum 
concentration (ng/mL or ug/L) 
Digitoxin serum concentration (nmol/L) x 0.765 = digoxin serum 
concentration (ng/mL or ug/L) 
Thus, the dose of Fab fragments to administer is determined as 
follows: 
One vial of 40 mg of Fab fragments (Digibind) neutralizes 0.6 mg of 
digitalis (digoxin or digitoxin). 
One vial of 80 mg of Fab fragments (Digidot) neutralizes 1 mg of 
digitalis (digoxin or digitoxin). 
To obtain equimolar neutralization, dose of Fab fragments to 
administer equals the total body load of digitalis: 1.7 vials of 
Digibind or 1 vial of Digidot for 1 mg of digitalis body load. 





administration. Adverse effects associated with Fab 
fragment administration are rare and minor. The adverse 
effects potentially observed are (1) exacerbation of con- 
gestive heart failure, resistant to digoxin administration; 
(2) allergy; and (3) “overshoot” hypokalemia. Allergic 
reactions are reported in less than 1% of cases.’ 


SUMMARY 


Digitalis intoxication is a common problem in medicine 
today. Toxicity is manifested by many systemic symptoms, 
the most important of which, clinically, are cardiac 
arrhythmias. Virtually every known arrhythmia has been 
reported to be caused by digitalis excess. Finally, the most 
important aid in the successful treatment of digitalis 
intoxication is prevention through patient education. 
Patients’ awareness of potential problems enables them 
to recognize problems early. Patient education is 
especially important in view of the length of digitalis use. 

When prevention fails, in patients with chronic 
treatment experimenting digitalis toxicity and in patients 
with acute poisoning, early diagnosis is crucial is in order 
to rapidly undertake appropriate treatment measures. 
Antidotal treatment using Fab fragments is the first- 
line treatment. Fab fragments can be used to obtain 
equimolar neutralization in patients with life-threatening 
symptoms in order to prevent life-threatening symptom 
complications. 
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STEVEN D. SALHANICK, MD 


At a Glance... 


m Calcium channel antagonist overdose can cause severe and 
prolonged toxicity resulting in a high degree of morbidity and 
mortality. 

m Calcium channel antagonists are structurally diverse and vary 
greatly with regard to central versus peripheral cardiovascular 
effects. 

m@ Toxicity is primarily an extension of therapeutic effects. 

m Many xenobiotics interact with calcium channel antagonists, 
particularly those that are oxidized by the cytochrome P-450 
system including grapefruit juice and digoxin. Care should be 
exercised when prescribing calcium channel antagonists in 
association with other xenobiotics. 

m Early aggressive decontamination is warranted given the 
severity of toxicity. 

© Virtually all forms of supportive care have been successful. 

m Antidotes include calcium salts, but their effectiveness is 
debated. 

m A promising recent development is high-dose insulin therapy, 
which is thought to be effective owing to correction of insulin 
deficiency and to its effects on myocardial energy metabolism. 


Cytosolic calcium increase due to influx of calcium from 
the extracellular matrix has important physiologic 
consequences in both cardiac and vascular smooth 
muscle. As early as the 1960s, the negative chronotropic, 
inotropic, and vasodilatory effects of drugs that blocked 
calcium influx through cell membrane calcium channels 
was recognized, leading to the development of these 
pharmaceuticals as antiarrhythmic and antihypertensive 
agents.' Subsequently, a wide variety of indications for 
calcium channel antagonists has been realized, including 
tocolysis and cerebral vasospasm following aneurysmal 
subarachnoid hemorrhage. Given the prevalence of 
hypertensive disease, as well as the variety of indications 
that have been found for antagonists of calcium channels, 
these drugs are widely prescribed. Furthermore, given 
the lethal nature of these drugs in overdose, they are a 
frequent cause of morbidity and mortality.* Consequently, 
clinicians caring for patients exposed to overdose or 
potential overdose of calcium channel antagonists need 
to be familiar with the management of such patients. 


STRUCTURE 


Calcium channel antagonists are a structurally diverse 
group of drugs (Fig. 59-1). They are organized on the basis 
of structure and pharmacologic activity into five classes. 


Phenylalkylamines 


Verapamil is the prototypical phenylalkylamine. 
Verapamil depresses sinoatrial and atrioventricular 
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conduction, decreases myocardial contractility, and 
decreases peripheral vascular resistance. Verapamil is 
widely prescribed for the treatment of hypertension and 
is frequently used to control supraventricular tachy- 
arrhythmias. It is often prescribed in extended-release 
form. Verapamil undergoes N-demethylation by CYP3A3 
to norverapamil, which has approximately 20% of the 
activity of the parent compound. 


Benzothiazepines 


Diltiazem is the prototypical benzothiazepine. Diltiazem 
is notable for its depressive effects on cardiac chronotropy 
and contractility. Diltiazem relaxes peripheral vascular 
smooth muscle to a lesser extent than do other calcium 
channel antagonists. It is metabolized to desacetyldil- 
tiazem, which has 25% to 50% of the pharmacologic 
activity of the parent drug. Diltiazem is frequently sold as 
a sustained-release preparation. 


Dihydropyridines 


Nifedipine is the prototypical dihydropyridine. Dihy- 
dropyridines are the largest group of calcium channel 
antagonists in clinical use. Dihydropyridines are notable 
for their predominant effect on vascular smooth muscle. 
They generally have little effect on cardiac inotropy or 
chronotropy. They uniformly decrease peripheral vascular 
resistance and coronary artery blood flow. Because of its 
high lipid solubility, nimodipine is indicated for the 
prevention of cerebral artery vasospasm following 
aneurysmal subarachnoid hemorrhage. Nisoldipine is 
marketed as an antihypertensive agent.’ It is notable for 
low bioavailability and marked peripheral vascular 
selectivity. Amlodipine, felodipine, and isradipine are 
remarkable for delayed time to peak plasma level and 
delayed onset of action. Dihydropyridines frequently 
cause reflex tachycardia owing to their peripheral 
vascular selectivity. 


Diarylaminopropylethers 


Bepridil is the prototypical diarylaminopropylether. It 
reduces blood pressure and heart rate in patients with 
stable angina. An adverse side effect profile including 
rate-related QT. prolongation and torsades de pointes 
limits its use to refractory cases of angina.*” 


Tertraline Derivatives 


Mibefradil is the prototypical tertraline derivative. 
Mibefradil is unique in that it has effects on the T-type as 
well as the L-type calcium channel, which is the site of 
action of other calcium channel antagonists.°’ T-type 
channels are thought to be involved in the control of 
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FIGURE 59-1 Chemical structures of the major calcium channel antagonists by class. (From Salhanick SD, Shannon MW: Management 
of calcium channel antagonist overdose. Drug Saf 2003;26[2]:65-79.) 


supraventricular arrhythmias. They have been identified 
in cardiac pacemaker cells but are rare in myocytes.®’9 
They are involved in growth regulation of fibrosis and 
hypertrophy following myocardial infarction, and animal 
data suggest that mibefradil has beneficial effects on 
cardiac remodeling following myocardial infarction.!™* 
Mibefradil also binds at the verapamil binding site, but it 
has effects similar to those of dihydropyridines, affecting 


vascular smooth muscle without exhibiting negative 
inotropic effect.”!3 Mibefradil also acts at coronary 
vascular smooth muscle to increase coronary blood flow.'® 

Mibefradil has high oral bioavailability and a long 
serum half-life (17 to 25 hours); it does not produce 
precipitous hemodynamic changes.’ It is metabolized by 
the cytochrome P-450 (CYP) 3A4 and 2D6 isoenzymes. 
Consequently, it interacts with many other drugs 


including several cardiovascular agents. Because of the 
large number of potential and actual drug interactions, 
mibefradil was voluntarily removed from the market in 
the United States in 1998, despite its desirable profile." 


PHARMACOLOGY 


Calcium flux across cell membranes provides electrical 
signaling in cells and coupling of these signals to 
changes in cytosolic calcium.'? Given the multitude of 
functions of cytosolic calcium, transmembrane calcium 
channels are of tremendous physiologic importance. 

Several types of calctum channel have been described. 
They are primarily distinguished as low voltage activated 
or high voltage activated. Low-voltage-activated channels 
are poorly understood and found primarily in cells 
exhibiting repetitive electrical change. They are involved 
in pacemaker activity of cells, including the inflow of 
calcium into cardiac pacemaker cells during the first 
phase of depolarization.'® 

High-voltage-activated channels respond to relatively 
larger changes in the transmembrane potential. They 
function to couple electrical signals with increases in 
intracellular calcium. Five types of high-voltage channels 
have been described; classification is based on pharma- 
cologic properties. The first described were the L-type 
channels classified on the basis of their sensitivity to 
dihydropyridines. Later, N-type channels were described 
in nervous tissue based on sensitivity to @-conotoxin, a 
peptide isolated from the venom of the cone snail.!” The 
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P-type channels of cerebellar Purkinje neurons, Q-type 
channels, and aforementioned T-type channels have all 
been subsequently identified. 

Molecular structures of the different types of calcium 
channels have been identified and correlate well with the 
pharmacologic classification (Fig. 59-2). All calcium 
channels (low and high voltage) share the , subunit 
that contains the calcium pore and voltage sensors. The 
œı subunit contains four homologous domains, each 
with six transmembrane subunits that come together to 
form a pore in the cell membrane. There are six known 
o, subunits among the various types of channels. Other 
protein subunits include at least four B subunits and Qs, 
y, and 6 subunits.'*!9 The B subunits are nonlinked 
cytoplasmic proteins that affect ionic gradients, rates of 
activation and inactivation, and dihydropyridine binding 
affinity of the L-type channels.” The O and 6 subunits 
are linked to one another and affect the rate of channel 
activation as well as increasing the ionic gradient across 
the channel. The function of the y subunit may be to 
amplify the actions of the B subunit.*° Because of the 
complex nature of the L-type calcium channel, multiple 
receptor sites exist for the structurally diverse calcium 
channel antagonists.”! 

The calcium channel antagonists currently available 
act on the L-type channels of cardiac and vascular 
smooth muscle cells. While L-type channels exist in 
skeletal muscle, the current classes of calcium channel 
antagonists have not shown an effect on skeletal muscle. 
The intracellular release of relatively large amounts of 
calcium from mitochondrial and sarcolemmal stores in 
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FIGURE 59-2 Molecular structure of the L-type calcium channel. (From Salhanick SD, Shannon MW: Management of calcium channel 


antagonist overdose. Drug Saf 2003;26[2]:65-79.) 





skeletal muscle is less dependent on a transmembrane 
calcium increase as a signaling mechanism.** L-type 
channels are also found in nervous tissue, but their 
function there is not well understood.*° 

Antagonism of susceptible L-type channels results 
primarily in effects on the heart and peripheral vascular 
smooth muscle. Cardiac effects include negative inotropy 
due to a decrease in available calcium to facilitate 
excitation-contraction coupling in the myocardial cells as 
well as negative chronotropy due to blockade of L-type 
channels in pacemaker cells in the sinoatrial and 
atrioventricular nodes. Relaxation of vascular smooth 
muscle results in decreased afterload, decreased systemic 
blood pressure, and increased coronary vascular dilatation. 
The effect is primarily on arterial smooth muscle and thus 
does not affect venous capacitance and preload. 

The selectivity of the various calcium channel 
antagonists for cardiac versus peripheral vascular effects 
has long been recognized. The mechanism of this 
selectivity is not entirely clear. Charged drugs (e.g., 
verapamil) appear to block calcium channels prefer- 
entially in the open state, whereas nonpolar drugs block 
the channel in both open and closed states. This has 
been invoked to explain the selectivity of verapamil and 
other charged compounds for rhythmically depolarizing 
cardiac cells and why the effects may be more 
pronounced on pacemaker cells, which have a relatively 
depolarized diastolic membrane potential.”* Additionally, 
as stated above, there is a degree of variability in the 
molecular structures of the œ subunit and the other 
subunits.!®!9 Consequently, calcium channel antagonists 
act at the particular L-type channel with the a, subunit 
that has the greatest affinity for the particular drug.*! 


PHARMACOKINETICS 


The pharmacokinetics of calcium channel antagonists is 
summarized in Table 59-1. The calcium channel 
antagonists are rapidly and nearly completely absorbed 
from the gastrointestinal tract but have extensive first pass 
metabolism. Times to peak serum levels are typically 
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rapid. Several have been formulated as extended-release 
preparations. Time to peak plasma concentration with 
extended-release preparations is 3 to 7 hours. 

Several conditions as well as xenobiotics may affect 
the pharmacokinetics of the calcium channel antagon- 
ists. CYP3A3/4 isoenzymes and CYP1A2 isoenzyme are 
involved in phase one metabolism of all calcium channel 
antagonists.*? Diltiazem and verapamil inhibit P 
glycoprotein—mediated drug transportation in the gut 
and peripheral tissues.“ Consequently, interactions with 
other xenobiotics are extensive (Table 59-2). 

Certain examples are notable. Verapamil and dil- 
tiazem both decrease digoxin clearance and reduce its 
distribution to peripheral tissues. Cyclosporin and 
carbamazepine bioavailability are also increased.*° 
Lithium toxicity has been reported during verapamil 
therapy, but the mechanism is not known.?’ Cimetidine 
increases diltiazem, felodipine, nicardipine, nifedipine, 
and nisoldipine bioavailability as a result of interactions 
with CYP3A3/4.*° Importantly, grapefruit juice contains 
spiro ortho esters that are powerful inhibitors of the 
intestinal CYP3A enzymes, leading to increased bio- 
availability of felodipine, nifedipine, and verapamil.*?*® 

Given the extensive hepatic metabolism of calcium 
channel antagonists, it is not surprising that disease 
states of the liver affect the pharmacokinetics of calcium 
channel antagonists. Verapamil has an increased half-life 
with both concomitant hepatic disease and reductions in 
hepatic blood flow.” Furthermore, nifedipine clearance 
is linearly related to hepatic blood flow in animals.*! 


TOXICOLOGY 


Acute Toxicity 


Acute effects following calcium channel antagonist 
overdose are both exaggerations of the therapeutic 
effects due to action at the therapeutically targeted L- 
type channels of the vascular system as well as other 
pathophysiologic effects due to cross-reactivity with lower 
affinity L-type channels in other tissues. 





Pharmacokinetics of Calcium Channel Blockers 


ABSORPTION BIOAVAILABILITY 

(%) (%) 
Verapamil >90 10-22 
Diltiazem >90 30-60 
Nifedipine >90 65-70 
Amlodipine 100 60-65 
Felodipine — 10-25 
Isradipine -— 15-20 
Nicardipine — 15-43 
Mibefradil >90 70-90 
Nimodipine — 6.6 
Nisoldipine — 8.4 
Nitrendipine >80 10-30 
Bepridil 100 60 


VOLUME OF PROTEIN BINDING TERMINAL 
DISTRIBUTION (L/kg) (%) HALF-LIFE (hr) 
4.7 90 37 
5.3 80-90 4 
0.8-1.4 90 5 
21.4 >95 35 
Oey, >99 10.2 
69-161 L >95 8 
= 98 5 
369 799 W525 
0.94 = 1-2 
2.3 = 4 
6.6 98 12 
8.0 >99 33-48 


Adapted from Pearigen PD, Benowitz NL: Poisoning due to calcium antagonists: experience with verapamil, diltiazem and nifedipine. Drug Saf 


1991;6:418. 
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Drug Interactions Involving Calcium Channel Blockers 


DRUG 


Verapamil 
Bepridil (other 
calcium channel 


blockers possible, 


but less likely) 


Verapamil 
Diltiazem 


Verapamil 
Diltiazem 
Bepridil (possibly) 
Verapamil 
Diltiazem 


Verapamil 


Verapamil 


Verapamil 


Verapamil 
Diltiazem 


Bepridil 


Verapamil 
Diltiazem 


All calcium channel 
blockers 


All calcium channel 
blockers 


Verapamil 


INTERACTING DRUG 


B blockers 


Digitalis 


Propranolol 


Digoxin 


Cyclosporine 


Quinidine 


Prazosin 


Halothane 


Disopyramide 
Flecainide 


Quinidine 
Disopyramide 
Procainamide 
Sotalol 
Amiodarone 
Flecainide 


Oral hypoglycemic 
agents 


Cimetidine 


Rifampin 
Sulfinpyrazone 


EFFECT 


Heart block, cardiac 
failure, asystole 
(after IV verapamil) 


Aggravates heart 
block; asystole 


Reduced oral clearance 
with increased levels 
of propranolol 

Reduced digoxin 
clearance, increased 
digoxin levels 


Increased cyclosporine 
levels 


Hypotension (after IV 
verapamil) 


Increased prazosin 
levels; greater 
hypotensive effect 

Bradycardia 

Hypotension 


Cardiac failure 


Ventricular arrhythmias 
Torsades de pointes 


Sinus arrest 
Heart block 


Hyperglycemia 


Increased oral 
bioavailability of 
calcium channel 
blockers 

Reduced oral 
bioavailability of 
verapamil 


PROBABLE MECHANISM 


Additive depression of 
AV conduction, 
myocardial contractility 


Additive depression of 
cardiac conduction 


Inhibition of first pass 
metabolism 


Inhibition of metabolism 
and renal excretion of 
digoxin 


Uncertain 


Additive a-adrenergic 
blockade 


Reduced clearance; 
additive a-blocking 
effect 

Additive depression of 
sinus node function 
and myocardial 
contractility 

Additive depression of 
myocardial contractility 


Additive prolongation of 
QT interval 


Additive depression of 
sinus node function and 
AV nodal conduction 

Inhibition of insulin 
release usually 
stimulated by 
sulfonylurea drugs 


Inhibition of metabolism; 
reduced presystemic 
metabolism 


Accelerated metabolism; 
increased presystemic 
metabolism 


COMMENT 


Primarily seen with 
verapamil; use with 
caution in patients 
taking B blockers 


Avoid use of calcium channel 
blockers in patients 
with digitalis toxicity 
Propranolol dose may need 
to be reduced 


Reduce digoxin dose after 
starting verapamil or 
diltiazem; monitor serum 
digoxin concentration 

Reduce cyclosporine dose 
after starting verapamil 
or diltiazem; monitor 
cyclosporine level 

Use IV verapamil cautiously 
in patients taking 
quinidine or other drugs 
with o-blocking activity 

Use combination cautiously; 
may need to decrease 
prazosin dose 

Avoid coadministration 


Avoid use if possible, 
particularly in patients 
with impaired 
myocardial function 

Avoid coadministration 


Use combination with 
extreme caution 


May need to increase oral 
hypoglycemic doses or use 
insulin to maintain glucose 
control; beware of 
hypoglycemia when 
calcium channel blockers 
are discontinued 

Reduce calcium channel 
blocker dose by 30% 
to 40% 


Increase verapamil dose; 
use alternative calcium 
channel blocker with less 
presystemic metabolism 





The pharmacokinetics is affected by the overdose state. 
All calcium channel antagonists undergo some degree of 
first pass metabolism. Several reports describe increased 
drug half-lives following overdose of verapamil, nifedipine, 
and diltiazem.***° The mechanism is thought to be satu- 
ration of the microsomal CYP system enzymes. Sustained- 
release products may have delayed absorption that results 
in altered pharmacokinetics. Case reports describing 
overdose of sustained-release preparations describe a 
delay in symptoms by as long as 15 to 24 hours.°°°® 


In overdose, cardiac versus vascular selectivity is 
decreased but not abolished.***” Vasodilatation, particu- 
larly associated with agents preferentially affecting 
vascular smooth muscle, results in decreased systemic 
vascular resistance, hypotension, and shock. The patient 
may appear warm and well perfused owing to a lack of 
vasomotor tone. Negative inotropic and chronotropic 
effects lead to decreased cardiac output contributing to 
the shock state. Cardiac ejection fractions as low as 10% 
have been reported in poisoned patients.*”*! Depression 
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of myocardial conduction may cause depression of the 
sinus rate and any degree of atrioventricular block. 
Increased ventricular rate has been reported following 
overdose as a result of increased conduction across the 
accessory pathway in Wolff-Parkinson-White syndrome.” 
Mortality is high and is preceded by worsening shock and 
acidosis, culminating in cardiac arrest. 

Effects not directly attributable to antagonism of L-type 
channels of the cardiovascular system are frequently 
noted. Some are due to effects on calcium channels in 
other tissues, while others may be attributable to the shock 
state. 

Pulmonary edema not consistent with the degree of 
myocardial depression has been reported following 
overdose with verapamil and amlodipine.***? Precapillary 
vasodilatation resulting in increase in transcapillary 
pressure is thought to be the mechanism.*”>? Other 
proposed mechanisms include change in endothelial 
permeability due to a direct effect of calcium antagonism, 
prostaglandin effects, and effects secondary to the 
sympathetic discharge associated with toxicity.°*°° 

Delirium, agitation, seizures, and depressed level of 
consciousness have been described with calcium channel 
antagonist overdose.” Bowel infarction and ileus have 
been reported; however, they may be due entirely to the 
shock state.*1°° 

Hyperglycemia has been well documented with 
calcium channel antagonist toxicity.**6566 Calcium influx 
into pancreatic islet cells via L-type channels stimulates 
insulin release. Nonselective blockade following calcium 
channel antagonist overdose with resulting hypoinsu- 
linemia is the cause of hyperglycemia.®”®%68 The decrease 
in insulin production produces ketoacidosis in addition 
to the lactic acidosis due to shock.” 


Chronic Toxicity 


Calcium channel antagonists are essentially free of 
chronic toxicity. 


Adverse Effects 


Prolongation of the QT interval, first-degree atrioven- 
tricular block, transient elevation of transaminases, and 
near syncope are reported. Most calcium channel 
antagonists are excreted in breast milk.” Levels in breast 
milk may approach plasma levels; however, there are no 
reports of neonatal toxicity.” Inhibition of sperm 
acrosomal activity resulting in reversible infertility in 
males taking calcium channel antagonists therapeutically 
has been reported.” 


DIAGNOSIS 


Diagnosis of calcium channel antagonist overdose 
includes the patient’s history. If the patient is not 
cooperative, medication lists should be reviewed to 
determine if the patient has had access to calcium 
channel antagonists. Prehospital care providers may have 
seen medication containers or prescriptions. If the 
patient’s pharmacy can be identified, the pharmacist 
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may provide information. Family members should be 
questioned regarding medications available to the 
patient. Many reports of calcium channel antagonist 
toxicity describe co-ingestants with additive or synergistic 
effects. Consequently, a careful search for co-ingestants 
via history and laboratory analysis should be conducted 
as well. The physical examination may be notable for a 
warm, peripherally dilated patient who is hypotensive 
and bradycardic. 

Serum levels of calcium channel antagonists are rarely 
available to the clinician treating the overdosed patient. 
An elevated serum glucose level may be present and 
support the diagnosis. The presence of ketoacidosis 
should be determined, since it also supports the 
diagnosis. 

An electrocardiogram should be obtained to diagnose 
the presence of bradyarrhythmia that may be amenable 
to therapy. In cases of severe shock, invasive hemo- 
dynamic monitoring may confirm the decreased systemic 
resistance and provide evidence of response to therapy. 

The differential diagnosis includes anything that may 
cause peripheral vasodilatation or bradyarrhythmia 
including myocardial infarction, insult to the cardiac con- 
duction system, and ingestion of other vasoactive xeno- 
biotic (e.g., B-adrenergic antagonists, clinidine, guan- 
facine, and digoxin). 


MANAGEMENT 


Supportive Measures 


Initial supportive care should be aggressive owing to the 
high mortality associated with calcium channel antagonist 
overdose and the potential for rapid progression 
of symptoms. Large-bore intravenous access must be 
obtained. Continuous cardiac monitoring should be ini- 
tiated. Airway and ventilatory support should be 
provided early because of the difficulties associated with 
intubation in the profoundly hypotensive patient. 

No clear consensus exists regarding the optimal 
regimen for supportive care of the patient. Nearly every 
form of cardiovascular support has been tried, all with 
some reported success. Intravenous fluid therapy is 
typically initiated early following calcium channel 
antagonist overdose. Care should be exercised, however, 
given the aforementioned propensity of patients to 
develop pulmonary edema. Furthermore, these patients 
are not necessarily volume depleted; consequently, 
administration of large volumes of fluid should be 
avoided in favor of early administration of pharmaco- 
logic support or an antidote to avoid the complications 
of fluid overload. 

The choice of pharmacologic supportive agents is best 
guided by the hemodynamic picture, since no single 
agent is clearly more beneficial than the others. 
Adrenergic agents such as dopamine, norepinephrine, 
or epinephrine should be initiated in the setting of 
significant toxicity. The choice of agent should be 
determined by the clinician’s comfort with the agent 
administered and the clinical picture, with o-adrenergic 
agents administered to treat peripheral toxicity and 


B-adrenergic agents administered to treat cardiac 
manifestations of toxicity. Atropine may be given to treat 
bradycardia likely to be responsive. Obtaining adequate 
hemodynamic data may require invasive hemodynamic 
monitoring, including the placement of arterial lines, 
central venous catheters, or pulmonary artery catheters. 

Amrinone deserves special mention in the treatment 
of calcium channel antagonist toxicity. Amrinone 
inhibits phosphodiesterase III (found in cardiac and 
vascular tissues), resulting in decreased cyclic adenosine 
monophosphate (cAMP) breakdown. The increase in cAMP 
results in greater phosphorylation of L-type calcium 
channels, which increases their permeability to calcium 
ions. Amrinone does not increase myocardial oxygen 
demand as the catecholamines do. Data supporting the 
use of amrinone are limited, however. Amrinone has 
been shown to reverse myocardial depression in rats and 
dogs with verapamil toxicity.’”*”* Human case reports 
describing beneficial effect of amrinone also have been 
published.””© Caution should be exercised, since 
amrinone can induce relaxation of vascular smooth 
muscle, potentially worsening the peripheral effects of 
calcium channel antagonists. Phosphodiesterase 
inhibitors thus have attractive properties for use in the 
management of calcium channel antagonist toxicity. 

Mechanical inotropic supportive measures may be 
necessary if pharmacologic measures fail. ‘Transvenous 
pacing has been reported in several cases with varying 
results.”>7834 Balloon pump and bypass have been 
successful therapies.*1°98!85.89 Given the limited data, 
these therapies should be reserved for cases in which 
pharmacologic measures have failed. 


Decontamination 


Following performance of initial supportive measures 
(airway control, intravenous access), appropriate decon- 
tamination measures should be instituted. Activated 
charcoal is generally the best option, since it likely will 
absorb the greatest amount of ingested drug, is less 
invasive, and has fewer complications than gastric 
emptying procedures. Emesis induction should not be 
attempted given the risk for rapid deterioration in 
hemodynamic status, the difficulty of airway control and 
other therapeutic measures, and risk of aspiration in the 
patient with uncontrollable emesis. Gastric lavage with a 
No. 36 to 40 French tube (24 to 28 for children) should 
be considered with caution. Lavage should be con- 
sidered only after life-threatening ingestions within 
1 hour of the ingestion. Importantly, gastric lavage may 
cause vagal stimulation, leading to death in patients with 
heart block or other bradyarrhythmias. Patients with a 
bradyarrhythmia should not undergo lavage. Whole- 
bowel irrigation with polyethylene glycol solution is 
recommended following overdose of sustained-release 
preparations.®°*§ Many calcium channel antagonists are 
formulated as sustained-release preparations, and these 
are frequently implicated in toxicity.* Whole-bowel 
irrigation should not be performed when the patient has 
ileus. Furthermore, nursing care is made more difficult 
when the unstable patient is producing a large amount 
of liquid stool. Vomiting is a risk, and airway control to 
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protect from aspiration should be strongly considered. If 
whole-bowel irrigation is not feasible, multiple doses of 
activated charcoal may be considered although evidence 
of the clinical value of this intervention is lacking. 


Laboratory Monitoring 


As mentioned above, levels of calcium channel 
antagonists are generally not available in time to be 
useful. Several laboratory studies may be helpful, 
however. Serum electrolytes should be monitored to 
prevent arrhythmogenic abnormalities that may occur 
during therapy. Serum calcium concentrations are 
imperative when therapy with calcium salts is performed. 
Arterial blood gasses may be used to monitor acidosis. 
Serum digoxin concentrations should be obtained in 
anticipation of administration of calcium salts. Calcium 
channel blocker overdose has no effect on total or 
ionized serum calcium concentrations. 


Antidotes 


Several antidotes have been used for the treatment of 
calcium channel antagonist toxicity. 


4-AMINOPYRIDINE 

4-Aminopyridine is a potassium channel antagonist that 
causes an increase in intracellular calcium concentration 
by increasing calcium inflow across the L-type channel 
and an increase in calcium release from intracellular 
stores in the sarcoplasmic reticulum.®® 4-Aminopyridine 
has improves hemodynamic parameters in cats and 
dogs.” Human use has been reported, but safety and 
efficacy remain in question.”! 


CALCIUM SALTS 

Calcium salts are frequently employed in the manage- 
ment of calcium channel antagonist overdose.°>”* 
Calcium salts are a reasonable first agent, since they are 
readily available and easily administered. Reports of this 
use of calcium salts date to the mid-1970s, and thus calcium 
is the first antidote reported in the English literature.” 

The use of calcium salts is controversial, however. 
Animal data generally have been positive. Rats and 
rabbits given 5 to 15 mg/kg/min calcium chloride or 
gluconate with concurrent administration of nifedipine 
showed increased survival time, blood pressure, stroke 
volume, and cardiac output over controls; however, 
conduction disturbances were not affected.?4 Further- 
more, serum calcium concentrations correlated with 
increases in blood pressure and cardiac output following 
calcium chloride administration to verapamil-poisoned 
dogs.” 

Human case reports show conflicting results. Several 
authors report minimal or no response to the admin- 
istration of calcium salts to treat severe calcium channel 
antagonist toxicity.“&6®3%698 Proponents of the use of 
calcium argue that most of the reports of failed therapy 
are due to underdosing and that high doses of calcium 
are effective as antidote and without adverse effects.” 

Several recommendations have been published for 
the administration of calcium salts. Calcium chloride has 
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been administered in bolus doses of 1 g every 15 to 20 
minutes for a total of four doses or more aggressively as 
1 g every 2 to 3 minutes until clinical effect is achieved. * 
Continuous infusion of 0.2 to 0.4 mg/kg/hr calcium 
chloride (0.6 to 1.2 mg/kg/hr calcium gluconate) has 
been recommended.” Buckley and colleagues 
reported giving 30 g calcium chloride over 12 hours 
resulting in a plasma calcium level of 23.8 mg/dL with 
hemodynamic improvement and no adverse clinical 
effects.” Lam and colleagues advocate titrating calcium 
infusion to maintain a serum calcium level of 8 
mg/dL.'° Howarth and associates recommend conti- 
nuous infusion titrated to improvement in hemo- 
dynamic parameters. “’ 

Initial bolus administration of calcium salts followed 
by measurement of serum calcium at a minimum of 
every 12 hours is reasonable practice. Serum calcium 
levels should be maintained in the normal range because 
of the lack of evidence for efficacy of above-normal 
concentrations. Other modes of therapy should be 
added if calcium therapy does not rapidly improve 
hemodynamic parameters. 

Several precautions should be taken during calcium 
therapy. Careful maintenance of intravenous sites is 
essential to prevent tissue damage due to extravasation 
of calcium chloride. Continuous cardiac monitoring and 
at least daily electrocardiograms should be performed to 
prevent arrythmias.!°° Calcium should not be admin- 
istered if there is an elevated digoxin level or if the clini- 
cian has reason to believe that digoxin ingestion may 
have occurred, because of the concern for resulting life- 
threatening arrythmias.!°™!° The effect of administering 
exogenous calcium to patients with therapeutic digoxin 
serum concentrations and calcium channel antagonist 
toxicity is unknown. It is prudent to obtain the digoxin 
concentration before initiation of calcium therapy and 
to withhold calcium therapy if a measurable digoxin 
concentration is present, because of the potential for 
concurrent overdose of digoxin, the unclear interaction 
between calcium and therapeutic digoxin concentrations, 
and the availability of other therapies. 


INSULIN 

Insulin as an antidote for calcium channel antagonist 
poisoning is based on several observations.'°* Hyper- 
glycemia in calcium channel antagonist toxicity is due to 
blockade of pancreatic L-type channels that results in 
decreased insulin production.® Furthermore, calcium 
channel antagonist toxicity results in decrease in uptake 
of insulin or free fatty acids by the myocardium as well as 
a shift from oxidation of fatty acids to carbohydrates for 
the production of energy.” 

Insulin increases cellular uptake of glucose and 
lactate and improves hemodynamic parameters in 
verapamil-poisoned dogs.'°* Furthermore, measurement 
of the myocardial respiratory quotient and the ratio of 
myocardial oxygen delivery to myocardial work indicates 
that insulin therapy of verapamil-poisoned dogs causes 
an increase in energy efficiency of myocardial 
metabolism.’ Insulin improves survival in critically ill 
patients owing to a variety of causes regardless of degree 
of hyperglycemia or insulin resistance.'” 
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Human data support the use of insulin as an antidote 
for calcium channel antagonist toxicity. Yuan and 
associates reported on three patients with verapamil 
toxicity and one with amlodipine and atenolol toxicity 
refractory to calcium salts, fluids, and vasopressors. 
Patients received bolus doses of 10 to 20 IU of regular 
insulin followed by a continuous insulin infusion of 0.1 
to 1.0 IU/kg/hr. All patients showed improvement in 
hemodynamic parameters temporally associated with 
insulin administration.’ Serum verapamil concentrations 
obtained from two of these patients were markedly 
elevated, yet all patients survived without sequelae.” 
Boyer and Shannon reported on two patients who failed 
to respond to calcium or glucagon and aggressive 
supportive care, yet responded rapidly to insulin 
administration at 0.5 IU/kg/hr.'° Supplemental glucose 
was required for only one of the patients. Insulin therapy 
with supplemental glucose as needed should therefore 
be initiated early in the treatment of calcium channel 
antagonist toxicity. 

The preferred regimen at the author’s institution for 
insulin therapy is as follows. Adult patients with serum 
glucose levels greater than 200 mg/dL receive one 
ampule (50 mL of 50% solution) of D-glucose (0.25 g/kg 
D-glucose for children). A serum potassium concen- 
tration of less than 2.5 mEq/dL is treated with 40 mEq 
orally or 20 mEq of potassium intravenously. A bolus 
dose of insulin, 1.0 U/kg, is given followed by an infusion 
at 0.5 to 1.0 IU/kg/hr titrated to clinical response. 
Therapeutic targets include a systolic blood pressure 
greater than 100 mm Hg and a sinus rhythm of greater 
than 50 beats per minute. Capillary glucose is checked 
every 20 minutes for 1 hour and then hourly thereafter. 
Serum potassium is checked hourly. Fluid therapy is half- 
normal saline with 10% dextrose at an infusion rate 
equal to 80% of maintenance. Insulin infusion is weaned 
as toxicity resolves. k Hyperinsulinemia, euglycemia 
(HIE) is the term applied to the use of insulin as an 
antidote given the large doses of insulin administered. 


GLUCAGON 

Glucagon has been recommended as an antidote for 
calcium channel antagonist therapy in prior editions of 
this and in other standard texts. Glucagon has a specific 
receptor on the surface of the myocyte.!°’ Binding 
results in the stimulation of adenyl cyclase via G pro- 
teins followed by increased intracellular cyclic AMP, 
phosphorylation of L-type calcium channels, and influx 
of calcium.'° In addition, the C-terminal portion of 
glucagon is cleaved to miniglucagon, which releases 
calcium from the sarcoplasmic reticulum.'”? Miniglucagon 
increases inotropy in embryonic chick ventricular 
myocytes. In vitro administration of both glucagon and 
miniglucagon produced a synergistic positive inotropic 
effect, thought to be due to effects on the L-type channel 
and the sarcoplasmic reticulum.’ 

Multiple studies show increased inotropy, chronotropy, 
and dromotropy following glucagon administration to 
animals poisoned by calcium channel antagonists.'!°'! 
Human case reports are less conclusive, since they are 
confounded by multiple treatment regimens and 
uncontrolled conditions. The majority, however, describe 
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multiple dose activated charcoal* 


“Efficacy not proven but potential benefits exceed risks in most circumstances 
** Therapy may need to be started prior to decontamination if patient is unstable 


FIGURE 59-3 Algorithmic approach to the management of the patient with calcium channel antagonist toxicity. 


beneficial effects on hemodynamic parameters following 
glucagon administration.’”©1!51!6 

The effects of glucagon begin within 1 to 3 minutes, 
peak at 5 to 7 minutes, and decline by 15 minutes.!” 
Doses between 0.5 and 14 mg intravenously have been 
reported, but typical dosing is 1 to 10 mg as an 
intravenous bolus followed by infusions of 3 to 
6 mg/hr.!511618 The maintenance dose is determined 
by the initial effective dose, with the initial dose required 
to obtain response given as continuous infusion over 
1 hour. The initial recommended pediatric dose is 50 to 
150 ug/kg.!!9 Adverse effects of glucagon include 
nausea, vomiting, flushing, hyperglycemia, smooth 
muscle relaxation, and intestinal ileus. 


Elimination 


No methods are known to enhance the elimination or 
metabolism of calcium channel antagonists. The high 
degree of protein binding and volumes of distribution 
generally larger than 1 L/kg make dialysis unlikely to be 
beneficial, and no benefit has ever been reported. 


Significant enterohepatic circulation has not been 
demonstrated. Furthermore, gut dialysis with multiple- 
dose charcoal is not known to occur. 


Disposition 


Given the severity of calcium channel antagonist toxicity 
and the potential for delayed toxicity, patients with a 
history of ingestion should be observed in a monitored 
setting for a minimum of 12 hours. If there is a question 
whether a sustained-release preparation is involved, the 
period of observation should be extended to 24 hours. 
Patients exhibiting signs of toxicity should be treated in 
an intensive care unit. Following resolution of toxicity, a 
careful search should be conducted for sequelae of 
prolonged hypotension including bowel infarction, 
stroke, and subendocardial myocardial infarction and 
those issues treated accordingly. An algorithmic 
approach to the care of the patient suffering calcium 
channel antagonist toxicity is shown in Figure 59-3. As 
always, psychiatric evaluation is prudent following 
intentional ingestion. The causes of therapeutic mis- 





adventure should be investigated as well. Finally, a 
nonjudgmental evaluation of home safety should occur 
in cases of pediatric ingestion. 
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6 0 B-Adrenergic Antagonists 


STEVEN B. BIRD, MD 


At a Glance... 


m The classic presentation of overdose is bradycardia, 
hypotension, hypoglycemia, and decreased mental status. 

m Some agents may produce tachycardia and hypertension. 

m Glucagon is the treatment of choice for bradycardia and 
hypotension. 

m Combined pharmacologic therapy is often needed in moderate- 
to-severe poisoning. 

m Invasive measures such as transvenous pacing, intra-aortic 
balloon counterpulsion, and cardiopulmonary bypass should be 
considered if pharmacotherapy is ineffective. 


INTRODUCTION AND RELEVANT 
HISTORY 


Since the first use of B-adrenergic antagonists (“B 
blockers”) for angina and hypertension in the early 
1960s, the clinical indications for their use and number 
of prescriptions filled per year have increased dra- 
matically. Currently, B-adrenergic antagonists are indi- 
cated for cardiac dysrhythmias, angina pectoris, hyper- 
tension, idiopathic hypertrophic subaortic stenosis, after 
myocardial infarction, for management of stable con- 
gestive heart failure, aortic dissection, thyroid storm, 
essential tremors, glaucoma, migraine prophylaxis, anxiety 
states, withdrawal states, and pheochromocytoma.'* 


EPIDEMIOLOGY 


Not unexpectedly, increased use of these agents has led 
to increased incidence of toxicity. Frishman and 
colleagues’ published the first review of B-adrenergic 
toxicity in 1979. The American Association of Poison 
Control Centers (AAPCC) reported a nearly sixfold 
increase in B-adrenergic exposures from 1984 to 2002, 
and an increase in mortality from 6 to 39 during the 
same time period.*” 

It has been estimated that by the year 2030, more than 
20% of the U.S. population will be aged 65 years or 
older® and that the number of people with congestive 
heart failure will increase to nearly 6 million.” One may 
expect with an aging population, combined with ever- 
increasing indications for B-adrenergic antagonists, that 
the number of poisonings (as well as the severity of the 
poisonings) will continue to increase. Therefore, an 
understanding of the pharmacology, toxicology, and 
clinical presentation of patients after B-adrenergic 
antagonist poisoning is essential. 


PHARMACOLOGY 


B Blockers are generally classified on the basis of their 
cardioselectivity or the type of B-adrenergic receptor that 
is antagonized. These agents may also be classified 
according to the degree to which they possess partial 
agonist properties and also their membrane stabilization 
and antidysrhythmic effects (Table 60-1). As with many 
pharmaceutical agents, receptor selectivity is largely lost 
upon overdose. 

A thorough understanding of B-adrenergic receptor 
antagonist toxicity requires a brief review of these 
receptors. The distinction between @ and B receptors was 
elucidated and published in 1948 by Ahlquist.* Binding 
of epinephrine and norepinephrine to B receptors results 
in the phosphorylation of a G-protein complex on the 
cytoplasmic side of the cell membrane. Conformational 
changes in the G protein allow adenylate cyclase to 
catalyze the formation of cyclic adenosine monophosphate 
(cAMP) in the cytoplasm. In the myocyte, cAMP stimulates 
various protein kinases that phosphorylate calcium 
channels, thereby resulting in calcium entry into the cell 
and calcium-dependent calcium release from the 
sarcoplasmic reticulum. This calcium is responsible for 
the excitation-contraction coupling of myocytes.’ Non- 
specific phosphodiesterases then hydrolyze cAMP and 
prevent further downstream effects.'° 

Further characterization of the B; and B receptors 
was published in 1967 by Lands and associates.'! It was 
not until 1989 that a third B-adrenergic receptor was 
characterized,'* although this B receptor is primarily 
located on adipose cells and has no significant 
cardiovascular effects. A fourth type of B receptor that is 
responsible for partial agonist activity, termed the cardiac 
putative B, adrenoreceptor, has been proposed.'® 

B,-Adrenergic specific receptors are found primarily 
in the myocardium, kidneys, and eyes, and they demon- 
strate roughly equal binding affinities for epinephrine 
and norepinephrine.'! B,-Receptor stimulation leads to 
increases in myocardial contractile force (inotropy) and 
rate (chronotropy) as a result of increased sinoatrial 
node firing as well as action potential conduction 
velocity.'* B,-Receptor activation also increases renin 
secretion by the kidney and aqueous humor production 
in the anterior chamber of the eye. Bə Receptors are 
found predominantly in vascular smooth and skeletal 
muscle, the pancreas, the liver, and adipose tissue. 
Agonism of Bə receptors leads to relaxation of smooth 
muscle in the lungs, blood vessels, uterus, and intestines. 
Metabolic effects of B.-receptor stimulation include 
lipolysis, glycogenolysis, and increased insulin secretion 
(Table 60-2). 
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B-Receptor Effects 


B,-RECEPTOR EFFECTS B,-RECEPTOR EFFECTS 





ORGAN EFFECT ORGAN/SYSTEM EFFECT 
Eye Increased aqueous humor production Lung Bronchial dilation 
Kidney Increase renin production Vascular system Arteriole dilation 
Heart Increased inotropy and chronotropy Increased insulin secretion 
Increased lipolysis 
Increased glycogenolysis 
Metabolic system Increased lactic acid production 
Other Intracellular potassium shift 
PATHOPHYSIOLOGY concentration of propranolol in the central nervous system 


The antagonism of B receptors and subsequent derange- 
ments in catecholamine physiologic effects cannot 
account for all the observed toxicity following B-receptor 
antagonist overdose. That is, if B-receptor antagonism 
alone were responsible for the observed clinical effects, 
then B-receptor agonism should provide adequate means 
to overcome the receptor blockade. However, experi- 
mental evidence and clinical experience suggest other 
mechanisms are at work. For instance, in isolated rat 
hearts depleted of catecholamines, the addition of B 
blockers produces toxicity. Additionally, in a canine 
model of acute B-blocker toxicity, Kerns and associates 
demonstrated no improvement in survival with the 
addition of high-dose epinephrine.” 


PHARMACOKINETICS 


B Blockers are generally rapidly absorbed after inges- 
tion, with peak effects occurring after 1 to 4 hours.'® 
Sustained-release formulations, however, produce pro- 
longed absorption. It is prudent to keep in mind that 
pharmacokinetics may be altered greatly in the setting of 
overdose.!’ The volume of distribution for B blockers 
varies widely: only atenolol and sotalol have volumes of 
distribution of less than one (see Table 60-1). Half-lives 
of these agents are generally brief (approximately 
6 hours) but vary from a low of 10 minutes for esmolol, 
to 24 hours for nadolol. Low cardiac output states, 
hepatic dysfunction, and inducers of hepatic enzymes 
may alter the duration of action for those B blockers, 
which are metabolized by the liver. Similarly, renal 
dysfunction and low cardiac output may increase the 
duration of action for agents that are excreted 
unchanged in the urine (see Table 60-1). 

After acute oral overdose of immediate-release 
preparations, signs of toxicity usually begin within 30 
minutes and peak by 2 hours. Toxicity after ingestion of 
sustained-release preparations or sotalol may be delayed 
until 20 hours after ingestion.'**! Toxicity after B-blocker 
overdose may persist as long as several days.** 

The lipid solubility of B blockers can significantly 
influence the degree of clinical toxicity observed after 
overdose owing to penetration of the blood-brain barrier. 
The agents with the highest degree of lipophilicity include 
metoprolol, penbutolol, propranolol, and carvedilol. The 


(CNS) may exceed that seen in plasma by as much as 20- 
fold.” 

Acebutolol, carteolol, penbutolol, pindolol, and timolol 
uniquely possess partial B-adrenergic agonist properties 
(also known as intrinsic sympathomimetic activity, or 
ISA), leading to a normal heart rate or even tachycardia. 
Therefore, bradycardia should not be viewed as 
invariably present after B-blocker poisoning. 

The decreased cAMP formation following B-blocker 
administration also leads to inhibition of sodium and 
calcium influx currents during phase 0 of the cardiac 
action potential, thereby classifying B blockers as Vaughn 
Williams class II antidysrhythmics.** This effect is termed 
membrane stabilization. 


Special Populations 


Clinical effects observed with B-blocker toxicity may 
differ according to the age of the patient. Symptomatic 
hypoglycemia may be more common in children than in 
adults. The baseline cardiovascular disease present 
in many elderly patients may make overdoses or 
unintentional poisonings more severe in this age group. 


Drug Interactions 


Drugs that induce hepatic mixed-function oxygenases 
may increase metabolism of betaxolol, bisoprolol, 
carvedilol, labetalol, metoprolol, penbutolol, and 
propranolol. Notable examples include phenytoin, 
phenobarbital, isoniazid, and rifampin. Other drugs 
(e.g., erythromycin, clarithromycin, cimetidine) may 
inhibit hepatic metabolism of these agents and therefore 
produce toxicity at unexpected doses. The other B 
blockers listed in ‘Table 60-1 (except esmolol) undergo 
primarily renal elimination and can therefore be 
affected by agents that decrease renal clearance (e.g., 
nonsteroidal anti-inflammatory drugs). It is unknown 
whether the new cyclooxygenase II inhibitors sufficiently 
perturb B-blocker elimination. 

Owing to their significant effects on myocardial 
physiology, the principal drugs that interact with B 
blockers are other antihypertensive and antidysrhythmic 
agents. In both therapeutic doses and overdoses, the 
combination of a B blocker and a calcium channel 
blocker may lead to hypotension, bradycardia, and 
death.*°*7 Combination treatment with peripheral 





vasodilators such as hydralazine may lead to significant 
hypotension as a result of B-blocker inhibition of the 
usual reflex tachycardia. Administration of exogenous 
catecholamines, or the presence of any drug that leads to 
release or accumulation of catecholamines (e.g., cocaine, 
amphetamines, monoamine oxidase inhibitors), may lead 
to “unopposed G-adrenergic” stimulation and resultant 
hypertension, cardiac ischemia, or stroke.**°° 


TOXICOLOGY 


Clinical Manifestations 


Cardiac conduction abnormalities are common. First- 
degree atrioventricular (AV) block, intraventricular 
conduction abnormalities, high-grade AV block, non- 
specific ST segment and T wave changes, QT pro- 
longation, and asystole have all been recorded. Varying 
degrees of ventricular depolarization and repolarization 
abnormalities may occur, particularly with membrane 
stabilization agents and sotalol.*!*° Most patients with 
overdose present with hypotension and bradycardia.*! 
Ingestion of agents with ISA, however, may lead to 
tachycardia and hypertension.***° Sotalol is particularly 
toxic, with frequent reporting of ventricular tachycardia, 
torsades de pointes, and ventricular fibrillation! *° owing 
to its effect on action potential duration and subsequent 
QT prolongation.3”*® 

CNS depression, ranging from drowsiness to coma, is 
a relatively common effect of B-blocker toxicity** and 
generally reflects the severity of the poisoning.!”?° CNS 
toxicity may occur in the absence of bradycardia, 
hypotension, or hypoglycemia,”! particularly with the 
lipid-soluble agents.°°**° CNS depression also is exac- 
erbated by B blocker—associated cerebral hypoperfusion, 
acidemia, and hypoxia.’ 

While bronchospasm has been traditionally been 
a concern following therapeutic use or overdose of 
B blockers, it remains an unusual complication of B- 
blocker toxicity. When it does occur, bronchospasm is 
more likely to occur in patients with preexisting pul- 
monary disease. More common is respiratory depression, 
usually due to CNS toxicity.*! Central cyanosis may be 
present. Peripheral cyanosis due to antagonism of 
vascular Bs receptors with the accompanying “unopposed 
Q” effects may be evident*!**** and has led to mesen- 
teric ischemia.“ 

Frank hypoglycemia is infrequently seen with ß- 
blocker toxicity, but normal serum glucose in the setting 
of significant B-blocker poisoning may in fact be rela- 
tive hypoglycemia. Hypoglycemia is more common in 
children, persons with diabetes, and patients with uremia. 
The typical tachycardia seen during hypoglycemia may 
be diminished after B-blocker ingestion although other 
symptoms of hypoglycemia are relatively unchanged. 
Hyperkalemia is variably present and may be a clue to 
B-blocker poisoning. 

Renal effects after B-blocker poisoning are unusual, 
although oliguric renal failure has been reported 
rarely.“ 
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Adverse Effects of B-Adrenergic 





Antagonists 


SYSTEM EFFECTS 


Cardiovascular Hypotension 

Hypertension (partial agonists) 

Bradycardia, atrioventricular block, 
asystole 

Tachycardia (partial agonists) 

Prolonged PR interval 

Prolonged QT interval (sotalol) 

Prolonged QRS complex (membrane- 
stabilizing agents) 

Ventricular dysrhythmias (membrane- 
stabilizing agents, sotalol) 


CNS Decreased level of consciousness 
(lipid-soluble and Seizures 

membrane- Depression 

stabilizing agents) Insomnia 
Respiratory Bronchospasm 


Respiratory depression 
Esophageal spasm 
Mesenteric ischemia 
Hypoglycemia 

Renal failure 


Gastrointestinal 


Metabolic 
Other 





The adverse effects observed after therapeutic doses 
of B blockers are listed in Table 60-3. Chronic ther- 
apeutic use of B blockers leads to an increase in 
adrenergic receptor expression and a resultant increase 
in catecholamine sensitivity upon withdrawal of B 
blockers. This may in part explain the degree to which 
high doses of B blockers are tolerated, so long as the dose 
is increased slowly, and why acute ingestion of a similar 
dose may produce toxicity in patients not accustomed to 
B-blocker use.” 


DIAGNOSIS 


Laboratory Testing 


B Blockers are not detected by current enzyme 
immunoassays. Routine serum or urine B-blocker con- 
centrations are not available. Additionally, owing to inter- 
individual variations in metabolism and protein binding 
and variations in dosing, determination of serum con- 
centrations in the acute setting generally are not help- 
ful“? but can be used as a confirmatory test when 
overdose is suspected. 


Other Diagnostic Testing 


All patients with confirmed or suspected B-blocker 
overdose or symptoms consistent with B-blocker toxicity 
should be placed on continuous cardiac monitoring and 
have a 12-lead electrocardiogram (ECG) interpreted. 
Frequent recording of vital signs should be routine. 
Symptomatic patients should have determination of 
electrolytes, blood urea nitrogen (BUN), creatinine, 
glucose, and complete blood count. Determination of 
serum drug concentrations as indicated (e.g., digoxin) 


should be performed. For patients with abnormal vital 
signs, a chest radiograph and arterial blood gas 
measurement should be assessed. 


Differential Diagnosis 


Other causes of cardiovascular collapse with hypotension 
and bradycardia (except with the possibility of tachy- 
cardia after poisoning with B blockers that possess partial 
agonist activity) include shock of anaphylactic, cardio- 
genic (including pulmonary embolism), septic, and 
hypovolemic etiologies. Additionally, other toxicologic 
sources must be considered, particularly poisoning with 
calcium channel blockers, organophosphorus or carba- 
mate agents, antidysrhythmics, centrally acting anti- 
hypertensives, cardiac glycosides, cyanide, hydrogen 
sulfide, narcotics, chloroquine, sedative-hypnotics, and 
tricyclic antidepressants. B-Blocker poisoning should be 
suspected in any patient with hypotension, bradycardia, 
and seizures. Differentiation between B-blocker and 
calcium channel blocker toxicity may be aided by 
measurement of the serum glucose: hypoglycemia may 
be present with B-blocker poisoning, whereas hyper- 
glycemia is often seen after poisoning by calcium 
channel blockers. The presence of hyperkalemia may 
also be a clue to B-blocker toxicity. 


MANAGEMENT 


Supportive Measures 


When possible, historical data regarding the time of 
ingestion, agents involved, quantity ingested, other 
medications, and a medical history should be obtained. 
One should also pay particular attention to the vital signs 
and examination of the cardiopulmonary and neuro- 
logic systems 

As for any patient, priority should be given to 
establishment of adequate airway, breathing, and 
circulation. In at least two animal studies, the primary 
determinant of f-blocker toxicity and death was 
respiratory arrest.4°47 Therefore, early establishment of 
adequate ventilation is essential. 

All patients should have continuous cardiac monitoring, 
continuous pulse oximetry, an ECG, and frequent 
assessment of vital signs. Determination of the complete 
blood count, bedside finger-stick glucose, serum 
electrolytes, BUN, and serum creatinine should be 
performed. A chest radiograph and arterial blood gas 
measurement should be obtained in all symptomatic 
patients. If the diagnosis is uncertain, a comprehensive 
toxicology screen may be of benefit. 


Decontamination 


Gastrointestinal decontamination with activated 
charcoal 1 g/kg (maximum, 50 to 60 g) should be done 
as soon as possible after initiation of supportive care. The 
use of syrup of ipecac to induce emesis cannot be 
advocated because of the risk of vomiting and aspiration, 
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particularly if respiratory or CNS depression follow. At 
least one author has suggested that prophylactic 
atropine may be beneficial to inhibit vagally mediated 
bradycardia during endotracheal or gastric intubation.** 

In an effort to decrease any enterohepatic circulation, 
repeated doses of activated charcoal are recommended 
for symptomatic patients. Additionally, in patients 
poisoned with sustained-release formulations, placement 
of a nasogastric or orogastric tube and whole-bowel 
irrigation with a polyethylene glycol solution (20 to 
30 mL/kg/hr in adults and 10 to 20 mL/kg/hr in 
children) should be considered. 


Laboratory Monitoring 


Continuous cardiac monitoring and frequent ECGs are 
indicated for all patients. Serial determinations of serum 
potassium and glucose also are prudent, as is the deter- 
mination of serum magnesium, particularly for agents 
known to cause torsades de pointes. 


Antidotes 
GLUCAGON 


Glucagon is the most consistently effective agent for 
B-blocker poisoning in both laboratory studies and in 
humans*!** and is the therapeutic drug of choice. 
Glucagon is a pancreatic polypeptide whose inotropic 
and chronotropic effects were first discovered in 1960.0 
Glucagon is thought to activate adenylate cyclase 
independently of the B-adrenergic receptor, thereby 
increasing cAMP synthesis with the resultant increase in 
myocardial heart rate and contractility.*°°* It increases 
mean arterial pressure, cardiac index, and contractility 
without altering the left ventricular end-diastolic 
pressure.>°°’ Glucagon is more effective in reversing 
hypotension than either epinephrine or isoproterenol.’ 
However, therapy with several agents simultaneously may 
be required. 

Glucagon has a half-life of roughly 20 minutes. After 
an initial IV bolus dose of 5 to 10 mg for adults (50 to 
150 ug/kg in children), a continuous infusion of 1 to 
5 mg/hr (10 to 50 ug/kg/hr in children) should be 
used, if effective. Continuous IV infusion of glucagon is 
preferred to intermittent bolus dosing owing to the more 
sustained increase in blood pressure observed after the 
former.°® Clinical effects begin in as fewas | to 3 minutes, 
with peak effects seen at 5 to 7 minutes.’ It is recom- 
mended that glucagon be reconstituted in normal saline 
or 5% dextrose, because the diluent provided by the manu- 
facturer contains 2 mg of phenol per 1 mg of glucagon, 
which may be toxic in doses of 25 mg or more.°° 

Nausea and vomiting (occurring in nearly one third 
of patients) are the most common side effects after 
glucagon therapy.°'°* Hyperglycemia may occur and is 
the basis for administration of glucagon for hypo- 
glycemia; however, the stimulation of pancreatic insulin 
secretion by glucagon may also lead to hypoglycemia. 
As a result of insulin-mediated intracellular ion shifts, 
hypokalemia may occur. Rare but more significant 





adverse effects after glucagon therapy include Stevens- 
Johnson syndrome, erythema multiforme minor, and 
acute allergic reaction.® The few contraindications to 
glucagon therapy that exist are the presence of insuli- 
noma, pheochromocytoma, or glucagon hypersensitivity.*” 
Because of limited hospital pharmacy stocking of 
glucagon, additional sources should be sought soon after 
initiation of continuous IV therapy.°*” 


CALCIUM 

Presumably owing to the derangements in calcium- 
mediated myocardial contraction and vascular tone, IV 
calcium is variably effective in reducing hypotension. 
Calcium chloride 1 to 2 g intravenously every 5 to 10 
minutes as necessary is commonly used, but it must be 
administered cautiously because of its highly irritating 
effects. One must give serious consideration to delivery 
via central venous access. Calcium gluconate may also be 
used but contains only one third the calcium of calcium 
chloride on a gram-for-gram basis. Hypercalcemia may 
be a theoretical concern. However, severely poisoned 
patients who receive several doses of calcium chloride 
should be intubated, thereby mitigating concerns about 
hypercalcemia-induced CNS and respiratory depression.” 


CATECHOLAMINE AGENTS 

Because B blockers bind to the adrenergic receptors in a 
competitive fashion, one might expect that B agonists 
and vasopressors alone would reverse toxicity. Unfortu- 
nately, therapeutic response to these agents alone is 
limited and variable. Doses of catecholamines needed to 
achieve a significant response may be four or more times 
greater than doses generally used.2°7!” The pro- 
dysrhythmic potential of these agents when used in high 
doses, particularly isoproterenol, mitigates some of the 
enthusiasm for their use. Nevertheless, catecholamines 
remain a vital part of the multitherapy strategy for 
severely poisoned patients. 


PHOSPHODIESTERASE INHIBITORS 

Inamrinone (formerly named amrinone) may produce 
an increase in contractility independently of the 6 
receptor by inhibiting phosphodiesterase and thus 
slowing the breakdown of cAMP. Inamrinone increased 
inotropy in a canine model of B-blocker poisoning,” but 
was of no additional benefit (and may have been 
detrimental) when added to glucagon therapy.” The 
recommended dose of inamrinone for congestive heart 
failure is a 0.75 mg/kg IV bolus over 2 to 3 minutes, 
followed by a continuous infusion of 5 to 10 Ug/kg/min. 
If needed, a repeat bolus dose may be given 30 minutes 
after the initiation of therapy. 


ATROPINE 

Although frequently ineffective, patients with bradycardia 
and hypotension warrant a trial of atropine therapy and 
may receive modest benefit. 
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TREATMENT OF SEIZURES 

Seizures that are not responsive to glucose should be 
managed with benzodiazepines, barbiturates, and possibly 
phenytoin. 


Treatment of Bronchospasm 


Bronchospasm may be induced by B-blocker toxicity, 
particularly in patients with a history of reactive airway 
disease. Treatment should proceed much as for other 
nontoxicologic causes of asthma, including inhaled B, 
agonists and anticholinergic agents and subcutaneous 
epinephrine as needed. 


Nonpharmacologic Therapies 


External or transvenous cardiac pacing should be 
considered after failure of pharmacotherapy alone.”*” 
However, electrical capture is not always possible after 
severe poisoning, and while the heart rate may respond 
to pacing, a consistent increase in blood pressure is not 
always achieved.?!”° Transvenous cardiac pacing may be 
most useful in treating refractory torsades de pointes due 
to sotalol poisoning.'9*° 

Other invasive measures that have been used with 
varying degrees of success in severe poisoning include 
intra-aortic balloon counterpulsion, cardiopulmonary by- 
pass, and extracorporeal membrane oxygenation.!® 6” 


Sotalol Intoxication 


The unique pharmacology and pharmacokinetics of 
sotalol warrant special attention. Patients may have 
significant tachycardia and hypertension due to sotalol 
toxicity. If no end-organ dysfunction is present, however, 
close monitoring in the hospital setting may be all that is 
required. If end-organ toxicity exists, then short-acting 
agents such as nitroprusside and esmolol should be used. 
As mentioned above, ventricular dysrhythmias, QT 
prolongation, and subsequent torsades de pointes may 
be more frequent with sotalol poisoning. Treatment of 
sotalol-induced ventricular tachydysrhythmias includes 
magnesium, lidocaine, phenytoin, and “overdrive” 
pacing with either transvenous electrical pacing or 
isoproterenol.’**! 


Elimination 


Although the use of charcoal hemoperfusion after B- 
blocker poisoning has been reported,“ the pharmaco- 
kinetic properties of most B blockers would appear to 
limit the usefulness of extracorporeal elimination. 
Owing to their low degree of protein binding and low 
volumes of distribution, atenolol and sotalol would be 
expected to be most responsive to extracorporeal 
elimination.?2°" 


Disposition 


All symptomatic patients after B-adrenergic antagonist 
ingestion or overdose, and patients with a history of 


sotalol ingestion should be admitted to the hospital. 
Patients with significant signs or symptoms of toxicity 
(including but not limited to altered mental status, 
bradycardia, hypotension, and dysrhythmias) should be 
managed in an intensive care unit. While no prospective 
studies exist, patients who do not ingest a sustained- 
release formulation and who remain asymptomatic with 
a normal ECG and normal vital signs should be observed 
for at least 6 hours. Ingestion of a sustained-release 
formulation necessitates admission or observation for at 
least 24 hours. 

From 30% to 40% of B-adrenergic receptor antagonist 
overdose patients remain asymptomatic.®? However, 
other authors have reported a mortality rate as high as 
26%.*4 In one review of the literature, 75% of deaths due 
to propranolol occurred at home.* Therefore, it would 
appear that if a patient arrives in the emergency 
department alive and appropriate treatment is initiated 
early, the prognosis is good. Attempts at prolonged 
resuscitation after B-blocker overdose are warranted, 
since survival without neurologic sequelae has been 
reported.” 
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At a Glance... 


m Early cyanide poisoning from nitroprusside may manifest with 
central nervous system effects and tachyphylaxis. 

m Thiocyanate poisoning, in contrast to cyanide poisoning, occurs 
most frequently in the setting of renal insufficiency and does 
not cause a metabolic acidosis. 

m Supportive care including intravenous fluids and inotropic 
agents are the mainstay of treatment in hydralazine and 
minoxidil poisoning. 

m Nonspecific T-wave and ST-segment ECG abnormalities are 
commonly described in overdose and with therapeutic use of 
hydralazine and minoxidil. 

m Nitrates/nitrites are contraindicated in the setting of sildenafil 
use even in the setting of acute coronary syndrome. 

m The presence of angioedema is classically described with ACE 
inhibitors but can also occur with angiotensin receptor blockers. 

m The use of alpha-1 antagonists may result in symptomatic 
hypotension in the absence of tachycardia due to isolated 
effects on the alpha-1 adrenergic receptor. 

m In diuretic abuse and overdose, care should be directed toward 
identification and correction of fluid and electrolyte abnor- 
malities. 


NITROPRUSSIDE 


Sodium nitroprusside (SNP) is a potent vasodilator 
widely used due to its rapid onset of action, short half- 
life, and ease of titration. It is approved for reduction of 
blood pressure in hypertensive emergencies and for 
controlled hypotension during surgical procedures to 
reduce the risk for hemorrhage.’ The first human use of 
nitroprusside was reported in 1928,” but its regular use in 
humans was not established until 1955 when a short-term 
infusion was used to treat severe hypertension.’ Approval 
for clinical use in the United States occurred in 1974 
after a lyophilized preparation became available. In 1991 
the Food and Drug Administration (FDA) approved new 
labeling for SNP to highlight the risk for cyanide toxicity 
associated with prolonged infusion at rates that exceed 


2 ug/kg/min.! 


Structure 


Each SNP molecule is composed of an iron center that is 
complexed with five cyanide molecules and one nitrosyl 
group. Cyanide comprises about 44% of the molecular 
weight of the compound. After infusion, the compound 
undergoes degradation and the cyanide molecules and 
the nitric oxide are released. Nitric oxide acts as an 
endothelium-relaxing factor that results in the desired 
vasodilatory effects of SNP (Fig. 61-1). 


SNP is soluble in water but is unstable when exposed 
to sunlight. Photodegradation may result in release of up 
to 40% of the cyanide into solution and reduced efficacy 
of the vasodilatory effect. Exposure to laboratory 
flourescent light does not result in the same degree of 
photodegradation.” Even after mild to moderate photo- 
degradation, SNP remains biologically active and is able 
to reduce blood pressure. Nitroprusside solutions that 
are protected from the sunlight are quite stable. Pre- 
vention of this photochemical reaction involves covering 
the infusion bag with aluminum foil or other opaque 
material to minimize the exposure to ultraviolet light. 


Pharmacokinetics and Pathophysiology 


Nitroprusside is a nonselective vasodilator of both 
arteriolar and capacitance vasculature. Regional distri- 
bution of blood flow is not affected, and there is 
preservation of flow to all organs as long as hypotension 
is avoided. Renal blood flow is maintained, and pul- 
monary vasoconstriction due to hypoxia is reduced.* 
After infusion of SNP solution, spontaneous disso- 
ciation of the compound occurs. The breakdown of the 
molecule is triggered by contact between nitroprusside 
and sulfhydryl groups that are found along vessel walls.’ 
Nitric oxide is released and is the active mediator of 
vasodilatory effects. Nitric oxide activates soluble 
guanylate cyclase resulting in increased intracellular con- 
centrations of cyclic guanosine monophosphate (cGMP). 
Increased cGMP induces protein phosphorylation that 
reduces calcium influx into the cell. With less calcium 
movement, the smooth muscles are less likely to contract, 
resulting in relaxation. Vasodilation occurs with the 
reduced tone of the smooth muscles of blood vessels.’ 
Along with the release of nitric oxide, cyanide 
molecules are liberated into tissues or serum and can 
later be absorbed into erythrocytes. Cyanogenesis most 
likely occurs in the extracellular space” rather than in the 
erythrocytes as previously thought.!'! Cyanide is cleared 
via transulfuration within the liver. The primary sulfur 
donor is thiosulfate, which is the rate-limiting step. 
Healthy adults usually have adequate thiosulfate to clear 
the cyanide released from about 50 mg of SNP.'* Poor 
nutrition, recent surgery, and diuretic medications are 
considered risk factors for reduced thiosulfate stores. 
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Children, and especially neonates, can have lower 
thiosulfate stores and may be more susceptible to elevated 
levels of cyanide.!* 

Cyanide acts as a nucleophilic acceptor for the 
transfer of sulfur from thiosulfate. Once thiocyanate is 
formed, the reaction is irreversible. The mechanism by 
which thiocyanate is formed is not entirely clear. Kinetic 
studies would suggest that cyanide detoxification occurs 
in a volume of distribution that is similar to the blood 
volume. A commonly accepted enzyme in the detoxi- 
fication of cyanide is rhodanese; however, rhodanese 
may be restricted to the mitochondria in various tissues, 
including liver, kidney, and skeletal muscle. Thiosulfate 
may not be able to penetrate into the inner mitochon- 
drial membrane. One theory suggests that sulfurtrans- 
ferases including rhodanese may actually form sulfane 
sulfur that complexes with albumin. The sulfane-sulfur 
albumin complex reacts with cyanide to form thiosulfate.’® 
In contrast to this theory, an experiment in bloodless rats 
demonstrated that available thiosulfate reduces cyanide 
in the absence of blood proteins.'* 

Because thiocyanate is produced from thiosulfate, 
there is no further degradation of the thiocyanate. It is 
eliminated from the body primarily through renal 
excretion. The half-life of thiocyanate in an adult with 
normal renal function is about 2.7 days. The half-life in 
patients with renal insufficiency may be prolonged to 9 
days.’ The elimination constants for thiocyanate were 
inversely proportional to the renal creatinine clearances 
when measured in patients with renal failure.’ 

In the first few minutes after infusion, SNP is found 
primarily in the serum compartment with minimal 
amounts in blood cells. The volume of distribution is 
the same as the extracellular space. The nonenzymatic 
breakdown of SNP occurs in minutes with the release of 
cyanide molecules and nitric oxide.’ The rapid break- 
down of SNP correlates with the short half-life and 
clinical effect. Onset of action is within 30 seconds of the 
infusion, with peak hypotensive effects within 2 minutes. 
The effect on blood pressure dissipates within 3 minutes 
after discontinuation of the infusion. 


Toxicology 


The amount of SNP that results in cyanide toxicity is 
variable, depending on the rate infused, amount infused, 
and thiocyanate stores of the individual. Cyanide clearance 
is a first order process when adequate thiosulfate is 
available; however, since thiocyanate stores are limited, 
the kinetics of detoxification are saturable. There is also 
interindividual variation in the ability to transulfurate 
the cyanide molecule into thiocyanate.'® In the average 
adult patient, erythrocyte cyanide levels rise rapidly when 
the infusion of SNP exceeds 1 to 2 ug/kg/min. 

Red blood cell cyanide levels from SNP tend to be 
higher than symptom equivalent levels from direct 
cyanide poisoning. There is a higher erythrocyte—plasma 
cyanide ratio during SNP-induced cyanogenesis.!”1® 
Those individuals with less reserves or low thiosulfate 
stores will accumulate the cyanide more quickly and may 
manifest signs and symptoms at lower doses. 
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As cyanide accumulates during an SNP infusion, it 
distributes into tissues and plasma and will concentrate 
in erythrocytes. Cyanide binds and inhibits a number of 
enzymes in the body. The metalloenzyme most sensitive 
to the binding of cyanide is probably cytochrome aag, the 
last enzyme in the cytochrome system of oxidative 
phosphorylation. Cyanide has an affinity for the ferric 
iron that composes cytochrome aag. As a result of 
cyanide binding, electron transport via the cytochromes 
is halted, causing cessation of oxidative phosphorylation. 
Adenosine triphosphate (ATP) can no longer be 
produced by this route. Electrons are not able to associate 
with oxygen as the final electron acceptor, so oxygen 
consumption diminishes as well. As cells shift to 
anaerobic metabolism, accumulation of lactate occurs, 
and a lactate-dependent acidosis develops." 

Cyanide inhibits other enzymes, including xanthine 
oxidase, succinate dehydrogenase, and Schiff base inter- 
mediates. The central nervous system (CNS) appears to 
be the most sensitive organ to the cytotoxicity of 
cyanide.' Cyanide also inhibits glutamate decarboxylase, 
resulting in reduced production of y-aminobutyric acid. 
This may cause an increased risk for convulsions.*° 

Thiocyanate toxicity rarely occurs during SNP 
infusion in the setting of normal renal function since it 
is cleared primarily through renal elimination. When 
thiocyanate was used as an antihypertensive in the early 
1900s, cases of toxicity were described. Older literature 
reports mild toxicity characterized by abdominal pain, 
vomiting, tinnitus, weakness, and agitation. These early 
symptoms may progress to more profound CNS effects, 
including encephalopathy, delusions, lethargy, coma, and, 
rarely, death.*!*? The pathophysiology of CNS effects is 
not delineated. 

Thiocyanate does not affect the function of metal- 
loenzymes such as cytochrome oxidases. Oxygen 
utilization is also not affected. As a result, thiocyanate 
toxicity does not result in a metabolic acidosis. When 
thiocyanate was used as an oral antihypertensive, cases 
of hypothyroidism were reported. The mechanism 
proposed for this observation was that thiocyanate 
interfered with thyroidal uptake of iodine. 


Diagnosis 


In the setting of SNP infusions, close monitoring of 
patients for clinical evidence of cyanide toxicity must 
occur. The organ systems usually first affected are the 
ones most sensitive to histotoxic anoxia: the central 
nervous and cardiovascular systems. 

Early cyanide-induced CNS effects include agitation 
and restlessness. As cyanide poisoning progresses, 
encephalopathy may develop and may be misinterpreted 
as worsening hypertensive encephalopathy. This can 
progress to coma, and convulsions may occur. Cerebral 
death may occur simultaneously with terminal cardio- 
vascular effects. 

The initial cardiovascular effects are tachycardia and 
worsening hypertension. Tachyphylaxis to SNP develops 
and may not be recognized initially as a manifestation 
of cyanide toxicity. Late findings include hypotension, 
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shock, and bradydysrhythmias. Tachypnea may be seen 
early in the poisoning and can be followed by apnea. 

Since cyanide reduces oxygen utilization by the 
tissues, the mixed venous oxygen content will rise with a 
decline in the arteriovenous oxygen difference provided 
cardiac output has not dimished. Elevated venous oxygen 
concentrations may result in reddish skin coloration; 
however, cyanosis has also been reported in the setting 
of cyanide poisonings due to low cardiac output and 
intrapulmonary shunting.** 

Due to disruption of oxidative phosphorylation and 
inability to produce ATP, an anion-gap metabolic acidosis 
ensues. A worsening metabolic acidosis is a sensitive 
marker for the presence of cyanide poisoning, although 
it is not specific for cyanide. Absence of a metabolic 
acidosis would infer that despite the body burden of cyanide 
from SNP, the cyanide is being effectively detoxified and 
is exerting minimal effects on the capacity of oxidative 
phosphorylation to manufacture ATP. 

Blood cyanide levels are usually not available in an 
expedient manner to assist in the diagnosis of cyanide 
poisoning. Plasma cyanide concentrations are a better 
reflection of tissue cyanide levels because cyanide in the 
plasma is in equilibrium with tissue levels*?; however, 
erythrocyte cyanide levels are more commonly mea- 
sured. In the setting of SNP infusion, cyanide accu- 
mulates in erythrocytes, so the red blood cell to plasma 
cyanide concentrations will be higher than after acute 
poisoning from inorganic cyanide.'**° 

Thiocyanate levels do not correlate with the degree of 
cyanide poisoning.” Likewise, an elevated thiocyanate 
level does not infer that the patient has high levels of 
cyanide. Thiocyanate levels correlate only with thio- 
cyanate toxicity. Toxicity does not occur until thiocyanate 
levels have exceeded 100 mg/L. Thiocyanate levels will 
increase when thiosulfate is concurrently infused with 
the SNP" 


Management 


If cyanide toxicity is suspected in a patient receiving an 
SNP infusion, the infusion must be discontinued while 
the patient is administered maximal oxygen therapy. 
Patients with evidence of severe poisoning may require 
induction of methemoglobinemia with intravenous 
infusion of sodium nitrite. The dose may need to be 
adjusted to accommodate a patient with anemia. Sodium 
thiosulfate should be administered to provide substrate 
for the production of thiocyanate. In those patients who 
may not tolerate a reduction in oxygen carrying capacity 
from methemoglobinemia, sodium thiosulfate should be 
administered alone. In an animal model, simultaneous 
infusion of thiosulfate during SNP infusion provided 
protection against cyanide toxicity.*? Recommendations 
have included the mixing of thiosulfate into the SNP 
solution at a 10 to | ratio. This would require 1 g of 
thiosulfate for each 100 mg of SNP.” The coadminis- 
tration of thiosulfate with SNP reduces the rise in cyanide 
concentrations in circulation.” 

Hydroxycobalamin is another treatment for cyanide 
poisoning since it binds to cyanide to form cyanocobal- 
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amin, a nontoxic compound. Hydroxycobalamin has 
been used to prevent accumulation of cyanide after SNP 
administration. Concurrent infusion of hydroxycobal- 
amin resulted in lower erythrocyte and plasma cyanide 
levels in patients receiving SNP compared with controls 
who received a similar rate of nitroprusside infusion.*° 
One animal model compared infusion of thiosulfate 
to infusion of hydroxycobalamin during administration 
of SNP and measured the red blood cell and plasma 
cyanide levels. Thiosulfate appeared to be more effective 
in lowering cyanide levels; however, the amount of 
hydroxycobalamin that could be infused was a limiting 
factor, so smaller doses were used.*! Side effects from the 
use of hydroxycobalamin may include a transient reddish 
discoloration of the skin and mucous membranes. 
Anaphylaxis has rarely been reported. The use of 
hydroxycobalamin may be limited by availability and cost 
of the product.” 

Thiocyanate toxicity due to accumulation of thio- 
cyanate from renal failure may be easily removed with 
hemodialysis. Rapid decline in levels correlates with 
improvement in the CNS effects.*° 


NITRATES 


As a class, organic nitrates are commonly used for treat- 
ment of ischemic heart disease. Their effect of dilating 
coronary arteries and improving coronary blood flow in 
addition to reducing myocardial oxygen demand led to 
their use as a cornerstone of therapy in patients with 
ischemic heart disease. 

Nitroglycerin was first synthesized in 1846 by Sobrero 
and was developed 1 year later into a formulation for 
sublingual administration. In the 1850s, amyl nitrite was 
found to relieve angina when given inhalationally; 
however, its clinical effects had a short duration.** In 
the 1870s, Murrell described the successful use of 1% 
nitroglycerin solutions in three patients who had 
symptoms consistent with angina pectoris. The patients 
would administer the solution orally via drops on a 
scheduled basis and if the symptoms occurred. Murrell 
also described the side effect of a severe headache that 
was associated with the administration of nitroglycerin, 
both from his patient’s experiences and his own self- 
administration.” Subsequent use of nitrates became 
widespread as a treatment modality for angina pectoris. 


Pharmacokinetics and Pharmacology 


Nitroglycerin is a polyol ester of nitric acid and is known 
as glyceryl trinitrate. Organic nitrates of low molecular 
weight such as nitroglycerin tend to be volatile oily 
liquids. Organic nitrates such as isosorbide dinitrate are 
high-molecular-weight esters and are found in solid form. 

Organic nitrates are biotransformed in the liver via 
reductive hydrolysis. The reduction of nitrates results in 
the formation of water-soluble metabolites that have less 
vasodilatory activity than the parent compound. Nitro- 
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glycerin given sublingually reaches peak concentrations 
within 4 minutes after administration. The half-life of the 
parent compound is about 1 to 3 minutes. The dinitrate 
metabolites have a half-life of 40 minutes and have 10 
times less potency as vasodilators.’4 Isosorbide dinitrate 
also undergoes denitration after reacting with glu- 
tathione. The parent compound has a half-life of about 
45 minutes but the metabolites have half-lives of 3 to 6 
hours. Isosorbide-5-mononitrate has a longer half-life than 
the dinitrate formulation and has increased bioavailability 
since it does not undergo first pass metabolism.** 

Organic nitrates release nitric oxide via denitration 
when exposed to vascular smooth muscle. The release of 
nitric oxide stimulates soluble guanylate cyclase, causing 
increased cGMP. Increased cGMP activates cGMP- 
dependent protein kinase, culminating in dephospho- 
rylation of the myosin light chain and subsequent 
vascular smooth muscle relaxation vasodilation.*© 

The mechanism for release of nitric oxide is not well 
elucidated. Nitroglycerin requires a three-electron 
reduction to release nitric oxide from its third carbon. 
This release occurs when nitroglycerin is exposed to 
mammalian vascular smooth muscle. Initial theories 
suggested that cellular thiols were needed to accomplish 
this biotransformation. Nonenzymatic release of nitric 
oxide may occur in the presence of large concentrations 
of thiol-containing compounds such as cysteine; how- 
ever, the most abundant source of thiols, glutathione, 
does not release nitric oxide from nitroglycerin via 
this nonenzymatic process. Additional evidence in an 
experiment with bovine coronary smooth muscle cells 
suggests that nitroglycerin releases nitric oxide via an 
enzymatic process that is attached to cellular surface 
membrane. Glutathione may be required for this 
reaction as a cofactor, rather than a substrate.3”38 

Nitroglycerin is also processed via enzymatic pathways 
that utilize glutathione Stransferases. Instead of releasing 
nitric oxide, this reaction releases inorganic nitrite 
(NO,-).*° The inorganic nitrite is not vasoactive unless at 
very high concentrations; however, it may oxidize ferrous 
iron in hemoglobin to ferric iron, resulting in 
methemoglobinemia. 

Tolerance to the antianginal effects may occur with 
continued use of organic nitrates. It is not a uniform 
phenomenon, since some individuals may develop only 
partial tolerance. The mechanisms of tolerance are not 
well understood and may be multifactorial. Tolerance 
may involve the reduced efficiency of the vascular wall to 
biotransform nitrates to nitric oxide. In addition, there 
has been a link between nitroglycerin tolerance and 
superoxide production from the endothelium. The 
superoxide may react with the nitric oxide to produce 
peroxynitrite. Peroxynitrite has a shorter half-life than 
nitric oxide and is less effective in activating guanylate 
cyclase.*” Removal of endothelium of the aorta in animal 
models markedly reduces the development of tolerance 
to nitroglycerin. The role of endothelium in promoting 
tolerance has been confirmed in another animal model 
and was associated with the activation of nitric oxide 
synthase and protein kinase C as well as the production 
of superoxide and peroxynitrite free radicals.*° 


CARDIOVASCULAR, HEMATOLOGIC, AND ENDOCRINE AGENTS 


Toxicology 


Since organic nitrates affect all smooth muscle beds, their 
effects extend beyond the coronary arteries. Low con- 
centrations of nitroglycerin may result in venodilation 
that precedes the arteriodilation. Higher doses result in 
venous pooling and may reduce arteriolar resistance. A 
resulting decrease in systolic and diastolic blood pressure 
may result in dizziness, weakness, and postural hypo- 
tension. Syncope has even been described from the 
transgingival absorption of nitroglycerin paste that was 
inadvertantly used as toothpaste.“ Dilation of meningeal 
vessels is thought to result in the commonly reported 
side effect of headache. 

Although rare, induction of methemoglobin has been 
reported in the setting of organic nitrate use. Nitrite is 
formed from the breakdown of the nitroglycerin and acts 
as the oxidizer of ferrous iron to the ferric state. One 
case of methemoglobinemia was reported after an oral 
overdose of nitroglycerin tablets, although the methemo- 
globin level was only 7% with a hemoglobin of 14 ¢/dL.* 
Intravenous nitroglycerin has been reported to result in 
methemoglobinemia, but the dose required is not clear. 
Higher infusions of nitroglycerin may be more likely 
to produce higher levels of methemoglobin than lower 
infusion rates.*° 

Cerebral vessel vasodilation from nitroglycerin infu- 
sion has been associated with a rise in intracranial 
pressure. Intracranial hypertension from therapeutic 
doses of nitroglycerin has been associated with oculo- 
motor palsies, headache, vomiting, and coma. Reversal 
of these abnormalities occurred upon discontinuation of 
the nitroglycerin.“4” 

Most preparations of nitroglycerin include propylene 
glycol as a diluent. Toxicity may occur in patients who 
accumulate propylene glycol. Since a large portion of 
propylene glycol is excreted by the kidneys, patients with 
renal insufficiency may be at greater risk for diminished 
clearance. Manifestations of toxicity may include hyper- 
osmolality from the propylene glycol and a metabolic 
acidosis from its metabolism to lactate. Coma, stupor, 
and dysconjugate eye movements may occur. Hemolysis 
with subsequent hemoglobinuria has also been reported.*© 

Another potential interaction with nitroglycerin 
infusion is an interference with the efficacy of heparin 
infusion. Col and colleagues noticed a resistance to 
anticoagulation with heparin when nitroglycerin was 
concomitantly infused, and they performed in vitro and 
in vivo studies that supported their observation. These 
investigators found that the propylene glycol diluent 
alone could reduce the activated partial thromboplastin 
time (aPTT) prolongation induced by heparin. Infusion 
of nitroglycerin prepared with propylene glycol reduced 
the aPTT even more dramatically than just the propylene 
glycol.*” Another study suggested that patients on nitro- 
glycerin infusions require more heparin to maintain 
their anticoagulation. In addition, two patients in this 
study were administered nitroglycerin infusion prepared 
without propylene glycol. Heparin resistance still 
occurred comparably with those patients who received 
the standard nitroglycerin preparation with propylene 
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glycol.! In another study in patients with acute coronary 
syndromes, only nitroglycerin infusions that exceeded 
350 ug/min had an effect on the aPTT and heparin 
requirements.*? The mechanism of this potential drug 
interaction is not clear. 

Drug interactions with medications that inhibit the 
cGMP phosphodiesterase-5 enzyme such as sildenafil 
may occur. In the presence of these inhibitors, nitrates 
cause a profound increase in cGMP. As a result, increased 
vasodilatory effects and hypotension results. Nitrates 
should be used with great caution in patients who have 
used sildenafil or one of its analogs in the previous 24 
hours.°? 


Diagnosis 


The diagnosis of nitroglycerin-induced hypotension 
requires the association of abnormal vital signs with a 
recent exposure. Medications that are orally administered 
may have longer half-lives as opposed to the intravenous 
formulations of organic nitrates. 

The diagnosis of methemoglobinemia is suggested by 
the presence of cyanosis and reduced pulse oximetry in 
the setting of a relatively normal partial pressure of 
oxygen on arterial blood gas. Methemoglobin levels are 
measured using co-oximeter readings on heparinized 
blood samples. Levels that exceed 1.5 g/dL may induce 
cyanosis; however, levels below this threshold may still 
impact the oxygen-carrying capacity of critically ill 
patients, particularly if they are anemic. 

During a rapid nitroglycerin infusion, the presence 
of a persistant metabolic acidosis that may also be 
associated with hyperosmolality would suggest propylene 
glycol toxicity. A patient with significant renal insuf- 
ficiency may be at high risk for propylene glycol toxicity 
due to diminished renal elimination. Many other 
medications that utilize propylene glycol, such as 
lorazepam, phenytoin, diazepam, and intravenous for- 
mulations of sulfamethoxazole and trimethoprim, may 
be associated with formation of a lactate-dependent 
acidosis.°! 


Management 


Cardiovascular effects and side effects from organic 
nitrates will resolve with discontinuation of the infusion. 
Hypotension may require fluid boluses of crystalloid or 
additional inotropic support given the clinical scenario. 

Methemoglobinemia that is symptomatic may be 
treated with the infusion of a 1% methylene blue solu- 
tion. The infusion rate is usually a l- to 2-mg/kg bolus 
with a repeat dose if no response occurs in 30 minutes. 
If the patient has underlying glucose 6-phosphate dehy- 
drogenase deficiency, then the administration of 
methylene blue will not be efficacious and could 
potentially be deleterious. These patients may benefit 
from a transfusion of packed red blood cells to provide 
additional oxygen-carrying capacity. 

If a patient develops a severe metabolic acidosis from 
the accumulation of propylene glycol, hemodialysis 
will effectively remove the diluent. Reduction in the 
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half-life of propylene glycol has been reported with 
hemodialysis.*° 


HYDRALAZINE 


Hydralazine was introduced to the United States in the 
1950s as an oral antihypertensive medication and has 
subsequently been approved for intramuscular and 
intravenous administration. Although labeled a class C 
medication during pregnancy, it is commonly used to 
treat hypertensive crisis in late gestation. Hydralazine is 
seldom the primary treatment for chronic hypertension 
because of tachyphylaxis and sympathetic discharge 
effects. 

Despite its use as an oral treatment agent for hyper- 
tension, reports of acute severe poisoning with hydralazine 
are rare. The American Association of Poison Control 
Centers (AAPCC) reported 212 exposures to the Toxic 
Exposure Surveillance System (TESS) in 2002. No deaths 
were reported of the 103 hydralazine exposures 
subsequently treated in a health care facility.” 


Structure 


1-Hydrazinophthalazine, or hydralazine (Apresoline, 
[Ciba Pharmaceuticals Summit, NJ]), has a hydrazine 
moiety in the l-position of the hydrazine ring that is 
believed to produce the vasodilatory effects of the drug.*° 
The structure of hydralazine is shown in Figure 61-2. 


Pharmacology and Pharmacokinetics 


Hydralazine directly relaxes arteriolar smooth muscle 
through its effects on cGMP. Venous smooth muscle is 
not affected. Hydralazine-induced vasodilation frequently 
Stimulates an increase in heart rate and myocardial 
contractility. This sympathetic surge is primarily a 
baroreceptor-mediated reflex, but hydralazine may 
directly stimulate the release of norepinephrine from 
sympathetic neurons.” 

Absorption of hydralazine from the gastrointestinal 
tract is rapid, with peak plasma levels occurring between 
30 and 120 minutes. The volume of distribution (Vd) is 
1.6 L/kg with approximately 90% protein binding. 
Hydralazine is primarily metabolized by Macetylation 
in the liver. With therapeutic dosing, the half-life is 
approximately | hour, although the duration of clinical 
effects usually lasts longer. The rate of elimination is 
dependent on genetically established M-acetyl-trans- 
ferase activity. Approximately 50% of patients in the 
United States are fast acetylators. Fast acetylators produce 
an inactive metabolite more rapidly; therefore, slow 
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acetylators may have a greater or longer antihypertensive 
effect. Slow acetylators are also more likely to develop a 
hydralazine-induced lupus erythematosus—like syndrome 
and antinuclear antibodies. 


Toxicology 


Common side effects related to therapeutic use of 
hydralazine include tachycardia, hypotension, palpitations, 
headache, flushing, nausea, and dizziness. Many of these 
side effects may be minimized by administering a B- 
adrenergic receptor blocker and diuretic in conjunction 
with hydralazine. Chest pain and myocardial injury may 
occur with hydralazine administration, especially in 
patients with significant coronary artery disease or angina. 
Electrocardiogram (ECG) abnormalities, including 
reversible ST-segment depression, have been reported in 
a young female intentionally overdosing on hydralazine.” 
Caution should be used when considering hydralazine 
use in elderly patients and those with coronary artery 
disease. A coronary artery blood flow steal phenomenon, 
increased myocardial oxygen demand from greater 
sympathetic output, and lack of epicardial coronary 
artery vasodilation may precipitate myocardial ischemia. 

The second type of hydralazine-related side effects 
appears to be immunologically mediated through 
production of autoantibodies. The exact mechanism 
of this reaction is uncertain. Most commonly described is 
a drug-induced lupus-like syndrome manifesting as fever, 
myalgias, arthralgias, and rash. This reaction usually 
resolves after discontinuation of the medication but may 
require corticosteroids for refractory symptoms. Less 
commonly reported are pleuritis, pericarditis, vasculitis, 
hemolytic anemia, and nephritis. Patients can also rarely 
develop a pyridoxine-responsive polyneuropathy from 
hydrazone formation when hydralazine binds to 
pyridoxine.°° 


Diagnosis and Management 


Treatment of hydralazine poisoning is primarily sup- 
portive. Because no antidote exists, care should be directed 
toward improving hemodynamic status. Intravenous 
fluids are the initial management for hypotension. 
Additional vasopressor support with direct-acting œQ- 
adrenergic receptor agonists such as norepinephrine 
and phenylephrine should be considered for refractory 
hypotension. Administration of inotropic agents should 
be cautiously titrated because hydralazine-induced 
sympathetic discharge may already contribute to 
tachycardia. For recent oral ingestions where the airway 
is stable, consideration may be given to the administration 
of a single dose of activated charcoal. No additional 
gastrointestinal decontamination is indicated. Due to the 
rarity of overdose and lack of significant morbidity, few 
data exist regarding the benefit of enhanced elimination. 
Presently, there is no indication for hemodialysis or 
other methods of enhanced elimination in the manage- 
ment of hydralazine toxicity. 

Cardiac telemetry for symptomatic patients is warranted 
until supportive care measures are no longer required, 
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and clinical recovery has occurred. ECG and complete 
cardiac evaluation for myocardial injury may be 
necessary in the setting of chest pain from hypotension- 
induced cardiac ischemia in certain patient populations. 


MINOXIDIL 


The hypotensive effects of minoxidil were discovered in 
1965, and the oral tablet formulation became available as 
Loniten (Pharmacia and Upjohn, Peapack, NJ) in 
October 1979.5 It is primarily used to treat hypertension 
refractory to multiple other regimens. In 1988, a 2% 
Rogaine (Pharmacia and Upjohn, Peapack, NJ) formu- 
lation (topical minoxidil preparation) became available 
by prescription to enhance hair growth in male-pattern 
baldness. Hypertrichosis with minoxidil therapy was first 
described in 1980.58 In November 1997, the FDA approved 
the over-the-counter (OTC) sale of 5% Rogaine Extra 
Strength for Men. This topical formulation contains 
minoxidil 50 mg/mL in excipients of 30% ethanol vol/vol, 
50% propylene glycol vol/vol, and purified water.°’ 
Minoxidil overdose is uncommon today, and this is likely 
a reflection of its diminished use in the treatment of 
hypertension. However, the topical minoxidil prepara- 
tions are frequently purchased OTC and provide an easy 
source of exposure for pediatric and intentional 
ingestions.°/°9.60 


Structure 


6-Amino-1,2-dihydro-1-hydroxy-2imino-4-piperidinopy- 
rimidine, or minoxidil, must be metabolized to minoxidil 
N-O sulfate by hepatic sulfotransferase to manifest 
vasodilatory properties.°’ The parent compound is not 
active, and the active metabolite produced from sulfate 
conjugation may explain the prolonged effects of the 
drug. The structure of minoxidil is shown in Figure 61-3. 


Pharmacology and Pharmacokinetics 


Minoxidil is rapidly and completely absorbed from the 
gastrointestinal tract, with peak plasma concentrations 
within 1 hour postingestion. The Vd is 2.8 to 3.3 L/kg, 
minimal plasma protein binding occurs, and the drug 
does not cross the blood-brain barrier. The large Vd is 
hypothesized to reflect an accumulation of the active 
drug in the vascular smooth muscle.” While the half-life 
of minoxidil is 3 to 4 hours, the duration of action is 
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typically 24 hours and may extend to 3 days. The 
pharmacokinetics of minoxidil N-O sulfate are less clear 
but may explain the longer duration of action. 

The primary route of elimination is hepatic glu- 
curonide conjugation at the N-oxide position in the 
pyrimidine ring. The production of the active metabolite, 
minoxidil N-O sulfate, is a minor pathway. Twenty 
percent of the drug is excreted unchanged in the urine. 
Although minoxidil and its glucuronidation products 
are hemodialzyable, this does not reverse clinical effects 
from tissue sequestration of the active metabolite in the 
vascular smooth muscle. 

Minoxidil sulfate activates ATP-sensitive potassium 
channels, enhancing channel opening and subsequent 
potassium efflux. This causes hyperpolarization and 
subsequent vascular smooth muscle relaxation.®* While 
arteriolar vasodilation causes decreased peripheral 
vascular resistance and blood pressure, there is little effect 
on capacitance vessels. Hypertrichosis is also probably a 
consequence of potassium channel augmentation. 

A baroreceptor-mediated sympathetic response can 
sometimes occur even with therapeutic dosing of 
minoxidil.°* Sympathomimetic medications should be 
avoided due to excess cardiac stimulation with reflex 
tachycardia and baroreceptor activation from minoxidil 
therapy. Although renin and aldosterone secretion are 
increased during minoxidil therapy, it is thought that 
fluid retention occurs primarily from increased proximal 
renal tubular reabsorption secondary to reduced renal 
perfusion. Some side effects of minoxidil therapy, 
specifically fluid retention and reflex tachycardia, can be 
minimized by administering a diuretic and B-receptor 
antagonist in conjunction. 


Toxicology 


Typical adult therapeutic dosing is 10 to 40 mg orally 
once a day up to a maximum of 100 mg per day. Pediatric 
dosing is 0.25 to 1.0 mg/kg to a maximum of 50 mg per 
day. The manufacturer package insert states it is difficult 
to establish an exact minoxidil serum toxic level due to 
patient variation, but levels above 2000 ng/mL are likely 
representative of an overdosage.® An average adult 
consumption of 30 mg orally would produce a serum 
minoxidil level of 40 ng/mL 3 hours postingestion”’; 
however, a 2-year-old was reported to consume 100 mg of 
minoxidil and developed significant tachycardia with a 3- 
hour postingestion serum minoxidil level of 150 ng/mL. 

The highest reported serum minoxidil concentration 
was 3140 ng/mL in a 20-year-old woman who developed 
tachycardia, labile hypotension, ST-segment depression, 
and T-wave inversion after an unknown quantity of 
minoxidil was ingested in a suicide attempt. She was 
stabilized with intravenous fluids and supportive care 
and eventually discharged from the hospital.® 

Common pharmacologic side effects related to thera- 
peutic administration of minoxidil include tachycardia, 
hypotension, and hypertrichosis. Because heart rate, 
myocardial contractility, and myocardial oxygen con- 
sumption are increased, chest pain and myocardial 
injury may develop in patients with significant coronary 
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artery disease or angina. Worsening left ventricular 
systolic and diastolic dysfunction can develop in patients 
with congestive heart failure and pulmonary hyper- 
tension. While ECG abnormalities such as flattened and 
inverted T waves are commonly reported in therapeutic 
dosing or overdose of minoxidil from potassium channel 
activation,°’ myocardial infarction has also been reported.” 

In addition to sodium and fluid retention, pericardial 
effusions and pericarditis have been reported with 
minoxidil use, primarily in hemodialysis patients." 
Other rarely described complications include rashes, 
thrombocytopenia, nausea, headache, gynecomastia, 
polymenorrhea, and breast tenderness. Increased hair 
growth occurs on the scalp, face, back, arms, and legs. 
There are no reports of hypertrichosis occurring from a 
single ingestion or overdose. 


Diagnosis and Management 


Cardiac and hemodynamic monitoring is warranted in 
the symptomatic patient. Additional cardiac evaluation 
and serial ECGs may be indicated if chest pain or other 
symptoms of cardiac ischemia develop. A serum radio- 
immunoassay is available through the manufacturer, but 
serum concentrations generally do not correlate with 
therapeutic response and are often delayed and unlikely 
to assist in management. 

Treatment of minoxidil poisoning is primarily 
supportive. No antidote exists, and a single dose of 
activated charcoal is only indicated in recent ingestions 
when airway reflexes are intact. Intravenous fluids are 
the initial management for hypotension. Additional 
vasopressor support with norepinephrine and phenyle- 
phrine should be considered for refractory hypotension. 
Cautious administration of inotropic support is necessary 
to avoid excessive tachycardia and cardiac stimulation. 
Although intravenous fluids should be used judiciously 
in the setting of hypotension, congestive heart failure in 
patients with reduced left ventricular function can 
develop. Enhanced elimination is not indicated. 

Cardiac telemetry and hemodynamic monitoring is 
necessary in these cases until clinical recovery has 
occurred. Serial ECGs and evaluation of cardiac markers 
for myocardial injury may be necessary in the setting of 
hypotension-induced cardiac ischemia, especially in the 
elderly or patients with coronary artery disease ingesting 
minoxidil. T wave changes from minoxidil-induced 
potassium channel activation usually resolve once the 
metabolites are eliminated. 


SILDENAFIL 


Sildenafil (Viagra [Pfizer, New York, NY]) is the first oral 
drug approved by the FDA, in March 1998, for the 
treatment of male erectile dysfunction.® This condition 
affects more than 30 million men in the United States 
alone. While the development of this agent has 
significantly improved the lifestyle of many patients, 
concerns for medication interaction and drug abuse 
have arisen. Over 6 million outpatient prescriptions were 
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written during its initial marketing phase from March to 
November 1998, and it is estimated that sildenafil has 
been prescribed to over 10 million men worldwide.” 
Excessive consumer demand has created a black market, 
and sildenafil or similar agents are now commonly 
available over the Internet, in adult sex shops, and on the 
street due to its increasing use as a recreational drug. 


Structure and Mechanism of Action 


Sildenafil is a selective inhibitor of phosphodiesterase 
type 5 (PDE5), which is responsible for degradation 
of the second messenger cGMP. Normally, sexual 
stimulation enhances release of nitric oxide, activating 
guanylate cyclase with conversion of GIP to cGMP. 
cGMP acts as a smooth muscle relaxant and increases 
arterial blood flow in the penis to enhance tumescence. 
Although sildenafil is not a direct smooth muscle relaxer, 
it inhibits the breakdown of cGMP, culminating in 
prolonged blood flow to the corpora cavernosa and 
ultimately sustained penile erection. Because nitric oxide 
is essential to initiate this cascade, sexual stimulation is 
necessary and sildenafil acts more as a facilitator of 
tumescence rather than as a direct vasodilatory agent.” 
The structure of sildenafil is shown in Figure 61-4. 


Pharmacology and Pharmacokinetics 


Sildenafil is rapidly absorbed after oral administration, 
with peak effects in 60 minutes. There is only 40% 
bioavailability of this agent due to extensive first pass 
metabolism. The volume of distribution is approximately 
1.5 L/kg in the average adult, with 96% protein binding. 
Metabolism is primarily via the hepatic P-450 CYP3A4 
pathway to Ndesmethyl sildenafil, an active metabolite 
responsible for up to 20% of the pharmacologic effect.” 
The majority of side effects from sildenafil are a result of 
CYP3A4 inhibition by cimetidine, macrolide antibiotics, 
antifungals, and protease inhibitors. The elimination 
half-life of sildenafil and its active metabolite is about 
4 hours. While 13% of the drug is renally excreted and 
80% fecally eliminated, significantly prolonged increased 
sildenafil concentrations can occur in the setting of 
severe renal dysfunction, hepatic insufficiency, and 
cytochrome P-450 inhibitors. 


Toxicology 


The average therapeutic dose of sildenafil is 25 to 
100 mg, with a maximum of one dose per day. Lower 
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FIGURE 61-4 Sildenafil. 
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dosing is advocated for patients older than 65 years and 
in those with renal or hepatic impairment. Although 
many side effects of sildenafil may be attributed to its 
inhibitory effect on other PDEs, the high selectivity it has 
for PDE5 may explain the low morbidity reported in 
overdose. There are few reports of serious side effects 
from isolated ingestion of sildenafil. One case reported a 
42-year-old woman who developed weakness, flushing, 
headache, dizziness, tremor, and palpitations after 
ingestion of almost 2 g of sildenafil. While nasogastric 
tube irrigation and activated charcoal lavage occurred 
early after this ingestion, all symptoms rapidly resolved, 
and the patient was discharged in 12 hours.’* However, 
another case of presumed sildenafil ingestion leading 
to death reported a postmortem blood sildenafil con- 
centration of 6.27 ug/mL by high-pressure liquid 
chromatography/mass spectroscopy. Although this con- 
centration was four times higher than previously reported 
therapeutic levels, the patient had extensive baseline 
medical problems, including severe cardiomyopathy.” 
While there is significant controversy regarding the 
interpretation of FDA postmarketing data, 1473 major 
adverse events, including 522 deaths, were reported 
within 13 months of sildenafil availability.”74 In 
summarizing TESS data, despite inherent under- 
reporting and reporting bias, it seems that most pediatric 
exposures to sildenafil are well tolerated, whereas older 
men with preexisting cardiovascular disease and 
potential drug-drug interactions are more likely to 
experience adverse side effects.” 

The most recognized drug interaction involving 
sildenafil use is with the administration of nitrates or 
nitrites. Sildenafil synergistically potentiates the hypo- 
tensive effects of medications that promote vasodilatory 
mechanisms via nitric oxide pathways. This may also be 
seen when amyl or butyl nitrite are recreationally inhaled 
while using sildenafil. Due to excessive morbidity and 
mortality associated with combined use of sildenafil with 
nitrates or nitrites in men with cardiovascular disease, 
sildenafil is contraindicated in patients requiring those 
medications. In addition, nitrates are contraindicated up 
to 24 hours after the last sildenafil use should angina or 
myocardial infarction occur in this time frame.® Other 
antihypertensives should also be used cautiously in this 
setting because sildenafil is known to produce small 
decreases in systolic and diastolic blood pressure. 
Common drug interactions include inhibitors of P-450 
CYP3A4, such as cimetidine, ketoconazole, itraconazole, 
erythromycin, and clarithromycin. Starting doses of 
sildenafil should be no greater than 25 mg when patients 
are prescribed these other medications. The anti- 
retroviral protease inhibitors also inhibit first pass 
metabolism of sildenafil, thus increasing its serum half- 
life and delaying peak concentrations. 

The most common side effects reported in clinical 
trials of therapeutic sildenafil use were headache, 
flushing, dyspepsia, and nasal congestion.” Many of 
these effects, like dyspepsia due to lower esophageal 
sphincter relaxation, can be explained as a consequence 
of PDE5 inhibition. Because sildenafil is also a weak 
inhibitor of PDE6 in the retina, visual disturbances 
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including blurred vision, light perception abnormalities, 
and color perception distortions can also develop with 
therapeutic dosing. Higher doses of sildenafil can 
increase the frequency of visual disturbances, but these 
symptoms are usually transient, lasting less than a few 
hours. Although rarely reported, myocardial infarction 
has occurred in close temporal proximity to sildenafil 
usage,’ although this is likely a result of a transient 
decrease in blood pressure culminating in decreased 
coronary blood flow. These effects can be more signifi- 
cant in the setting of concomitant nitrate use. While a 
decrease in systemic vascular resistance may develop, 
sildenafil use is not thought to directly cause 
tachycardia.” Effective treatment of erectile dysfunction 
might intuitively increase the risk for priapism, but no 
cases of priapism were reported in the initial clinical 
trials.’ More recently, a patient with sickle cell trait was 
reported to develop priapism while using sildenafil.” 
Another case of priapism, successfully treated with 
aspiration and intracorporal injection of O-receptor 
agonists, was described in a 28-year-old man taking a 
100-mg dose of sildenafil-citrate for prior penile trauma- 
induced mild erectile dysfunction.” 


Diagnosis and Management 


In the setting of isolated sildenafil overdose, supportive 
care including intravenous fluids, cardiac monitoring, 
and direct-acting @ agonists for refractory hypotension 
are indicated. Obtaining serum concentration results via 
the manufacturer are not likely to assist in clinical 
management of overdose. Although few gastrointestinal 
decontamination data exist, a single dose of activated 
charcoal is appropriate in the setting of recent ingestion 
and adequate airway protection. 

The American College of Cardiology and the 
American Heart Association have several management 
recommendations for sildenafil-induced hypotension 
due to nitrate interaction. Discontinuing nitrate use, 
Tredelenberg positioning, intravenous fluid resuscitation, 
direct-acting Ol-agonist vasopressors, and intra-aortic 
balloon pump have all been advocated depending on the 
severity of hypotension.*” In the setting of acute coronary 
syndrome in a patient using sildenafil, recommendations 
include avoiding nitrates if sildenafil has been used 
in the past 24 hours. Administering other non-nitrate 
antianginal agents like B-receptor antagonists is more 
appropriate under those circumstances. Otherwise, 
standard therapy for acute coronary syndrome is 
indicated. 


ACE INHIBITORS 


With the introduction of captopril in 1981, angiotensin- 
converting enzyme (ACE) inhibitors have gained wide- 
spread popularity due to their proven effectiveness in the 
treatment of hypertension and congestive heart failure.” 
Those populations that appear to derive benefit are dia- 
betics and patients with recent myocardial infarctions.°?*! 
With increasing use and various clinical indications, the 


Nitroprusside, ACE Inhibitors, and Other Cardiovascular Agents 991 





potential for increased frequency of both intentional 
and unintentional poisonings exists. Despite their wide- 
spread use, however, the number of reported cases of 
toxicity related to overdose with ACE inhibitors remains 
relatively small. As a class, the ACE inhibitors have 
proven to be relatively safe with a high therapeutic index 
and infrequently reported poor outcomes secondary to 
overdose. 


Pharmacology and Pharmacokinetics 


There are currently 11 available ACE inhibitors approved 
for use by the FDA, including captopril, benazepril, 
enalapril, enaliprilat, fosinopril, lisinopril, moexipril, 
perinodpril, quinapril, ramipril, and trandolapril. While 
all contain a similar 2-methyl propanolol-L-proline 
moiety, the pharmacokinetic profiles differ considerably 
based on variations in this common core structure 
(Fig. 61-5) .°? 

ACE inhibitors are generally well absorbed, reaching 
peak serum concentrations in the first 1 to 4 hours. The 
level of protein binding is low (25% to 60%), with the 
exception of benazepril (98%).°*° Drug half-lives of these 
agents range from 2 to 12 hours. With the exception of 
lisinopril and captopril, ACE inhibitors are administered 
as prodrugs with good bioavailability. In the liver, each of 
the prodrugs are converted to active metabolites 
following the cleavage of an ester moiety. These active 
metabolites may demonstrate effects for several days due 
to slow dissociation from the ACE. With the exception 
of fosinopril, which is eliminated both renally and 
hepatically, ACE inhibitors are cleared predominantly 
via the kidneys. Dosage adjustments should be con- 
sidered in those with impaired renal function.®° 

The effectiveness of ACE inhibitors lies in their ability 
to directly bind to the active site of the ACE and inhibit 
the production of angiotensin II (see Fig. 61-6). In the 
lung and vascular endothelium, ACE is responsible for 
converting inactive angiotensin I to the highly active 
compound angiotensin II. Angiotensin II is a potent 
vasoconstrictor having direct effects on vascular smooth 
muscle. In addition, angiotensin II stimulates aldosterone 
release that acts at the distal and collecting tubules of the 
kidney by increasing sodium retention while excreting 
potassium and hydrogen ions. By inhibiting the pro- 
duction of angiotensin II, ACE inhibitors are able to 
decrease peripheral vascular resistance, lower sodium 
and water retention, and decrease blood pressure. 

Other effects of ACE inhibitors include inhibiting 
bradykinin inactivation. Kininase II is responsible for the 
inactivation of bradykinin and is identical in structure to 
ACE. By inhibiting kininase H, ACE inhibitors allow 
bradykinin to accumulate, leading to a further decrease 
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in blood pressure through direct vasodilation and 
stimulation of prostaglandin biosynthesis.** This accu- 
mulation of bradykinin also contributes to side effects of 
cough and angioedema commonly described with thera- 
peutic ACE inhibitor usage.” The renin-angiotensin 
system plays a vital role in regulating perfusion to the 
kidney in states of reduced renal flow. In the setting of 
bilateral renal artery stenosis, the ability of angiotensin I 
to maintain adequate post-glomerular efferent arterio- 
lar tone by way of its vasoconstrictive properties ensures 
adequate glomerular perfusion. By inhibiting the 
production of angiotensin I, ACE inhibitors are capable 
of decreasing glomerular perfusion leading to prerenal 
azotemia. While bilateral renal artery stenosis may 
primarily cause a small percentage of hypertension, acute 
renal decompensation following the administration of 
an ACE inhibitor should raise suspicion for this par- 
ticular etiology.*° 


Toxicity 


Hypotension is the most pronounced toxic effect of ACE 
inhibitor action. A “first dose phenomenon” similar to 
that described with oj-antagonists following initiation of 
treatment can result in lightheadedness, dizziness, and 
syncope. One study described a systolic blood pressure 
decrease of greater than 50 mm Hg in 10% of healthy 
volunteers after initiation of captopril therapy.*®’ 
Hypotension can be most pronounced in therapeutic 
and excessive dosing in patients with fluid depletion, 
renovascular disease, and congestive heart failure. 
Tachycardia is rarely reported in ACE inhibitor toxicity, 
and more frequently a relative bradycardia develops. 

Noncardiovascular effects in overdose include drowsi- 
ness, lethargy, and confusion. Renal and electrolyte 
abnormalities may occur as a result of renal insufficiency 
related to profound hypotension.’ In addition, decreased 
production of aldosterone may cause worsening hyper- 
kalemia and hyponatremia. Hyperkalemia is more 
commonly seen in individuals with prior renal impair- 
ment or those taking potassium supplements or 
potassium-sparing diuretics such as spironolactone.®” 
The presence of oliguria and electrolyte abnormalities 
are generally short lived and improve with discontinu- 
ation of the inciting agent. Cases of ACE inhibitor 
overdose are frequently complicated by the presence 
of co-ingestants that may contribute to the clinical 
presentation.” Death as a result of isolated ingestion of 
ACE inhibitors is exceedingly rare.°'*? Interestingly, 
children seem to be particularly resistant to the effects of 
ACE inhibitors, remaining asymptomatic in most cases 
despite large accidental ingestions.%° 

Angioedema is a frequently reported side effect of 
ACE inhibitor therapy with the potential for significant 
morbidity and mortality. The overall incidence is 
estimated to be approximately 0.1% to 0.2%. African 
Americans have a 4.5 times greater risk of ACE 
inhibitor-induced angioedema compared with those of 
European descent.**” Angioedema occurs as a result of 
increased perfusion in the capillary beds located in 
subcutaneous tissue and dermis with leakage of fluid into 
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the interstitium. With fluid accumulation comes swelling, 
most prominently in the periorbital, perioral, and 
oropharyngeal tissue, that can rapidly progress to airway 
obstruction. The mechanism behind angioedema in the 
setting of ACE inhibitor administration is thought to 
involve increased levels of bradykinin, substance P, and 
other inflammatory intermediates such as histamines, 
prostaglandin D, and leukotrienes.*° 

The onset of angioedema resulting from ACE 
inhibitor therapy is classically described to occur in two 
thirds of patients within the first week of therapy, with 
the remaining one third developing this potentially life- 
threatening side effect weeks to years after initiation of 
the drug.” ACE inhibitors should not be prescribed to 
patients who have a history of hereditary or acquired 
angioedema.” Accumulation of bradykinin is felt to also 
be responsible for the persistent and often debilitating 
cough described in 5% to 10% of patients taking ACE 
inhibitors. 


Management 


Initial management of ACE inhibitor poisoning should 
focus on aggressive supportive care with cardiac moni- 
toring and ensuring adequate urine output. Hypotension 
is often responsive to intravenous fluid administration 
alone. Vasopressors have been used with success in cases 
of refractory hypotension.” The presence of hyperkalemia 
should prompt urgent potassium-lowering intervention. 
Activated charcoal should be administered after recent 
ingestions in compliant and awake patients. Orogastric 
lavage, with its inherent risks, should not be routinely 
recommended due to the relatively low rates of morbidity 
and mortality associated with ACE inhibitors and the 
effectiveness of supportive care alone. 

Reports of asymptomatic patients following large 
ingestions of ACE inhibitors are relatively common.®?9 
A study by Spiller and colleagues evaluated 48 children 
with ingestions not greater than adult therapeutic 
dosages of captopril and enalapril and found no adverse 
outcomes with close home monitoring and telephone 
follow-up.!°° Maximum hemodynamic effects following 
ingestion should occur within the first 1 to 6 hours, 
depending on the particular ACE inhibitor ingested.'”' 
Individuals manifesting hypotension at the time of 
evaluation should be monitored closely for at least 
24 hours given the prolonged effects of many of these 
agents and their active metabolites. 

Other treatment options that have found limited yet 
sometimes dramatic effects in reversing hypotension 
seen with ACE inhibitor overdose include naloxone and 
angiotensin IJ administration. Naloxone is felt to work 
through inhibition of the naturally occurring endorphins 
that can inhibit angiotensin II activity. Success has been 
demonstrated in both animal models and in limited case 
reports.!°+103 Angiotensin II administration has been 
effective in treating refractory hypotension from ACE 
inhibitor poisoning, but its lack of availability makes this 
intervention an unlikely treatment option.’ Particular 
ACE inhibitors such as captopril, enalapril, and lisinopril 
may be amenable to dialysis; however, it would be rarely 
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necessary given the effectiveness of other treatment 
options and the lack of clinical symptoms in most cases. 

Figure 61-6 shows the sites of action of ACE inhibitors 
in the metabolism of angiotensin II and bradykinin. 


ANGIOTENSIN II RECEPTOR 
ANTAGONISTS 


Currently, seven angiotensin II receptor antagonists are 
available in the United States: losartan, valsartan, irbesartan, 
telmisartan, olmesartan, candesartan, and eprosartan. 
This new class of antihypertensive agent was introduced 
in 1995 and has gained popularity due to its outstanding 
side effect profile and effectiveness in treating 
hypertension and heart failure.'°!°° These drugs are 
rapidly absorbed in the gastrointestinal tract and reach 
peak serum levels in 1 to 4 hours. Protein binding is 
greater than 90%, while bioavailability is generally low 
(less than 50%). Many of these drugs have active 
metabolites with effects lasting longer than their parent 
drug half-life, ranging from 6 to 24 hours. As a class, the 
angiotensin receptor antagonists and their metabolites 
are eliminated predominantly through biliary and fecal 
excretion and to a lesser degree by the kidneys. 

The angiotensin II receptor antagonists are similar to 
ACE inhibitors in their ability to reduce the effects of 
angiotensin II. Rather than decreasing the production 
of angiotensin II through inhibition of the ACE, 
angiotensin receptor blockers competitively antagonize 
angiotensin II at the type I angiotensin receptors. These 
receptors are located in the adrenal gland and periph- 
eral vasculature. Inhibition results in a loss of the 
vasoconstrictive properties and aldosterone-promoting 
effects of angiotensin II. ‘Type Il angiotensin receptors are 
not affected by angiotensin II receptor antagonists. In 
contrast to stimulation of type I angiotension receptors, 
stimulation of uninhibited type II antiotension receptors 
by angiotensin II results in a vasodilatory response, 
further contributing to blood pressure reduction.!07 


This high specificity that angiotensin II antagonists 
have for the renin-angiotensin system is felt to be 
responsible for their favorable side effect profile. 
Angiotensin receptor antagonists block the effects of 
angiotensin II; however, they do not interfere with the 
metabolism of bradykinins. Due to a lack of bradykinin 
accumulation, cough, a side effect frequently reported 
with ACE inhibitors, is less likely to occur.!° Decreased 
accumulation of bradykinin would also be expected to 
decrease the incidence of angioedema; however, numer- 
ous cases of angioedema in the setting of angiotensin 
receptor antagonists have been reported.!°%'!!° This 
challenges the previously held belief that bradykinin excess 
is responsible for angioedema. While the incidence of 
angioedema in patients taking angiotensin receptor 
antagonists is lower than that seen with ACE inhibitors, 
the use of these agents in patients with previous 
angioedema should be undertaken with caution. Patients 
with previous episodes of angioedema related to ACE 
inhibitors have had similar reactions when later given an 
angiotensin receptor antagonist.'0%1!° 

In individuals with severe renal artery stenosis or 
diffuse intrarenal vascular sclerosis, angiotensin receptor 
antagonists should be avoided because they can cause 
deleterious effects to renal function similar to that seen 
with ACE inhibitors.'!’ In addition, given their effect 
on aldosterone production, hyperkalemia can occur in 
individuals with normal renal function. Recent case 
reports have also noted a relationship between angiotensin 
receptor blockers and pancreatitis.''*!'% Similar to ACE 
inhibitors, angiotensin receptor antagonists should be 
avoided in pregnancy because of teratogenic potential.!'* 

There are no published reports of overdose involving 
this relatively new class of antihypertensive medication. 
Given the mechanism of action, hypotension and reflexive 
tachycardia would be anticipated to occur. Treatment 
with activated charcoal in individuals with recent ingestions 
is appropriate. Hypotension should be addressed with 
ageressive administration of intravenous fluid as well as 
vasopressors in cases of persistent hypotension. 
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o&,-ADRENERGIC ANTAGONISTS 


With the introduction of prazosin in the early 1970s, the 
selective 0)-adrenergic antagonists have gained acceptance 
as effective agents in the treatment of essential hyper- 
tension. Their ability to improve urinary retention in 
men with benign prostatic hypertrophy has more 
recently increased their popularity.'!° Despite their 
increased use, overdose with these quinazoline-derived 
Q,-receptor antagonists, including prazosin, doxazosin, 
and terazosin, is infrequently reported. Only 1555 cases 
of exposure were reported to the AAPCC’s TESS in 2002, 
with major effects requiring hospitalization reported 
in only 26 patients.°? The structure of prazosin is shown 
in Figure 61-7. 

The Q)-antagonist nonspecific predecessors, such as 
phentolamine and phenoxybenzamine, inhibit both ©, 
and @ receptors and continue to be used in limited 
circumstances. These nonspecific antagonists are attrac- 
tive agents for the treatment of high catecholamine 
states such as pheochromocytomas, extravasation of 
vasopressors, and MAO inhibitor toxicity. Given their 
limited in-hospital administration, toxicity with these 
drugs is exceedingly rare. 


Pharmacology and Pharmacokinetics 


Located on the smooth muscle of arterioles and veins in 
the peripheral circulation, O, receptors respond to 
circulating catecholamines with vascular constriction 
leading to increased vascular tone and a resultant increase 
in blood pressure. Alpha-l antagonists competitively 
inhibit these postsynaptically located adrenergic receptors. 
Unlike O, receptors, which are located both in the 
periphery and centrally, œ} receptors appear to be 
present solely in the peripheral vascular system. Oo» 
Receptors lie presynaptically and inhibit the release of 
norepinephrine when stimulated. In a similar fashion, 
stimulation of central Qs receptors will cause a decrease 
in sympathetic outflow. Phentolamine, capable of causing 
peripheral vasodilation via O,-antagonistic effects, acts 
antagonistically at Œ receptors as well producing an 
increase in sympathetic tone and a resultant tachycardia. 

The selectivity that agents such as prazosin, doxazosin, 
and terazosin have for the œ receptor site is evident in 
the fact that tachycardia rarely occurs. In addition, Œ- 
antagonists have demonstrated the ability to depress sinus 
node sensitivity, further inhibiting a reflexive tachycardic 
response from the heart.'!® However, like many agents in 
the setting of overdose, the selectivity that O,-antagonists 
have for particular receptors may be lost.!!” 

The oj-adrenergic antagonists are rapidly absorbed 
with peak plasma levels reached in the first 1 to 3 hours. 
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FIGURE 61-7 Prazosin. 
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Bioavailability ranges from 43% to 69% with prazosin 
and doxazosin to greater than 90% with terazosin.'!®1'9 
Prazosin is highly metabolized in the liver, with its 
demethylated metabolite possessing a slower rate of excre- 
tion and the ability to cause prolonged hypotension.'!% 
The half-life of prazosin is 3 hours, but in the setting of 
congestive heart failure may be prolonged up to 6 to 
7 hours.'*° The duration of action following therapeutic 
doses of prazosin is typically 7 to 10 hours due to active 
metabolites and tissue binding. Doxasozin and terazosin 
both possess half-lives of 9 to 12 hours allowing for once 
daily dosage and the potential for prolonged symptoms 
following overdose when compared to prazosin. 


Toxicology 


Not surprisingly, hypotension is the most commonly seen 
side effect in therapeutic dosing as well as with overdose. 
Postural hypotension can be seen following treatment 
initiation, an increase in dose, or with the addition of 
other antihypertensive medications. Frequently referred 
to as the “first dose phenomenon,” lightheadedness, 
dizziness, palpitations, diaphoresis, and syncope may 
occur within 30 to 90 minutes of the initial dose. This 
symptomatic hypotension is felt to be secondary to 
selective antagonism of 0, receptors, causing peripheral 
vasodilation without a compensatory sympathetic 
response. To avoid this effect and potential complications, 
current recommendations include administration of 
medication prior to sleeping, low starting doses, and slow 
upward titration of the dose.'*! 

Transient hypotension responsive to intravenous fluid 
is the most common presentation of symptomatic Q)- 
antagonist overdose.'?*!*° One elderly man who ingested 
120 mg of prazosin had a prolonged course of hypo- 
tension, CNS depression, and respiratory failure 
secondary to pulmonary edema requiring vasopressor 
support and mechanical ventilation for 48 hours prior 
to recovery.'*? Hypotension was accompanied by tachy- 
cardia in a 19-year-old male who ingested approximately 
10 times the maximum therapeutic dose of prazosin, 
with symptoms resolving after several hours of obser- 
vation and hydration.!*? While tachycardia in overdose 
has been described, hypotension will more frequently 
be present with normocardia or mild bradycardia, 
consistent with isolated a, receptor antagonism.!?*!*° 

Priapism has been reported with both therapeutic 
administration and overdose and is likely related to the 
sympatholytic effects from 0,-adrenergic blockade. By 
inhibiting Œ receptors, a parasympathetically mediated 
erection can occur while inhibiting ejaculation and 
detumescence.'*° Other symptoms described in overdose 
include headache, vertigo, paresthesias, and weakness.'*° 
In one small series of patients with chronic renal 
insufficiency taking prazosin, neuropsychiatric effects 
were reported and felt to be secondary to poor drug 
clearance. These symptoms included delusions of 
grandeur, visual hallucinations, confusion, as well as 
electroencephalography findings consistent with meta- 
bolic encephalopathy. These symptoms resolved within 
2 months of medication cessation.!?’ 
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Management 


Supportive care and observation following overdose with 
a-adrenergic agents should include blood pressure and 
urine output monitoring to ensure adequate perfusion 
of vital organs. Aggressive intravenous hydration should 
be administered to hypotensive patients. Placement 
of a symptomatic patient in a supine or Trendelenburg 
position may be effective in correcting mild hypotension. 
The administration of a single dose of activated charcoal 
in a timely fashion is appropriate in patients with 
preserved mental status. Given the benign nature of 
most overdoses of Q)-antagonists, the risks associated 
with orogastric lavage in nearly all cases outweigh the 
potential benefit. 

If vasopressor support is required, direct-acting œ 
agents such as norepinephrine and vasopressin would be 
preferred over nonspecific œ- and B-agonists such as 
epinephrine. Stimulation of vascular Bə receptors by 
epinephrine could theoretically lead to worsened hypo- 
tension and tachycardia given the isolated 0, receptor 
blockade. Drug levels can be obtained; however, it is 
unlikely that these levels would be useful in the acute 
management of overdose.'**!* The occurrence of 
priapism warrants emergent urology consultation and 
the need for possible surgical intervention. Hemodialysis 
has not been reported after O,-antagonist overdose and 
would likely be of little benefit given the high rate of 
protein binding and large volume of distribution. 


DIURETICS 


Diuretics make up the most commonly prescribed class 
of medications in the United States. One study found 
that 28% of individuals older than 70 years were taking 
diuretics at the time of hospital admission.” Despite 
their widespread use, the frequency of intentional or 
accidental overdose remains relatively small. With 
overdose and therapeutic use, potential complications 
related to volume depletion and electrolyte abnormalities 
may occur. Those most susceptible appear to be the 
elderly and the malnourished, and patients with renal 
failure. Intentional overuse of diuretics has also been 
described in individuals with anorexia and bulimia, with 
up to one third of bulimic patients reporting diuretic 
abuse in an attempt to decrease body weight.'* 

Diuretics used for the treatment of hypertension can 
be divided into three major classes: thiazide diuretics, 
loop diuretics, and potassium-sparing diuretics. 


THIAZIDE DIURETICS 


The thiazides were the first class of diuretics to be 
introduced in the 1950s when chlorothiazide was noted 
to be effective in decreasing blood pressure by reducing 
extracellular fluid volume and sodium in hypertensive 
patients. Other commonly used thiazide diuretics today 
include metolazone, chlorothalidone, indapamide, and 
hydrochlorothiazide. Thiazides act on the proximal 
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portion of the distal tubule and the distal portion of the 
ascending loops of Henle by inhibiting the sodium/ 
chloride symporter. The result is a decrease in renal 
sodium absorption and increase of sodium excretion 
into the urine. With less sodium uptake, the distal tubule 
is exposed to high sodium concentrations resulting in 
potassium excretion via the Na*/K* pump. The structure 
of hydrochlorothiazide is shown in Figure 61-8. 

The most serious effects of thiazide diuretics at 
therapeutic dosing, chronic overuse, and intentional 
overdose are related to fluid and electrolyte imbalance. 
With the loss of large amounts of sodium comes a 
decreased uptake of free water from distal tubules, 
leading to the potential for volume depletion and hypo- 
tension. Symptomatic dehydration appears most com- 
monly in the elderly, who possess limited physiologic 
reserve.'*?> Other evidence of decreased end-organ 
perfusion secondary to volume depletion includes 
cerebrovascular incidents and renal failure, often when 
used in conjunction with an ACE inhibitor or non- 
steroidal anti-inflammatory drugs.!°°'*? The presence of 
hyponatremia (less than 135 mmol/L) has been seen in 
one fifth of elderly patients taking thiazide diuretics.'°° 
The level of hypokalemia that may be induced appears to 
be dose dependent and more significant with thiazide 
diuretics when compared with loop diuretics.'°* In 
addition to hyponatremia and hypokalemia, other 
electrolyte abnormalities such as hypochloremia, 
hypomagnesemia, hypercalcemia, hyperuricemia, and 
metabolic alkalosis can be seen. 

Thiazide-induced hypokalemia, while often mild at 
therapeutic dosing, becomes more concerning with 
diuretic abuse and in the setting of concomitant use of 
other potassium-wasting agents. The presence of significant 
hypokalemia and the potential for cardiac dysrhythmias 
warrants aggressive electrolyte replacement. The presence 
of hypokalemia in the setting of digoxin use is especially 
problematic because hypokalemia appears to enhance 
the effects of digoxin on the myocardium and predis- 
poses the heart to additional dysrhythmias. 

Other symptoms, including nausea, vomiting, diarrhea, 
anorexia, and abdominal pain, have been described with 
thiazide diuretic overdose. CNS depression ranging from 
mild transient lethargy to coma has been reported in the 
setting of overdose and after therapeutic administration. 
CNS depressant effects have also occurred in the absence 
of significant hypotension, suggesting a direct-acting 
CNS depressant effect. Grand mal seizures have been 
reported with the use of high-dose thiazide-type diuretics 
in the pediatric and adult population.'*!*° Other effects 
associated with thiazide use include pancreatitis, 
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cholecystitis, erectile dysfunction, thrombocytopenia, and 
hemolytic anemia.180-137-140 


LOOP DIURETICS 


Four loop diuretics are currently approved for use in the 
United States: furosemide, bumetanide, ethacrynic acid, 
and torsemide. Their effectiveness lies in their ability to 
inhibit the Na*-K*-CF symporter found on the thick 
ascending limb of the loop of Henle, resulting in loss of 
sodium, chloride, and potassium ions in the urine. Loop 
diuretics also act as direct vasodilators that can reduce 
left ventricular filling pressures via increased systemic 
venous capacitance.'*! The structure of furosemide is 
shown in Figure 61-9. 

Toxicity related to loop diuretic abuse in many ways is 
similar to that observed with thiazide diuretics, with the 
potential for developing hyponatremia, hypokalemia, 
hypocalcemia, hypomagnesemia, and fluid depletion. In 
addition to the potential risk for cardiac dysrhythmias, 
hypokalemia in the setting of furosemide overuse has led 
to significant muscular weakness and rhabdomyolysis. 
Hyponatremia can also be severe, resulting in seizures, 
lethargy, and coma. Rapid correction of hyponatremia 
following furosemide abuse resulted in central pontine 
myelinolysis in one report.'** Symptoms such as tetany 
and peripheral sensory and motor dysfunction resulting 
from loop diuretic abuse improve rapidly following 
electrolyte correction.'°°!* 

The use of loop diuretics has also been associated with 
auditory nerve damage. This dose-dependent phenome- 
non is reported with furosemide and bumetadine use 
but is more frequently described with the use of 
ethacrynic acid. The intravenous administration of high 
doses of loop diuretics concomitantly with other 
potentially ototoxic drugs such as aminoglycosides is 
associated with the highest risks of ototoxicity.!4*!* With 
discontinuation of treatment, hearing loss and tinnitus 
frequently improve. 


POTASSIUM-SPARING DIURETICS 


While relatively weak in diuretic activity, potassium- 
sparing diuretics such as triamterene and amiloride are 
frequently administered in combination with loop and 
thiazide diuretics to decrease the amount of potassium 
excreted into the urine. These agents, in addition to 
spironolactone and eplerenone, act on the distal renal 
tubule to decrease sodium reabsorption and limit 
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excretion of potassium. While reports of toxicity related 
to overdose are exceedingly rare with potassium-sparing 
diuretics, the development of life-threatening hyper- 
kalemia can occur with therapeutic dosing, frequently in 
patients with renal insufficiency or with coadministration 
of other potassium-elevating medications. One report 
found that 8.6% of patients treated with spironolactone 
developed hyperkalemia.'*° 

The coadministration of a potassium-sparing diuretic 
with a loop or thiazide diuretic often obviates the need 
for supplemental potassium administration.!*” Two cases 
of life-threatening hyperkalemia were reported in 
individuals who were taking potassium-containing salt 
substitutes while concurrently taking spironolactone.'* 
In overdose of these agents, gastrointestinal irritation 
and central nervous depression have also been reported. 
Spironolactone has other unique side effects related to 
its steroid structure, including development of gyneco- 
mastia, impotence, hirsutism, and menstrual irregularities. 
Use of triamterene is unique in its association with 
interstitial nephritis and nephrolithiasis.'* 


Management 


Treatment of diuretic toxicity is supportive with close 
monitoring and correction of electrolyte abnormalities 
and hypovolemia. The administration of activated 
charcoal should take place shortly after drug ingestion in 
order to limit absorption. Aggressive fluid administration 
is indicated in cases of diuretic-induced hypotension and 
shock. The possibility of co-ingestion with potassium 
supplements must be considered. Large potassium tablets 
may be visible on radiography, and although poorly 
adsorbed by activated charcoal, whole bowel irrigation 
may be an appropriate intervention to decrease 
absorption. An initial ECG should be performed in 
patients with diuretic overdose followed by continuous 
cardiac monitoring when electrolyte abnormalities are 
suspected. Significant hyperkalemia in the presence of 
ECG abnormalities should be corrected with insulin 
and dextrose, calcium, sodium bicarbonate, and cation- 
exchange resins. 


REFERENCES 


1. Food and Drug Administration: New labeling for sodium 
nitroprusside emphasizes the risk of cyanide toxicity. JAMA 
1991;265:847. 

2. Johnson CC: Mechanisms of actions and toxicity of nitroprusside. 
Proc Soc Exp Biol Med 1928;26:102-103. 

3. Page IH, Corcoran AC, Dustan HP, Koppanyi T: Cardiovascular 
actions of sodium nitroprusside in animals and hypertensive 
patients. Circulation 1955;11:188-198. 

4. Friederich JA, Butterworth JF: Sodium nitroprusside: twenty years 
and counting. Anesth Analg 1995;81:152-162. 

5. Frank MJ, Johnson JB, Rubin SH: Spectrophotometric 
determination of sodium nitroprusside and its photodegradation 
products. J Pharm Sci 1976;65:44—-48. 

6. Arnold WP, Longnecker DE, Epstein RM: Photodegradation of 
sodium nitroprusside: biologic activity and cyanide release. 
Anesthesiology 1984;61:254—260. 

7. Schulz V: Clinical pharmacokinetics of nitroprusside, cyanide, thio- 
sulphate, and thiocyanate. Clin Pharmacokinet 1984;9:239-241. 

8. Moncada S, Palmer RMJ, Higgs EA: Nitric oxide: physiology, 
pathophysiology, and pharmacology. Pharmacol Rev 1991;43: 
109-142. 


10. 


11 


I2. 


13. 
14. 


15. 


16. 


17. 


18. 


19. 


20; 


21. 


22. 
ao 
24. 


25. 


26. 


ar. 


28. 


29. 


30. 


31. 


om: 


Id: 


34. 


J9: 


CHAPTER 61 


. Kreye VAW, Reske SN: Possible site of the in vivo disposition of 


sodium nitroprusside in the rat. Naunyn Schmiedebergs Arch 
Pharmacol 1982;320:260-265. 

Smith PR, Kruszyma H: Nitrprusside produced cyanide poisoning 
via a reaction with hemoglobin. J Pharmacol Exp Ther 
1974;191:557-563. 


. Vesey CJ, Krapez JR, Cole PV: The effects of sodium nitroprusside 


and cyanide on haemoglobin function. J Pharm Pharmacol 
1930;32:256—261. 

Ivankovich AD, Braverman M, Stephens TS, et al: Sodium 
thiosulfate disposition in humans. Relation to sodium nitro- 
prusside toxicity. Anesthesiology 1983;58:11-17. 

Way JL: Cyanide intoxication and its mechanism of antagonism. 
Ann Rev Pharmacol Toxicol 1984;24:451—481. 

Piantadose CA, Sylvia AL: Cerebral cytochrome a,ag inhibition by 
cyanide in bloodless rats. Toxicology 1984;33:67—79. 

Schulz V, Bonn R, Kindler J: Kinetics of elimination of thiocyanate 
in seven healthy subjects and in eight subjects with renal failure. 
Klin Wochenscher 1979;57:243-247. 

Vesey CJ, Wilson J: Red cell cyanide. J Pharm Pharmacol 1978; 
30:20-26. 

Schulz V, Gross R, Patsch T, et al: Cyanide toxicity of sodium 
nitroprusside in therapeutic use with and without sodium 
thiosulfate. Klin Wochenschr 1982;60:1393-1400. 

Vesey CJ, Cole PV: Blood cyanide and thiocyanate concentrations 
produced by long-term therapy with sodium nitroprusside. Br 
J Anaesth 1985;57:148-155. 

Way JL, Sylvester D, Morgan RL, et al: Recent perspectives on the 
toxicodynamic basis of cyanide antagonism. Fundam Appl Toxicol 
1984;4 (Suppl) :231-239. 

Tursky T, Sajter V: The influence of potassium cyanide poisoning 
on the ¥Yaminobutyric acid level in the rat brain. J Neurochem 
1962;9:519-523. 

Domalski CA, Kolk LC, Hines EA: Delirious reactions secondary 
to thiocyanate therapy of hypertension. Proc Mayo Clin 
1953;28:272-280. 

Garvin CF: The fatal toxic manifestations of the thiocyanates. 
JAMA 1939;112:1125. 

Wald MH, Lindberg HA, Barker MH: The toxic manifestations of 
the thiocyanates. JAMA 1939;112:1120-1124. 

Peters CG, Mundy JVB, Rayner PR: Acute cyanide poisoning. 
Anaesthesia 1982;37:582—586. 

Curry SC, Arnold-Capell P: Nitroprusside, nitroglycerin, and 
angiotensin-coverting enzyme inhibitors. Crit Care Clin 1991;7: 
555-581. 

Vesey CJ, Simpson PJ, Adams L, Cole PV: Metabolism of sodium 
nitroprusside and cyanide in the dog. Br J Anaesth 1979;51:89-97. 
Vesey CJ, Cole PV, Simpson PJ: Cyanide and thiocyanate 
concentrations following sodium nitroprusside infusion in man. 
Br J Anaesth 1976;48:65 1-660. 

Cole PV, Vesey CJ: Sodium thiosulfate decreases blood cyanide 
concentrations after the infusion of sodium nitroprusside. Br 
J Anaesth 1987;59:531-535. 

Michenfelder JD, Tinker JH: Cyanide toxicity and thiosulfate 
protection during chronic administration of sodium nitroprusside 
in the dog. Anesthesiology 1977;47:441-448. 

Cottrell JE, Casthely P, Brodie JD, et al: Prevention of 
nitroprusside-induced cyanide toxicity with hydroxocobalamin. 
N Engl J Med 1978;298:809-811. 

Krapez JR, Vesey CJ, Adams L, Cole PV: Effects of cyanide 
antidotes used with sodium nitroprusside infusions: sodium 
thiosulphate and hydroxocobalamin given prophylactically to 
dogs. Br J Anaesth 1981;53:793-804. 

Zerbe NF, Wagner BKJ: Use of vitamin B49 in the treatment and 
prevention of nitroprusside-induced cyanide toxicity. Crit Care 
Med 1993;21:465-467. 

Pahl MV, Vaziri ND: In-vivo and in-vitro hemodialysis studies of 
thiocyanate. J Toxicol Clin Toxicol 1982-1983;19:965-974. 

Kerins DM, Robertson RM, Robertson D: Drugs used for the 
treatment of myocardial ischemia. In Hardman JG, Limbird LE, 
Gilman AG (eds): Goodman and Gilman’s The Pharmacological 
Basis of Therapeutics, 10th ed. New York, McGraw-Hill, 2001. 
Murrell W: Nitro-glycerine as a remedy for angina pectoris. 
Lancet 1879;1:234—236, 284-288. 


Nitroprusside, ACE Inhibitors, and Other Cardiovascular Agents 


36. 


37. 


38, 


39; 


40. 


4l. 
42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


ol, 


92, 


52) 


54. 


DD; 
56. 


57. 


58. 


59. 


60. 


6l. 


62. 


63. 


997 





Murad F: Cyclic guanosine monophosphate as a mediator of 
vasodilation. J Clin Invest 1986;78:1-5. 

Chung SH, Fung HL: Identification of subcellular site for 
nitroglycerin metabolism to nitric oxide in bovine coronary 
smooth muscle cells. J Pharmacol Exp Ther 1990;253(2):614-619. 
Harrison DG, Bates JN: The nitrovasodilators. New ideas about 
old drugs. Circulation 1993;87:1461-1467. 

Munzel T, Sayegh H, Freeman BA, et al: Evidence for enhanced 
vascular superoxide anion production in nitrate tolerance. A 
novel mechanism underlying tolerance and cross-tolerance. J Clin 
Invest 1995;95:187-194. 

Abou-Mohamed G, Johnson JA, Jin L: Roles of superoxide, perox- 
ynitrite, and protein kinase C in the development of tolerance to 
nitroglycerin. J Pharmacol Exp Ther 2004;308(1):289-299. 
O’Keefe JH, Kwong EM, Tangredi RG: Transgingival nitrate 
syncope. N Engl J Med 1986;315:1030. 

Marshall JB, Ecklund RE: Methemoglobinemia from overdose of 
nitroglycerin. JAMA 1980;244:330. 

Kaplan KJ, Taber M, Teagarden JR, et al: Association of 
methemoglobinemia and intravenous nitroglycerin adminis- 
tration. Am J Cardiol 1985;55:181-183. 

Alexander J, Kaplan K, Davidson R, et al: Intravenous nitro- 
glycerin-induced abducens nerve palsy. Am Heart J 1983;106: 
1159-1160. 

Ohar JM, Fowler AA, Selhorst JB, et al: Intravenous nitroglycerin- 
induced intracranial hypertension. Crit Care Med 1985;13: 
867-868. 

Demey HE, Daelemans RA, Verpooten GA, et al: Propylene glycol- 
induced side effects during the intravenous nitroglycerin therapy. 
Intensive Care Med 1988;14:221-—226. 

Col J, Gol-Debeys C, Lavenne-Pardonge E, et al: Propylene glycol- 
induced heparin resistance during nitroglycerin infusion. Am 
Heart J 1985;110:171-173. 

Habbab MA, Haft J: Heparin resistance induced by intravenous 
nitroglycerin: a word of caution when both drugs are used 
concomitantly. Arch Intern Med 1987;147:857-860. 

Becker RC, Corrao JM, Bovill EG, et al: Intravenous nitroglycerin- 
induced heparin resistance: a qualitative antithrombin III 
abnormality. Am Heart J 1991;121(6 Pt 1):1849-1850. 

Cheitlin MD, Hutter AM, Brindis RG, et al: Use of silfenafil 
(Viagra) in patients with cardiovascular disease. ACC/AHA 
Expert Consensus Document. Circulation 1999;99:168-177. 
Kelner MJ, Bailey DN: Propylene glycol as a cause of lactic 
acidosis. J Anal Toxicol 1985;9:40—42. 

Watson WA, Litovitz TL, Rodgers GC, et al: 2002 annual report of 
the American association of poison control centers toxic exposure 
surveillance system. Am J Emerg Med 2003;21(5):353-421. 

Reece PA: Hydralazine and related compounds: chemistry, 
metabolism, and mode of action. Med Res Rev 1981;1:73-96. 
Azuma J, Sawamura A, Harada H, et al: Mechanism of direct 
cardiostimulating actions of hydralazine. Eur J Pharmacol 
1987;135:137-144. 

Smith BA, Ferguson DB: Acute hydralazine overdose: marked ECG 
abnormalities in a young adult. Ann Emerg Med 1992;21 (3):326-330. 
Raskin NH, Fishman RA: Pyridoxine-deficiency neuropathy due 
to hydralazine. N Engl J Med 1965;273(22):1182-1185. 

Farrell SE, Epstein SK: Overdose of Rogaine® Extra Strength 
for Men topical minoxidil preparation. J Toxicol Clin Toxicol 
1999;37(6):781—783. 

Zappacosta AR: Reversal of baldness in patient receiving 
minoxidil for hypertension. N Engl J Med 1980;303:1480-1481. 
McCormick MA, Forman MH, Manoguerra AS: Severe toxicity 
from ingestion of a topical minoxidil preparation. Am J Emerg 
Med 1989;7:419-421. 

MacMillan AR, Warshawski FJ, Steinberg RA: Minoxidil overdose. 
Chest 1993;103:1290-1291. 

McCall JM, Aiken JW, Chidester CG, et al: Pyrimidine and triazine 
3-oxide sulfates: a new family of vasodilators. J Med Chem 
1983;26:1791-1793. 

Gottlieg TB, Thomas RC, Chidsey CA: Pharmacokinetic studies of 
minoxidil. Clin Pharmacol Ther 1972;13:436—441. 

Leblanc N, Wilde DW, Keef KD, Hume JR: Electrophysiologic 
mechanisms of minoxidil sulfate-induced vasodilation of rabbit 
portal vein. Circ Res 1989;65:1102-1111. 








€ 998 


64. 


65. 
66. 


67. 


68. 
69. 
70. 


7L 
Tze 
(ee 


74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 
83. 


84. 
85. 
86. 
87. 


88. 


89. 


90. 


Allon MA, Hall WD, Macon EJ: Prolonged hypotension after 
initial minoxidil dose. Arch Intern Med 1986;146:2075-2076. 
Manufacturer’s information, Upjohn Company, Kalamazoo, MI. 
Isles C, MacKay A, Barton PJM, Mitchell I: Accidental overdosage 
of minoxidil in a child. Lancet 1981;1:97. 

Poff SW, Rose SR: Minoxidil overdose with ECG changes: case 
report and review. J Emerg Med 1992;10:53-57. 

Krehlik JM, Hindson DA, Crowley JJ, Knight LL: Minoxidil- 
associated pericarditis and fatal cardiac tamponade. West J Med 
1985;143:527-529, 

Goldstein H, Lue TF, Padma-Nathan H, et al: Oral sildenafil in the 
treatment of erectile dysfunction. N Engl J Med 1998;338: 
1397-1404. 

Tracqui A, Miras A, Tabib A, et al: Fatal overdosage with sildenafil 
citrate (Viagra®): first report and review of the literature. Hum 
Exp Toxicol 2002;21 (11):623-629. 

Krenzelok EP: Sildenafil: clinical toxicology profile. J Toxicol Clin 
Toxicol 2000;38 (6):645-651. 

Hung DZ, Yang DY: Sildenafil overdose in a female patient. J 
Toxicol Clin Toxicol 2001;39 (4) :423-424. 

Kloner RA, Zusman RM: Cardiovascular effects of sildenafil citrate 
and recommendations for its use. Am J Cardiol 1999;84:11N-17N. 
Azarbal B, Mirocha J, Shah PK, et al: Adverse cardiovascular 
events associated with the use of Viagra. J Am Coll Cardiol 
2000;35 (Suppl 1):553A—554A. 

Morales A, Gingell C, Collins M, et al: Clinical safety of oral 
sildenafil citrate (Viagra) in the treatment of erectile dysfunction. 
Int J Impot Res 1998;10:69-74. 

Muniz AE, Holstege CP: Acute myocardial infarction associated 
with sildenafil (Viagra) ingestion. Am J Emerg Med 2000;18(3): 
353-355. 

Kassim AA, Fabry ME, Nagel RL: Acute priapism associated with 
the use of sildenafil in a patient with sickle cell trait. Blood 
2000;95:1878-1879. 

Sur RL, Cane CJ: Sildenafil-citrate associated priapism. Urology 
2000355.(6):950. 

Swedberg K, Held P, Kjekshus L, et al: Effects of enalapril on 
mortality in severe congestive heart failure: results of the 
Cooperative North Scandinavian Enalapril Survival Study 
(CONSENSUS). N Engl J Med 1992;327:685-691. 

Lewis EJ, Hunsicker LG, Bain RP, Rohde RD: The effect of 
angiotensin-converting enzyme inhibition on diabetic 
nephropathy. The Collaborative Study Group. N Engl J Med 
1993;329(20):1456-1462. 

Michaels AD, Maynard C, Every NR, Barron HV: Early use of ACE 
inhibitors in the treatment of acute myocardial infarction in the 
United States: experience from the National Registry of 
Myocardial Infarction. Am J Cardiol 1999;84(10):1176-1181. 
Gavras H, Gavras I: Angiotensin-converting enzyme inhibitors. 
Properties and side effects. Hypertension 1988;11(3 Pt 2):37-41. 
Song JC, White CM: Clinical pharmacokinetics and selective 
pharmacodynamics of new angiotensin converting enzyme 
inhibitors: an update. Clin Pharmacokinet 2002;41 (3):207-224. 
Gainer JV, Morrow JD, Loveland A, et al: Effect of bradykinin- 
receptor blockade on the response to angiotensin-converting- 
enzyme inhibitor in normotensive and hypertensive subjects. N 
Engl J Med 1998;339(18):1285-1292. 

Israili ZH, Hall WD: Cough and angioneurotic edema associated 
with angiotensin-converting enzyme inhibitor therapy. A review of 
the literature and pathophysiology. Ann Intern Med 
1992;117(3):234-242. 

Parker SC, Hannah A, Brooks M, et al: Renal artery stenosis: a 
disease worth pursuing. Med J Aust 2001;175(3):149-153. 
Hodsman GP, Isles CG, Murray GD, et al: Factor related to first 
dose hypotensive effect of captopril: prediction and treatment. 
BMJ 1983;286(6368) :832-834. 

Verughese A, Taylor AA, Nelson EB: Consequnces of angiotensin- 
converting enzyme inhibitor overdose. Am J Hypertens 1989;2(5 
Pt 1):355-357. 

Lau CP: Attempted suicide with enalapril. N Engl J Med 
1986;315(8):197. 

Lip GY, Ferner RE: Poisoning with anti-hypertensive drugs: 
angiotensin converting enzyme inhibitors. J Hum Hypertens 


1995:9(9):711—715. 


g1 


92. 
g3: 


94. 


95. 


96. 


97. 


98. 


99, 


100. 
101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 
113. 
114. 


115. 


116. 


117. 


118. 


119. 


CARDIOVASCULAR, HEMATOLOGIC, AND ENDOCRINE AGENTS 


Park H, Purnell GV, Mirchandani HG: Suicide by captopril 
overdose. Clin Toxicol 1990;28 (3):379-382. 

Everson GW: Angiotensin converting enzyme inhibitor overdoses: 
a multicenter study. Vet Hum Toxicol 1990;32(4):352. 

Spiller HA, Udicious TM, Muir S: Angiotensin converting enzyme 
inhibitor ingestion in children. Clin Toxicol 1989;27 (6) :435-353. 
Brown NJ, Ray WA Snowden M, Griffin MR: Black Americans have 
an increased rate of angiotensin converting enzyme inhibit- 
associated angioedema. Clin Pharmacol Ther 1996;60(1):8—13. 
Gibbs CR, Lip GYH, Beevers DG: Angioedema due to ACE 
inhibitors: increased risk in patients of African origin. Br J Clin 
Pharmacol 1991;48(6):861-865. 

Chin HL , Buchan DA: Severe angioedema after long-term use of 
an angiotensin-converting enzyme inhibitor. Ann Intern Med 
1990;112(4):312-313. 

Orfan N, Patterson R, Dykewicz MS: Severe angioedema related to 
ACE inhibitors in patients with a history of idiopathic 
angioedema. JAMA 1990;264(10):1287-1289. 

Augenstein WL, Kulig KW, Rumack BH: Captopril overdose 
resulting in hypotension. JAMA 1988;259:3302-3305. 

Lechleitner P, Dzien A, Haring C, Glossmann H: Uneventful self- 
poisoning with a very high dose of captopril. Toxicology 
1990;64 (3) :325-329. 

Spiller HA, Udicious TM, Muir S: Angiotensin converting enzyme 
inhibitor ingestion in children. Clin Toxicol 1989;27:345-353. 
Olin BR: Drug Facts and Comparisons. St. Louis, Facts and 
Comparisons, 2000. 

Geh SL, Nott MW, Majewski H, et al: Effect of captopril on blood 
pressure responses to enkephalins in chloralose-anaesthetized 
rats. Arch Int Pharmacodyn Ther 1986;279 (2) :282-290. 

Varon J, Duncan SR: Naloxone reversal of hypotension due to 
captopril overdose. Ann Emerg Med 1991;10:1125-1127. 

Trilli LE, Johnson KA: Lisinopril overdose and management 
with intravenous angiotensin II. Ann Pharmacother 1994;28(10): 
1165-1168. 

Mazzolai L, Burnier M: Comparative safety and tolerability of 
angiotensin IT receptor antagonists. Drug Saf 1999;21 (1):23-33. 
Pitt B, Segal R, Martinez FA, et al: Randomized trail of losartan 
versus captopril in patients over 65 with heart failure (Evaluation 
of Losartan in the Elderly Study, ELITE). Lancet 1997;349 (9054): 
747-752. 

Sosa-Canache B, Cierco M, Gutierrez CI, et al: Role of bradykinins 
and nitric oxide in the AT2 receptor-medicated hypotension. 
J Hum Hypertens 2000;14(Suppl 1):40-46. 

Lacourciere U, Brunner HR, Irwing R, et al: Effects of modulators 
of the rennin-angiotensin-aldosterone system on cough. 
J Hypertens 1994;12(12):1387-1393. 

van Rijnsoever EW, Kwee-Zuiderwyu WJM, Feenstra J: 
Angioneurotic edema attributed to use of losartan. Arch Intern 
Med 1998;158(18):2063-2065. 

Warner KK, Visconti JA, Ischampel MM: Angiotensin II receptor 
blockers in patients with ACE inhibitor-induced angioedema. Ann 
Pharmacother 2000;34(4):526—-528. 

Mimran A, Ribstein J, DuCailar G: Comparison of the acute renal 
effect of losartan and captopril in atheromatous renovascular 
disease. Am J Hypertens 1998;11:47A. 

Birck R, Keim V, Fiedler F, et al: Pancreatitis after losartan. Lancet 
1998;351(9110):1178. 

Bosch X: Losartan-induced acute pancreatitis. Ann Intern Med 
1997;127(11):1043-1044. 

Barr M Jr: Teratogen update: angiotensin-converting enzyme 
inhibitors. Teratology 1994;50(6) :399-409. 

Cooper KL, McKeirnan JM, Kaplan SA: Alpha-adrenoceptor 
antagonists in the treatment of benign prostatic hyperplasia. 
Drugs 1999;57(1):9-17. 

Sasso EH, O’Connor DT: Prazosin depression of baroreflex function 
in hypertensive man. Eur J Clin Pharmacol 1982;22(1):7-14. 
Bateman DN, Hobbs DC, Twomey TM, et al: Prazosin, pharma- 
cokinetics and concentration effect. Eur J Clin Pharmacol 
1979;16(3):177-181. 

Sonders RC: Pharmacokinetics of terazosin. Am J Med 1986; 
80 (5B) :20-24. 

Piotrovskii VK, Veiko NN, Ryabokon OS, et al: Identification of a 
prazosin metabolite and some preliminary data on its kinetics in 
hypertensive patients. Eur J Clin Pharmacol 1984;27 (3):275—280. 


120. 


121. 


122.: 


123. 


124. 


125. 


126. 


7, 


128. 


129. 


130. 


131. 
132. 
133. 
134. 


135, 


136. 


CHAPTER 61 


Baugham RA Jr, Arnold S, Benet LZ, et al: Altered prazosin 
pharmacokinetics in congestive heart failure. Eur J Clin 
Pharmacol 1980;17:425. 

Hasford J, Bussmann WD, Delius W, et al: First dose hypotension 
with enalapril and prazosin in congestive heart failure. Int J 
Cardiol 1991;31 (3):287-293. 

McClean WJ: Prazosin overdose. Med J Aust 1976;1(16):592. 
Lenz K, Drum! W. Kleinberger G, et al: Acute intoxication with 
prazosin: case report. Hum Toxicol 1985;4(1):53—56. 

Gokel Y, Dokur M, Paydas S: Doxazosin overdosage. Am J Emerg 
Med 2000;18(5):638-639. 

Rygnestad TK, Dale O: Self-poisoning with prazosin. Acta Med 
Scand 1983;213(2):157-158. 

Robbins DN, Crawford ED, Lackner LH: Priapism secondary to 
prazosin overdose. J Urol 1983;130(5):975. 

Chin DK, Ho AK, Tse CY: Neuropsychiatric complications related 
to use of prazosin in patients with renal failure. BMJ 
1986;293 (6558) :1347. 

Baglin A, Boulard JC, Hanslick T, Prinseau J: Metabolic adverse 
reactions to diuretics. Clinical relevance to elderly. Drug Saf 
1995;12(3):161-171. 

Mitchell JE, Hatsukami D, Eckert ED, Pyle RL: Characteristics of 
275 patients with bulimia. Am J Psychiatry 1985;142(4) :482-485. 
Garratty G, Houston M, Petz LD, Webb M: Acute immune 
intravascular hemolysis due to hydrochlorthiazide. Am J Clin 
Pathol 1981;76(1):73-78. 

Rubinstein I: Fatal thrombosis of left internal carotid artery 
following diuretic abuse. Ann Emerg Med 1985;14(3):275. 
O’Doherty NJ: Thiazide and cerebral ischemia. 
1965;2 (7425):1297. 

Sunderam SG, Mankikar GD: Hyponatremia in the elderly. Age 
Ageing 1983;12(1):77-80. 

Morgan DB, Davidson C: Hypokalemia and diuretics: an analysis 
of publications. BMJ 1980;280(6218) :905—908. 

Srivastava RN, Travis LB, Dodge WF, Kaye M: Prolonged coma 
and visual loss; unusual reaction to chlorthiazide. J Pediatr 
1969;74(1):126-128. 

Brucato A, Bonati M, Gaspari F, et al: Tetany and rhabdomyolysis 
due to surreptitious furosemide—importance of magnesium 
supplementation. Clin Toxicol 1993;31 (2) :341-344. 


Lancet 


Nitroprusside, ACE Inhibitors, and Other Cardiovascular Agents 


137. 


138. 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


148. 


149. 


999 





Vila JM, Blum L, Dosik H: Thiazide-induced immune hemolytic 
anemia. JAMA 1976;236(15):1723-1724. 

Eckhauser ML, Dokler MA, Imbenbo AL: Diuretic-associated 
pancreatitis: a collective review and illustrative cases. Am J 
Gastroenterol 1987;82(9):865-870. 

Grimm RH Jr, Grandtis GA, Prineas RJ, et al: Long-term effects on 
sexual function of five antihypertensive drugs and nutritional 
hygienic treatment in hypertensive men and women. ‘Treatment 
of Mild Hypertension Study (TOMHS). Hypertension 1997;29 
(1 Pt 1):8-14. 

Eisner EV, Crowell EB: Hydrochlorothiazide-dependent thrombo- 
cytopenia due to IgM antibody. JAMA 1971;215(3):480-482. 
Dormans TP, van Meyel JJM, Gerlag PGG, et al: Diuretic efficacy 
of high dose furosemide in severe heart failure: bolus injection 
versus continuous infusion. J Am Coll Cardiol 1996;28(2): 
376-382. 

Copeland PM: Diuretic abuse and central pontine myelinolysis. 
Psychother Psychosom 1989;52(1—-3):101-105. 

Kaufmann H, Elijovich F, Yahr MD: An unusual cause of tetany: 
surreptitious use of furosemide. Mt Sinai J Med 1984;51(5): 
625-628. 

Whitworth C, Morris C, Scott V, Rybak LP: Dose-response 
relationships for furosemide ototoxicity in rat. Hear Res 
1993;71 (1-2) :202-207. 

Bates DE, Beaumont SJ, Baylis BW: Ototoxicity induced by 
gentamicin and furosemide. Ann Pharacother 36(3):446—451. 
Greenblatt DJ, Koch-Weser J: Adverse reactions to spironolactone. 
A report from the Boston Collaborative Drug Surveillance 
Program. JAMA 1973;225(1):40-43. 

Hollenberg NK, Mickiewicz CW: Postmarketing surveillance in 
70,898 patients treated with a triamterene/hydrochlorothiazide 
combination (Maxzide). Am J Cardiol 1989;63:37B—41B. 

Yap V, Patel A, Thomsen J: Hyperkalemia with cardiac arrhythmia. 
Induction by salt substitutes, spironolactone and azotemia. JAMA 
1976;236:2275-2276. 

Carr MC, Prien EL, Babayan RK: Triamterene nephrolithiasis: 
renewed attention is warranted. J Urol 1990;144(6):1339-1340. 





JAMES F. WILEY Il, MD, MPH 


At a Glance... 


m Clonidine and related imidazolines act at central and peripheral 
(,-adrenergic receptors and at imidazoline receptors. 

m In overdose, imidazolines produce central nervous system 
depression, bradycardia, hypotension, and respiratory depression. 

m As little as 0.1 mg or 1 clonidine tablet may cause major 
poisoning effects in young children. 

m Pediatric clonidine exposure is increasing and reflects greater 
use of this drug for behavioral problems in children. 

m Management of clonidine poisoning should focus on respiratory 
support and maintenance of hemodynamic stability. 

m No antidote exists for clonidine toxicity, although reports of 
clinical improvement after naloxone or yohimbine administration 
have been described. 


INTRODUCTION AND RELEVANT 
HISTORY 


Clonidine and related drugs, including apraclonidine, 
brimonidine, dexmedetomidine, guanabenz, guanfacine, 
methyldopa, naphazoline, oxymetazoline, tetrahydro- 
zoline, tizanidine, and xylometazoline, share similar 
toxicity. Clonidine, guanabenz, guanfacine, and methyl- 
dopa have been used primarily as antihypertensive 
medications, although new indications have been devel- 
oped for clonidine and guanfacine. Tetrahydrozoline, 
oxymetazoline, naphazoline, and xylometazoline are 
over-the-counter topical vasoconstrictors. Apraclonidine 
and brimonidine are prescribed for ocular hypertension 
and open-angle glaucoma. Tizanidine is a new muscle 
relaxant used for the spasticity associated with cerebral 
and spinal disorders. Dexmedetomidine is a new 
imidazole used for intravenous sedation and analgesia.! 
Most examples of severe toxicity attributable to this class 
of drugs have occurred with clonidine. 

Clonidine was initially developed as a topical nasal 
decongestant in 1962. Subsequently, it was found to be a 
potent antihypertensive agent with sympatholytic effects 
not attributable to ganglionic blocking.* Clonidine is 
synergistic in antihypertensive effect with diuretics and 
has been employed as a second or third agent in the 
treatment of essential hypertension. The advent of 
converting enzyme inhibitors has decreased the use 
of clonidine as an antihypertensive agent. Alternative 
off-label indications in adults include anesthetic premed- 
ication, induction of spinal anesthesia, ultrashort opiate 
detoxification, alcohol withdrawal, smoking cessation, 
and alleviation of postmenopausal hot flashes.’ In 
children, treatment of attention-deficit hyperactivity 
disorder (ADHD) accounts for the greatest off-label use.’ 
Refractory conduct disorder, Tourette’s syndrome, and 
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diagnosis of growth hormone deficiency make up other 
potential uses in children.'°!' Guanfacine has been 
evaluated for the treatment of children with both ADHD 
and Tourette’s syndrome’” and has been shown to induce 
growth hormone secretion without the concomitant 
hypotension or sedation common with clonidine.!® 


EPIDEMIOLOGY 


Clonidine exposure occurs in about 1 in 1000 poisonings 
and is notable for serious signs and symptoms after many 
ingestions.'*!® In 2004, there were 5802 clonidine and 
1579 tetrahydrozoline exposures reported to U.S. poison 
centers. Major toxicity and death occurred in only 3.6% 
and 0.2% of clonidine exposures and in 0.1% and 0% of 
tetrahydrozoline exposures, respectively.!” Moderate 
toxicity, however, was observed in 22.8% of all clonidine 
exposures. Total clonidine exposures in children 
younger than 19 years have almost doubled in recent 
years.'* Many pediatric exposures involve the child’s own 
medication or that of another child in the household. 
This pattern contrasts with the previously reported 
situation of young toddlers ingesting a grandparent’s 
clonidine.'®'® Exposure to over-the-counter nose drops 
and eye drops is an another important cause of 
imidazoline poisoning but tends to be uneventful." 
Guanabenz, guanfacine, and methyldopa are rarely 
prescribed or ingested and appear to cause similar but 
lesser effects than clonidine.*°** 


STRUCTURE AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 


Clonidine and some related imidazolines are depicted in 
Figure 62-1. 


PHARMACOLOGY 


Clonidine, guanabenz, guanfacine, oxymetazoline, tetrahy- 
drozoline, naphazoline, xylometazoline, tizanidine, and 
dexmedetomidine are related imidazolines with central 
and peripheral O.-adrenergic agonist effects. In addition, 
some of the central antihypertensive effects may be 
attributable to binding of specific imidazoline receptors. 
As sympathomimetic agents, imidazolines have little to 
no B-adrenergic effect and have peripheral vasoconstrictive 
properties similar to specific Oj-adrenergic agonists. 
However, imidazolines differ markedly from most sympa- 
thomimetics in their central inhibition of sympathetic 
outflow.” Developed as an analog of 3,4dihydroxy- 
phenlyalanine (DOPA), methyldopa is chemically 
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FIGURE 62-1 Structure of clonidine and some other imidazolines. 


unrelated to the imidazolines but stimulates Œ- 
adrenergic receptors centrally through its metabolite, 
o-methyl norepinephrine.” 

The imidazolines produce effects by a complex inter- 
action with central Qs-adrenergic receptors, peripheral 
OQ o-adrenergic receptors, and central imidazoline 
receptors. The Q»-adrenergic receptors have subtypes A, 
B, and C, which are structurally distinct and have varying 
affinity for OQ -adrenergic receptor agonists and antag- 
onists. Q.,-Adrenergic receptors are found predominantly 
in the brainstem, whereas Olop-adrenergic receptors are 
found on vascular smooth muscle cells. Central O4- 
adrenergic receptors have a higher affinity for agonists 
(e.g., clonidine) than do peripheral O»p-adrenergic 
receptors.“ Binding at each of these receptors reduces 
the intracellular activity of adenyl cyclase through a 
pertussin toxin-sensitive G protein.*° Elucidation of the 
receptor-binding properties for the drugs under dis- 
cussion have involved radioligand studies using 
[°H]clonidine. Clonidine strongly binds to central O4- 
adrenergic receptors located in the brainstem (nucleus 
tractus solitarii). This binding has an inhibitory effect on 
norepinephrine release centrally, resulting in decreased 
sympathetic outflow.?”*? Therapeutically, this action 
causes reduced blood pressure, bradycardia, and sedation. 
The hypotensive changes are not seen in quadriplegic 
patients who receive clonidine.*° Clonidine also inhibits 
acetylcholine release. Clinically, this effect is manifest as 
dry mouth in therapeutic doses. In the hypothalamus, 
clonidine stimulates the release of growth hormone 
and has varying effects on sympathetic tone and blood 
pressure. In the spinal cord, clonidine decreases sympa- 
thetic tone and blood pressure and has analgesic properties 
that are similar to those of narcotic medications.*°°° 

The similarity in effects found upon stimulation of 
central -adrenergic receptors and opiate receptors has 
prompted much investigation into a possible molecular 
link between these sites. Clinical evidence supporting 
such a link includes the use of clonidine for ultrashort 
opiate detoxification,*” the successful use of clonidine 
for spinal analgesia,” the likeness of toxicity found after 
overdose with narcotics and clonidine, the reversal of 
clonidine toxicity with naloxone in some patients,'® and 
the decreased density of central -adrenergic receptors 
in heroin addicts.*! Both opiate and central O»-adrenergic 
receptors act through G proteins. The possibility of 
“cross-talk” between these receptors through the G 
protein complex has been raised, although initial studies 
in a neuroblastoma-glioma cell line were not supportive.’ 


Other proposed mechanisms for Q,.-agonist inhibitory 
effects, such as hyperpolarization of neuronal cells by 
activation of potassium channels, inhibition of N-type 
voltage-gated calcium channels, and increased Na*/H* 
exchange, may hold the answer regarding the relation- 
ship between imidazolines and opiates. Improved 
understanding concerning the relationship of central 0- 
adrenergic and opiate receptors must await further 
study. 

Specific imidazoline (I) receptors of multiple types 
exist and have been identified in a variety of tissues and 
animal species. Current nomenclature delineates I, and 
I, receptors, with a further breakdown of I, receptors 
into I>, (amiloride-sensitive) and I» (amiloride-insensitive) 
receptors.” These receptors do not act through G 
proteins.** Clonidine has strong affinity at I, receptors, 
which are located in the ventrolateral medulla in 
humans. Binding at these sites leads to decrease in blood 
pressure independent of central adrenergic effects.” 
An endogenous substance with imidazoline receptor 
affinity called clonidine-displacing substance has also been 
discovered, but its physiologic role has yet to be 
elucidated. Guanabenz is an agonist at I, imidazoline 
receptors, which are strongly linked to monoamine 
oxidase A and B expression, but the mechanism of 
action and function of I, receptors is uncertain and 
requires further study.°° 

Peripheral imidazoline effects are varied, relate to 
agonist effects at Olog-adrenergic receptors, and are 
usually overshadowed by central O.,-adrenergic receptor 
effects. Agonist activity at peripheral Oop-adrenergic 
receptors located on vascular smooth muscle cells causes 
vasoconstriction. Effects at these receptors typically 
require a higher serum concentration of agonist, as 
occurs after overdose and intravenous administration of 
agonist. Thus, intravenous administration of clonidine 
and supratherapeutic levels of clonidine are associated 
with hypertension and pallor in some patients. 
Stimulation of presynaptic peripheral .-adrenergic 
receptors, however, reduces vasomotor tone in other 
blood vessel sites and inhibits renin release, which would 
lead to synergism with central effects.*° The net effect is 
a reduction of blood pressure and sympathetic outflow in 
both hypertensive and normotensive patients who 
receive clonidine. By reducing sympathetic outflow, 
imidazolines lower arterial pressure through reduction 
in both cardiac output and peripheral vascular resistance. 
Reduced cardiac output is from a decrease in heart rate 
and myocardial contractility. 
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PATHOPHYSIOLOGY 


In overdose, the sympatholytic effects of imidazolines 
predominate. The organs most commonly affected are 
the brain and the heart. Decreased norepinephrine 
release in the central nervous system (CNS) causes 
lethargy, coma, miosis, hypotonia, respiratory depression, 
apnea, and hypothermia.'*!® Cardiac consequences of 
imidazoline toxicity include bradycardia (sinus or first- 
degree atrioventricular [AV] block) and hypotension 
related to central OQ -adrenergic and imidazoline 
receptor stimulation.'*!® Peripheral o.-adrenergic effects 
may cause vasoconstriction with hypertension. Rarely, 
malignant hypertension and seizures occur, particularly 
in patients with renal insufficiency who ingest large doses 
of clonidine.®’ Children are particularly sensitive to the 
toxic effects of the imidazolines. As little as 0.1 mg of 
clonidine and 2.5 mL (% teaspoon) of 0.05% tetrahy- 
drozoline eye drops have caused significant toxicity.'4°%9 


PHARMACOKINETICS 


Rapid absorption follows oral clonidine administration, 
with drug bioavailability of 75% to 96% after a single 
dose.® Bioavailability falls with chronic administration 
to 65%.*! Maximal hypotensive effect coincides with 
peak plasma concentration 1 to 3 hours after ingestion. 
Therapeutic clonidine levels range from 0.5 to 2 ng/mL, 
with a close relationship between plasma concentration 
and clinical effects.” Clonidine is 20% to 40% protein 
bound and has a volume of distribution of 2.9 to 
5.3 L/kg.* Clonidine undergoes hepatic metabolism to 
inactive compounds, but about half of a single oral dose 
is excreted unchanged in the urine. The elimination 
half-life is 12 to 16 hours and is prolonged in patients 
with renal insufficiency, often necessitating decreased 
dosing.*! In preoperative patients, clonidine may be 
given sublingually or rectally, with pharmacokinetics 
similar to oral administration.*?4 

Clonidine patch formulations range from 2.5 to 
7.5 mg of drug within a timed matrix delivery system. 
These systems provide a constant rate of transdermal 
clonidine administration over 7 days. Maximum plasma 
concentration occurs 2 to 3 days after application and 
peaks at 0.1 to 0.5 ng/mL. Elimination half-life ranges 
from 26 to 55 hours while the patch is applied. Drug 





delivery varies by application site, with highest absorp- 
tion from the left arm and lowest from the thigh.” 
Twenty to 75% of residual clonidine may remain in the 
patch after 7 days of use.*° 

Pharmacokinetic comparisons of certain imidazolines 
are shown in Table 62-1. a@-Clonidine, brimonidine, 
naphazoline, tetrahydrozoline, oxymetazoline, and 
xylometazoline are approved and intended only for 
topical use; pharmacokinetic data based on ingestion are 
not available for these agents. 


Special Populations 
PEDIATRIC 


Despite the frequent use of imidazolines (clonidine and 
guanfacine) in children, no controlled pharmacokinetic 
data exist. 


HEPATIC AND RENAL IMPAIRMENT 

Hepatic disease necessitates careful monitoring and 
possible dose reduction in patients receiving dexmedeto- 
midine and guanabenz. Patients with renal disease 
should have a proportionate reduction in clonidine 
dose. Methyldopa is contraindicated in patients with 
active hepatic disease and in those who have experienced 
liver disorders attributable to prior methyldopa admin- 
istration.“ 


PREGNANCY AND LACTATION 

Methyldopa and guanfacine have category B designation 
for use in pregnancy. However, a great deal of human 
experience with methyldopa suggests that the chance of 
fetal harm is very low and that the benefit of controlling 
hypertension in pregnancy using methyldopa far 
outweighs potential teratogenic risks. No human 
reproductive data exist for guanfacine. Clonidine, 
guanabenz, and dexmedetomidine all have category C 
designation in pregnancy, with some evidence of adverse 
fetal effects in animals. Clonidine is also excreted in 
breast milk; its safety for use while breast-feeding is 
unknown.*” 


Pharmacologic Agents 


Table 62-2 lists the most common imidazoline formu- 
lations available. 


Pharmacokinetics of Clonidine, Guanfacine, and Guanabenz 





DRUG BIOAVAILABILITY (%) Tmax (hr) t, (hr) Vd (L/kg) PROTEIN BINDING (%) ELIMINATION 
Clonidine 75-96 1-3 12-16 3-5 20-40 Renal 
Clonidine patch 25-80* 40-80 26-55 3-5 20-40 Renal 
Guanfacine®”® 95-100 1-3 17-24 4-6 20-30 Renal 
Guanabenz®? 75 2-5 7-14 7-17 90 Hepatic 
Dexmedetomidine 100 0.1 2-3 1.3 94 Hepatic 
Tizanidine 20-40 1-2 2-4 8-16 30 Hepatic 


*Twenty percent to 75% of drug remains in the patch after 7 days.76 
Tmax Maximum plasma concentration; tıp, half-life of drug; Vd, volume of distribution. 
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Imidazoline Formulations 


DRUG FORM DOSE/CONCENTRATION BRAND NAME 
Clonidine Tablet 0.25 mg Dixarit 
0.1, 0.2, or 0.3 mg Catapres 
0.1, 0.2, or 0.3 mg with Combipres 
15 mg chlorthalidone 
Patch 2.5 (3 cm?) Catapres-TTS 1 
5.0 (7 cm?) Catapres-TTS 2 
7.5 mg (10 cm?) Catapres-TTS 3 
Intravenous 100 ug/mL, 500 ug/mL Duraclon 
Guanfacine Tablet 1,2 mg Tenex 
Guanabenz Tablet 4, 8 mg Generic 
Methyldopa Tablet 125, 250, 500 mg Generic 
Oral solution 250 mg/5 mL 
IV solution 50 mg/mL 
Dexmedetomidine IV solution 100 g/mL Precedex 
Briminodine Topical ophthalmic 0.15%, 0.2%, 0.5% Alphagan-P 


Naphazoline Topical ophthalmic 0.1% Naphcon Forte, 
Vasocon, and others 
Tetrahydrozoline Topical nasal and 0.05%, 0.1% Tyzine, Visine, and others 
ophthalmic 
Tizanidine Tablet 2,4 mg Sirdalud, Ternelin, Zanaflex 
Oxymetazoline Topical nasal and 0.01%, 0.025%, 0.05% Dristan, Afrin, Neosynephrine, 
ophthalmic Visine LR, and others 
Xylometazoline Topical nasal 0.05%, 0.1% Otrivin 





Drug Interactions 


Significant drug interactions are rare with imidazolines. 
They may combine with other antihypertensive med- 
ications (e.g., O,-adrenergic, B-adrenergic, and calcium 
channel antagonists) to produce hypotension or 
bradycardia. All forms of imidazolines may cause 
malignant hypertension in patients taking monoamine 
oxidase inhibitors. Methyldopa may alter lithium levels 
and has decreased bioavailability when ingested with 
iron formulations.“ Three sudden deaths were reported 
in children taking the combination of clonidine and 
methylphenidate for ADHD. Circumstances in each case 
led the U.S. Food and Drug Administration to conclude 
that both clonidine and methylphenidate have potential 
cardiotoxicity, but there was no convincing evidence 
for a lethal drug interaction involving these two 
medications. Cyclic antidepressants potentially 
interfere with the antihypertensive effect of clonidine. 
Clonidine may potentiate CNS depression when 
combined with ethanol, barbiturates, or other sedative- 
hypnotic medications. Klonopin (clonazepam) and 
clonidine sound alike and may be inadvertently 
substituted for each other and result in accidental toxicity. 


TOXICOLOGY 


Clinical Manifestations 


Clinical findings of clonidine and other imidazoline 
poisonings appear soon after ingestion. In one series of 
clonidine poisoning in children, 75% of patients had 
signs of toxicity within 1 hour of ingestion, and no 
patient had any new findings occur more than 4 hours 


after poisoning.!® Topical imidazoline exposure by 
unintentional oral ingestion or nasal administration in 
infants and young children can cause lethargy and coma 
within 1 hour.°? One case report describes the inten- 
tional poisoning with clonidine eye drops for criminal 
purposes resulting in prolonged coma, respiratory 
depression, and hemodynamic instability.°! The potential 
for rapid decompensation in patients who ingest 
imidazolines makes close observation of these patients 
imperative. 

About 60% of clonidine exposures reported to poison 
control centers are symptomatic.'* The relative fre- 
quency of clinical findings in symptomatic children and 
adults who ingest clonidine are shown in Table 62-3. 
Lethargy and coma typically accompany serious 
clonidine toxicity and occur soon after ingestion. Miosis, 
hyporeflexia, and hypotonia are common associated 
findings, particularly in children. This constellation of 
neurologic findings closely mimics opiate toxicity. 
Frequently, children with clonidine intoxication and 
coma have transient responsiveness to a painful stimulus, 
such as intravenous line placement or phlebotomy, but 
quickly revert back to profound CNS depression. 
Irritability, dilated pupils, and the presence of extensor 
plantar responses (1.e., positive Babinski’s sign) occur 
less frequently in children and are rarely seen in adults. 

Bradycardia and hypotension follow clonidine 
ingestion in a significant number of children and adults. 
Sinus bradycardia is the most common rhythm in these 
patients, with first-degree AV block seen occasionally. 
Although complete AV block and supraventricular 
tachycardia complicated clonidine ingestion in a 22-year- 
old woman with systemic lupus erythematosus and renal 
insufficiency,°* second-degree block or complete AV 
dissociation should prompt the consideration of toxicity 
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Clinical Findings in Children and Adults after Clonidine Poisoning 





CHILDREN, HOSPITAL BASED* 


FINDING (<10 yr) 

N (number) 180 
Central Nervous System 

Lethargy/coma 87% 
Miosis 16% 
Hypotonia 12% 
Irritability 11% 
Hyporeflexia 10% 
Unreactive pupils 6% 
Babinski’s sign present 4% 
Mydriasis 4% (2/47) 
Ataxia/dizziness = 
Cardiovascular System 

Bradycardia 32% 
Hypotension 25% 
Arrhythmia 11% 
Hypertension 7% 
Cardiac arrest 0% 
Respiratory System 

Respiratory depression 16% 
Apnea 7% 
Other Findings 

Pallor 22% 
Hypothermia 17% (8/47) 
Dry mouth 2% 


CHILDREN, POISON 


ADULT, HOSPITAL BASED 


CONTROL CENTER (<19 yr) (>18 yr) 
6042 37 
82% 78% 

3% 3% 
= 2% 
2% 1% 
2 1% 
4% = 
17% 49% 
15% 32% 
2% 11% 
0.01% 3% 
5% 5% 
_ 16% 
_ 11% 


*Age-specific definitions of bradycardia, hypotension, and hypertension were used for pediatric findings in the hospital-based pediatric reports. 
Adapted from Klein-Schwartz W: Trends and toxic effects from pediatric clonidine exposures. Arch Pediatr Adolesc 2002; 156:392-396; Stein B, Volans 
GN: Dixarit overdose: the problem of attractive tablets. BMJ 1978;2:667-668; and Wiley JF Il, Wiley CC, Torrey SB, Henretig FM: Clonidine poisoning in 


young children. J Pediatr 1980;116:654-658. 





from other drugs, such as digoxin, calcium channel 
blockers, and B-adrenergic blockers. Hypotension may 
be quite profound but usually responds readily to rapid 
intravenous fluid administration.'© Hypertension is 
associated with a large ingested dose of clonidine and is 
usually an early transient finding.” Severe hypertension 
with encephalopathy or seizures attributed to clonidine 
exposure has been described in a patient with renal 
insufficiency.®’ Hypertension may also be precipitated by 
naloxone administration.!©°? Cardiac arrests have been 
described in adults with clonidine poisoning, and one 
pediatric death has been reported.!*!° 

Apnea and respiratory depression occur more 
commonly after clonidine exposure in children but also 
complicate clonidine poisoning in adults. In many 
patients, the degree of respiratory compromise neces- 
sitates endotracheal intubation. Stimulation of the child 
often increases respiratory rate and effort transiently. 
This finding may be useful in differentiating apnea 
caused by clonidine poisoning from the apnea associated 
with opiate intoxication. Occasional findings with 
clonidine intoxication include dry mouth, hypothermia, 
and pallor. The duration of toxic manifestations after 
ingestion of clonidine tablets is less than 24 hours, with 
an averaged reported duration of 9 to 16 hours.!*!° 

Other imidazolines could potentially cause any of the 
clinical findings seen with clonidine poisoning. Most 


topical imidazoline exposures result in no symptoms. 
Guanabenz, guanfacine, and methyldopa are rarely used 
or ingested. The most commonly reported adverse 
findings in symptomatic patients who have been exposed 
to imidazolines other than clonidine are variable CNS 
depression (i.e., lethargy to coma), miosis, bradycardia, 
and respiratory depression. '**?,°8°9°4 Similar to clonidine, 
tizanidine overdose has been associated with first-degree 
and Wenckebach’s type II AV block.” Dexmedetomidine 
may cause profound bradycardia or hypotension but 
does not cause significant respiratory depression.*° 


Adverse Effects 


Common adverse effects after oral clonidine, guan- 
facine, or guanabenz administration include dry mouth, 
lethargy, and dizziness. Methyldopa is notable for its 
ability to cause Coombs’ test—positive hemolytic anemia 
and liver disorders. Reversible granulocytopenia and 
thrombocytopenia may also follow methyldopa therapy. 
Fever, eosinophilia, elevated serum liver transaminase 
levels, and jaundice may occur in the first month of 
treatment. Rarely, fatal hepatic necrosis may transpire. 
Dexmedetomidine infusion has been associated with 
transient hypertension, bradycardia, and hypotension. 
Overuse of topical nasal vasoconstrictors may result in 
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rebound congestion with chronic nasal redness and 
swelling.” 

A withdrawal syndrome can occur after sudden 
cessation of clonidine. This state is characterized by 
hypertension, tachycardia, sweating, anxiety, insomnia, 
abdominal pain, nausea, and palpitations. Rarely, 
clonidine withdrawal can cause malignant hypertension 
and cardiac dysrhythmias in patients with heart disease. 
Clonidine withdrawal occurs 1 to 3 days after the abrupt 
termination of chronic clonidine therapy and coincides 
with elevated urine and plasma catecholamine levels.°°*” 
Patients receiving concomitant B-blocker therapy at the 
time clonidine is stopped are at higher risk for serious 
effects. Reinstitution of clonidine therapy usually suffices 
to treat clonidine withdrawal, but occasionally patients 
may require nitroprusside infusion for control of 
hypertension.®® B Blockers should be avoided because 
they could produce unopposed o-adrenergic effects that 
may worsen hypertension in the setting of withdrawal. 
Abrupt cessation of guanabenz and guanfacine may also 
cause mild withdrawal symptoms but to a lesser degree 
than clonidine.’ 


DIAGNOSIS 


The diagnosis of imidazoline poisoning is based on a 
positive history of ingestion coupled with suggestive 
physical findings. When the history is unknown, 
imidazoline exposure should be suspected in any patient 
who has the appearance of opiate intoxication but does 
not respond to high doses of naloxone. A positive 
clinical response to naloxone and negative workup for 
opioid intoxication may occasionally be consistent with 
imidazoline poisoning. In addition, hypertension that 
occurs after naloxone administration may be suggestive 
of imidazoline poisoning, especially clonidine. No 
routine laboratory or other ancillary tests (e.g., electro- 
cardiogram) can be used to identify imidazoline toxicity, 
but they are helpful to exclude other disease processes 
or poisonings. Imidazolines are not detected on 
routine comprehensive toxicology screening evaluations. 
Quantitative and qualitative tests are available for 
clonidine, guanabenz, and methyldopa to confirm the 
diagnosis, but they usually take several days to perform 
and are not helpful for patient management. 


Differential Diagnosis 


The clinical manifestations of imidazoline poisoning are 
similar to many toxicologic and nontoxicologic entities. 
Toxicity from imidazolines may be clinically indis- 
tinguishable from that produced by opioids. The CNS 
and cardiovascular manifestations of imidazolines may 
also be similar to effects produced by alcohols, antiar- 
rhythmics, antiepileptics, barbiturates, œ- and B- 
adrenergic antagonists, calcium channel antagonists, 
cardiac glycosides, carbon monoxide, cyanide, ergot 
alkaloids, lithium, sedative-hypnotics, y-hydroxybutyrate, 
and skeletal muscle relaxants. CNS infection, traumatic 
head injury, cerebrovascular accidents, and metabolic 
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disturbances should be considered and excluded with 
appropriate testing. 


TREATMENT 


Immediate Supportive Measures 


The treatment for imidazoline overdose is primarily 
supportive. Patients with significant CNS or respiratory 
depression should have their airway protected, breathing 
assisted, and cardiovascular support provided as 
necessary. In one series, 12% of children who ingested 
clonidine required endotracheal intubation because of 
apnea, deep coma, or respiratory depression.'° Although 
naloxone administration may reverse symptoms of 
respiratory depression, it has not prevented the need for 
endotracheal intubation in most reported patients.'° 
When performing endotracheal intubation in these 
patients, atropine and muscle relaxant administration 
should precede laryngoscopy to avoid bradycardia and 
difficulty due to patient agitation, respectively. 

All symptomatic patients suspected of imidazoline 
overdose should have continuous cardiac monitoring, an 
intravenous line established, and an electrocardiogram 
performed. Supplemental oxygen, continuous pulse 
oximetry, and parenteral thiamine, dextrose (or rapid 
fingerstick glucose determination), and naloxone should 
be considered for patients with altered mental status. 
Bradycardia typically responds well to administration of a 
routine dose of atropine (0.02 mg/kg, up to 1 mg). 
Hypotension should be treated with rapid infusion of 20 
to 40 mL/kg of isotonic crystalloid, either normal saline 
or Ringer’s lactate. Dopamine infusion has been used 
successfully in the minority of patients who do not 
improve after fluid administration.'° Hypertension after 
clonidine ingestion is usually transient and frequently 
requires no treatment. If treatment is instituted, a short- 
acting agent such as sodium nitroprusside is rec- 
ommended. B-Adrenergic blockers should be avoided 
for imidazoline-induced hypertension to prevent un- 
opposed effects and worsening of hypertension. A search 
for an adherent clonidine patch should occur during skin 
exposure and examination of patients in whom imidazoline 
poisoning is suspected.” 

Suggested laboratory analysis for symptomatic patients 
includes a complete blood count; blood gas analysis; 
measurement of electrolytes, blood urea nitrogen, 
creatinine, and glucose concentrations; and pregnancy 
testing for women of child-bearing age. Serum acet- 
aminophen and salicylate concentrations should be mea- 
sured in all intentional overdose patients. 


Decontamination and Prevention of 
Systemic Absorption 


The most useful method of decontamination after 
imidazoline overdose varies based on the type of expo- 
sure and the drug formulation. A single dose of activated 
charcoal is indicated after the oral ingestion of clonidine 
pills or imidazoline topical preparations. Gastric 
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emptying with syrup of ipecac is contraindicated because 
of the potential for rapid onset of CNS depression. 
Gastric lavage before administration of activated charcoal 
may be useful in patients who have ingested a large amount 
of pills within 1 hour of hospital presentation. Toxicity 
after nasal or ocular administration of imidazoline drops 
in young children is unlikely to be significantly altered by 
any means of gastric decontamination. 

Ingestion of a clonidine patch preparation presents a 
special challenge. Two reports highlight the beneficial 
use of cathartics in this situation. In one case, a 29- 
month-old girl had persistent findings of clonidine 
intoxication 26 hours after presumed ingestion of a 
patch. Administration of magnesium citrate led to 
passage of the patch 30 hours later.°* Another patient 
had spontaneous passage of a clonidine patch after 
4 hours of whole bowel irrigation with polyethylene 
glycol at 500 mL/hr.® Based on this experience, 
administration of a single dose of activated charcoal 
followed by whole bowel irrigation may be an effective 
method for the prevention of clonidine absorption after 
transdermal patch ingestion. 


Antidotes 


There is no true antidote for imidazoline poisoning. 
Naloxone, however, has reversed signs of imidazoline 
toxicity in some patients. The mechanism by which 
naloxone works in imidazoline poisoning is unknown. 
The response rate is about 15% to 40% in patients 
receiving up to 0.1 mg/kg of naloxone.!® A total dose of 
10 mg of naloxone may need to be administered before 
determining that naloxone is ineffective.°* Naloxone 
infusion after an initial response is rarely needed in 
patients who ingest clonidine. Given the low risk of 
naloxone administration in the emergency setting, it 
should be given to patients with significant CNS, 
cardiovascular, or respiratory compromise. Patients with 
severe imidazoline poisoning often need immediate 
supportive care, such as endotracheal intubation, 
atropine administration, and rapid crystalloid infusion 
despite having received naloxone.'® 

Yohimbine, a central Q.-adrenergic antagonist, has 
reversed lethargy, miosis, and bradycardia due to 
clonidine ingestion. The oral dose used was 0.1 mg/kg. 
It has not been used to reverse respiratory depression. 
Furthermore, it is only available in oral form, thus 
limiting its efficacy as an antidote for clonidine toxicity.™ 

Tolazoline, a central and peripheral O.-adrenergic 
antagonist, was initially used in the treatment of 
clonidine poisoning, but was frequently ineffective.” In 
addition, it has adverse effects of tachycardia, hyper- 
tension, and dysrhythmias. Given the excellent outcome 
in patients poisoned with imidazolines who receive 
supportive care alone, the risk of tolazoline outweighs 
the potential benefit. 


Elimination Enhancement 


The imidazolines are not amenable to any form of 
elimination enhancement. 


1007 





Disposition 


Small accidental dosing errors in patients already 
maintained on the medication may be managed outside 
of health care facilities with close phone follow-up." 
Children younger than 6 years with any imidazoline 
exposure should be referred to a health care facility, as 
should any patient with intentional ingestion. Those 
patients who ingest imidazolines but remain asymp- 
tomatic can be watched for 4 to 6 hours from the time of 
ingestion and medically cleared if no physical findings of 
imidazoline poisoning are seen. Those patients who 
ingest a clonidine patch, however, should be admitted 
and monitored for 12 to 24 hours due to the potential 
for delayed clinical effects. Symptomatic patients who 
respond to naloxone should be admitted and monitored 
to ensure no recrudescence of toxicity. These patients 
often can receive adequate treatment on a regular 
inpatient ward. Symptomatic patients who do not 
respond to naloxone require immediate supportive care 
and admission to an intensive care unit. In most 
instances, patients fully recover from imidazoline 
poisoning within 1 to 2 days. There is one case report of 
permanent neurologic sequelae in a child who was 
repeatedly poisoned with clonidine by his mother.”° 
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Class [A Antiarrhythmics: Quinidine, 
Procainamide, and Disopyramide 


KRISTINE A. NANAGAS, MD m R. BRENT FURBEE, MD 


At a Glance... 


m  Life-threatening effects of IA antiarrhythmic overdose are 
cardiac. 

m Sodium channel blockade leads to QRS widening and 
ventricular tachycardia, which is often responsive to sodium 
bicarbonate. 

m Potassium efflux blockade causes widened QT. and torsades de 
pointes and may respond to magnesium sulfate and correction 
of hypokalemia. 

m fTorsades de pointes usually develops in patients with 
bradycardia. 

m Anticholinergic and hypoglycemic effects are seen with 
disopyramide > procainamide > quinidine. 

m Extracorporeal drug removal may be of some use for 
procainamide and N-acetylprocainamide but is of minimal 
benefit for other IA antiarrhythmics. 

m Peak plasma levels for therapeutic doses occur at 1 to 3 hours 
but may be delayed in overdose. 

m Symptomatic patients should be admitted for cardiac 
monitoring. 


The class IA antiarrhythmics include quinidine, pro- 
cainamide, and disopyramide. Although dissimilar in 
structure (Fig. 63-1), all three drugs suppress cardiac 
dysrhythmias via the same mechanisms and produce 
adverse effects typical of the group. In the past, these 
drugs were widely used for the control of both atrial and 
ventricular arrhythmias, but because of the high 
incidence of adverse effects with therapeutic use and 
overdose, newer, safer agents have largely replaced them. 
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FIGURE 63-1 Although dissimilar in structure, all class IA 
antiarrhythmic agents share therapeutic and toxic effects. 





HISTORY 


Quinidine and its optical isomer quinine are extracted 
from the South American cinchona tree. Centuries ago, 
it was noted that patients with both malaria and atrial 
fibrillation, when treated with cinchona for malaria, were 
sometimes also cured of their arrhythmia. Jean-Baptiste 
de Senac, of Paris, recorded using cinchona in the 
treatment of atrial fibrillation in 1749. In 1936, Mautz 
demonstrated procaine to be effective in decreasing 
ventricular irritability, but this compound was rapidly 
metabolized and was too neurotoxic to be of clinical value. 
Procainamide, a congener of procaine, was introduced in 
1955. Disopyramide was introduced in 1978.! 


PHARMACOKINETICS 


Quinidine is well absorbed after ingestion, with a bioavail- 
ability of between 70% and 80%. Quinidine sulfate levels 
peak at 1.5 hours. The gluconate, sulfate, and polygalac- 
turonate salts are sustained-release preparations, and 
blood levels of these may not peak until 4 hours after 
ingestion. Peak levels may be significantly prolonged 
in overdose.*” Quinidine is 75% to 95% protein bound 
and is metabolized by the liver via hydroxylation, with 
a half-life of approximately 6 hours.* Quinidine has two 
metabolites with antiarrhythmic properties: 2’-quini- 
dinone and 3-hydroxyquinidine. Its apparent volume of 
distribution is 3 L/kg. Approximately 20% of quinidine 
is excreted unchanged in the urine.* 

Oral procainamide is absorbed well from the small 
intestine; levels peak 1 to 2 hours after ingestion. After 
intravenous administration, the drug distributes to the 
tissue within 30 minutes. Procainamide diffuses well into 
tissue and has a volume of distribution of 2 L/kg. Protein 
binding is approximately 15% to 20%.° Procainamide is 
hydrolyzed by the liver into several active metabolites, 
the most significant being 1,4,2,-N-acetylprocainamide 
(NAPA).® Procainamide has a half-life of 3 hours, and 
NAPA of 6 hours. Fifty percent of procainamide is 
excreted in the urine unchanged.’ 

Disopyramide is well absorbed orally, with peak levels 
occurring 2 to 3 hours after ingestion.® Protein binding 
is 30%, and the volume of distribution is 0.8 L/kg. 
Disopyramide is partially metabolized by the liver, with 
55% being excreted unchanged in the urine. The half- 
life of disopyramide is approximately 8 hours.’ 


PATHOPHYSIOLOGY 


A summary of reported adverse effects of these agents is 
found in Table 63-1. 
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Noncardiac Effects of Class IA 





Antiarrhythmics 


SYSTEM EFFECTS 


Central nervous Giddiness, depression, hallucinations* 

Blurred vision, sedation" 

Pleural fibrosis*, pneumonitis* 

Nausea, vomiting, diarrhea 

Hepatitis** 

Urinary retention 

Myopathy with muscle weakness* 

Rashes 

Lichen planus? 

lgG-mediated agranulocytosis, ** 
thrombocytopenia** 

IgM-mediated hemolysis (most often 
in patients with G6PD)* 

SEE*s 

Hypoglycemia‘ 


Pulmonary 
Gastrointestinal 


Genitourinary 
Muscloskeletal 
Skin 


Hematologic 


Rheumatologic 
Other 


*Primarily procainamide 
tPrimarily disopyramide 
*Primarily quinidine 





Anticholinergic Effects 


Many symptoms associated with class IA antiarrhythmics 
are related to the anticholinergic activity of these 
compounds. Disopyramide is the most anticholinergic, 
followed by procainamide and then quinidine. Confusion, 
hallucinations, tachycardia, decreased gastrointestinal 
motility, urinary retention, and dry mucous membranes 
all may occur with their use.” Because some patients may 
suffer from cinchonism, the clinical presentation may be 
a confusing combination of the two syndromes. 


Immune System Effects 


Hypersensitivity reactions most commonly occur with 
quinidine but may also occur with procainamide and 
disopyramide. Hypersensitivity may be manifested as fever, 
rash, thrombocytopenia, neutropenia, agranulocytosis, 
hepatitis, hemolytic anemia, or lymphadenopathy.*!*!? 
These reactions frequently are unrelated to dose. 

Procainamide is the most common cause of drug- 
induced lupus. Antinuclear antibodies occur in 50% to 
75% of patients treated with procainamide, and 20% to 
30% of those patients develop components of drug- 
induced lupus.’ Patients suffer from arthralgias, 
myalgias, malar rash, fever, pleuritis, pleural effusion, 
and pericarditis. Renal involvement is rare.!> The 
mechanism responsible for the development of drug- 
induced lupus remains under investigation. Metabolic 
products of procainamide have been found to inhibit the 
covalent binding of C4 to C2 in the complement cascade, 
which is thought to decrease the clearance of immune 
complexes.'*!° 

Thrombocytopenia has been reported to occur with 
therapeutic use of quinidine and procainamide.!®!” Drug- 
induced thrombocytopenia is an immune-mediated 
reaction. The sensitizing drug induces antiplatelet anti- 
bodies, which cause the rapid destruction of platelets. 
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Recovery is usually complete within 5 days of removal of 
the drug.” 


Metabolic Effects 


Symptomatic hypoglycemia has been reported to occur 
after therapeutic doses of disopyramide. Goldberg and 
colleagues demonstrated hypoglycemia with administration 
of disopyramide. Hypoglycemia could be reproduced on 
readministration of the drug.'® Quinidine and diso- 
pyramide, like the sulfonylureas, have the ability to block 
potassium efflux from pancreatic B-cells, thus leading to 
increased insulin secretion resulting in hyperinsulinemia 
(Fig. 63-2).!? Hyperinsulinemia is well documented with 
use of quinine, a stereoisomer of quinidine, and with 
disopyramide, but its occurrence in the presence of 
other class IA antiarrhythmics has not been clearly 
documented.'®9.?! 


Cardiac Effects 


The class IA antiarrhythmics, although structurally 
dissimilar, produce similar effects on the heart. These 
agents cause numerous cardiac arrhythmias, including 
heart block, atrial tachycardia, premature ventricular 
contractions, torsades de pointes, ventricular tachy- 
cardia, and ventricular fibrillation.*!"** The drug actions 
responsible for these arrhythmias are sodium channel 
blockade, potassium efflux blockade, and inhibition 
of the sodium/potassium—adenosine triphosphatase 
(Na*/K*-ATPase) pump. Other drug effects may play a 
role in the development of arrhythmia, but these are not 
as well described. Dysrhythmias can occur at therapeutic 
as well as toxic serum concentrations of these drugs. The 
cardiac effects of quinidine are the most studied, but all 
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FIGURE 63-2 The presence of glucose or amino acids triggers 
the conversion of ATP to cAMP.' Cyclic AMP is needed to open 
calcium channels in the beta cell. Calcium ions then enter the cell? 
and bind with calmodulin to activate kinases such as myosin-light 
chain kinase or protein kinase C* to stimulate the release of 
insulin’. The initial depolarization of the beta cell triggers 
potassium efflux.? The IA antiarrhythmics are thought to block the 
potassium efflux out of beta cells in the pancreas. This would 
prolong “depolarization” of the cell and increase secretion of 
insulin. (Adapted from Gerich JE: Oral hypoglycemic agents. New 
Engl J Med 1989;321:1231-1245.) 
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agents in this class act in a similar manner. Procainamide 
has less cardiotoxicity than quinidine and disopyramide 
at therapeutic doses.” 


Effects on lon Channels 


In a normal Purkinje cell, the rapid influx of sodium ions 
in phase 0 causes the interior of the cell to become more 
positive (Fig. 63-3 and 63-4). Phase l is associated with 
slow leakage of potassium out of the cell, causing a 
decrease in positive charge within the cell, which brings 
the cell slightly closer to its resting potential. During 
phase 2, voltage-dependent calcium channels open, 
allowing calcium ions to enter. This calcium influx, 
which sustains the positive charge within the cell, is 
reflected as the plateau of phase 2. The slow leak of 
potassium from the cell during phase 2 balances the 
inward flow of calcium, and the net result is little change 
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FIGURE 63-3 lon flow during Purkinje cell action potential. 
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FIGURE 63-4 Normal Purkinje cell action potential and 
corresponding electrocardiographic pattern. 
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in the membrane potential. In phase 3, however, further 
leakage of potassium out of the cell (potassium efflux) 
repolarizes the cell. In phase 4, the charge within the cell 
has returned to its resting potential and sodium begins 
to enter into the cell. This moves the cell membrane 
potential toward threshold again, and the next action 
potential can occur. Late phase 4 and phase 0 represent 
depolarization of the cardiac cell, whereas phases 1, 2, and 
3 represent repolarization. Phases 0 to 3 correspond to 
systole, and phase 4 corresponds to diastole. Similar 
processes occur in other cardiac cells; however, each type 
of cardiac tissue has different concentrations of each 
kind of ion channel and thus has slightly varied patterns 
of depolarization and repolarization. 


Sodium Channel Blockade 


The IA antiarrhythmic agents can produce widening of 
the QRS, ventricular tachycardia, and decreased 
inotropy by blocking fast sodium channels in cardiac 
cells. Electrical conductance is dependent on the rapid 
influx of sodium through fast sodium channels. In 
terms of the action potential, this slows the rate of rise of 
phase 0 (Vmax). Because phase 0 of the action potential 
corresponds to the QRS complex on the electro- 
cardiogram (ECG), any toxin that slows the influx of 
sodium ions through the fast channels produces a 
widened QRS complex (Figs. 63-4 and 63-5). The class IA 
antiarrhythmics’ ability to block Na* channels is dose 
dependent and is clinically significant only with high drug 
levels.***? At toxic serum concentrations, QRS widening, 
bundle branch block, and sinoatrial or atrioventricular 
block may be present. 

The sodium channel blockade caused by class IA 
antiarrhythmics increases as the heart rate increases. 
Normally, as the heart rate increases, both action 
potential duration and effective refractory period 
shorten.** Studies using these agents have shown that the 
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FIGURE 63-5 When sodium channels are blocked, the rate of 
rise of phase 0 (Vmax) is decreased. This corresponds to a widening 
of the QRS complex. 
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action potential duration and effective refractory period 
have a greater relative increase at higher heart rates.?74°7 
Thus, they exhibit time-dependent suppression of 
excitability, and this effect is more pronounced at higher 
heart rates. This effect may be explained by the tendency 
of these drugs to bind to sodium channels in their open 
state. When heart rates are higher, there are more open 
sodium channels, and therefore more channels suscep- 
tible to blockade.** It may then be theorized that patients 
experiencing ventricular tachycardia secondary to pro- 
cainamide and quinidine (and possibly disopyramide) 
toxicity may not respond favorably to overdrive pacing.** 


Potassium Channel Blockade 


Repolarization in the heart is largely due to efflux of 
potassium out of the cells. When potassium channels are 
blocked, as with the class IA antiarrhythmics, repolar- 
ization is prolonged. Prolongation of repolarization is 
reflected by prolonged QT on the ECG. Blockade of 
the delayed rectifier current, Ix, is most often associated 
with drug-induced prolonged QT***! (Fig. 63-6). With 
potassium efflux blockade, prolonged QT, premature 
ventricular contractions, and torsades de pointes can be 
seen. Development of torsades de pointes is most likely 
dependent on both repolarization abnormalities and 
triggered activity. When repolarization is disorganized, 
the possibility of reentrant circuits is increased, and 
reentrant circuits are responsible for torsades de 
pointes. 28303237 

Afterdepolarization means electric oscillations of the 
conductive cell membrane that occur late in phase 2, 
throughout phase 3, or early in phase 4 of the action 
potential. This activity appears to occur primarily in 
Purkinje cells or deep subendocardial regions of the 
ventricular wall.°® Afterdepolarization that occurs in 


phase 2 or 3 is known as early afterdepolarization. Early 


afterdepolarizations might be caused by calcium (L-type) 
29,33,39 


current or sodium currents or might be due to 
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FIGURE 63-6 |A antiarrhythmics and other toxins may block the 
efflux of K+ from the cardiac cell, driving the charge on the 
interior of the cell membrane in a less negative direction, toward 
threshold. This change in charge leads to early afterdepolarization 
(EAD) formation. 
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adrenergic effects.*”** Afterdepolarization occurring in 


early phase 4 is termed delayed afterdepolarization.*? Early 
afterdepolarization—-triggered activity tends to result in 
torsades de pointes. Delayed afterdepolarization activity 
tends to be more closely associated with premature 
ventricular contractions.”°** The IA antiarrhythmics are 
capable of producing both. 

Not all afterdepolarizations lead to dysrhythmias. 
Because they occur during the relative refractory period 
of cellular repolarization, some of these membrane 
oscillations do not cause the cell to fire again. If the cell 
has sufficiently repolarized, some afterdepolarizations 
are capable of reaching threshold and causing abnormal 
firing and dysrhythmias. Action potentials produced by 
afterdepolarizations that reach threshold are called 
triggered activity (Fig. 63-7). Triggered activity is partly 
responsible for the tachyarrhythmias that occur at 
therapeutic levels of the IA antiarrhythmics.**79°°* 

The development of torsades de pointes also revolves 
around heterogeneity of repolarization in the ventricles. 
If the triggered activity reaches area of muscle that is 
sufficiently repolarized, the impulse will be transmitted. 
As a result of different areas of cardiac muscle being in 
differing stages of repolarization, some areas will be 
refractory to depolarization from the triggered activity. 
The area of functional block creates the possibility 
for reentry, and reentrant circuits will propagate the 
arrhythmia. ?529,32,37,39,44,45 

Quinidine’s potassium efflux blockade predominates 
at lower heart rates.*°*” This phenomenon is called reverse 
use dependence, meaning the duration of repolarization 
is greater at slower heart rates.”°:***9 Therefore, early 
afterdepolarization is more likely at slower heart 
rates.”49 As the heart rate increases, quinidine’s 
blockade of Na* channels is greater. Blockade of the 
movement of these positive ions into the interior of the 
cell keeps the blockade of potassium efflux counter- 
balanced.?’ The inside of the cell remains relatively more 
negative, making early afterdepolarization activity less 
likely and decreasing the risk of development of torsades 
de pointes. 

Some patients may be at greater risk of developing 
torsades de pointes than others owing to a genetic 
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FIGURE 63-7 Blockade of potassium efflux out of the cells leads 
to membrane oscillations or afterdepolarizations. If they attain 
threshold voltage, “triggered activity” will occur. 
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predisposition of arrhythmia. Inherited defects of ion 
channels resulting in prolonged QT have variable 
penetrance, and not every carrier will manifest changes 
on a baseline ECG; however, this patient population may 
be at increased risk when exposed to agents that block 


potassium channels. This concept is termed repolarization 
reserve PUPILS 


Na:/K--ATPase Blockade 


The premature ventricular contractions observed in 
overdose may be caused by inhibition of the Na*/K’- 
ATPase pump in cardiac cells. The Na*/K*-ATPase pump 
functions to repolarize the cell after contraction by 
transporting intracellular Na* ions out of the cell in 
exchange for K* ions transported into the cell. Class IA 
agents, in a fashion similar to digoxin, inhibit the 
Na*/K’-ATPase pump, resulting in intracellular Na* 
accumulation.°* The intracellular Na* is exchanged for 
extracellular Ca** by the Na*/Ca** pump, causing an 
increase in intracellular Ca** (Fig. 63-8). Normally, the 
sarcoplasmic reticulum takes up cytoplasmic Ca** and 
stores it; however, excessive intracellular Ca** is thought 
to overload the sequestration mechanism of the 
sarcoplasmic reticulum. The increased intracellular 
Ca** then activates the Na*/Ca** pump, which stimulates 
the exchange of intracellular Ca** for extracellular Na’. 
This creates an inward current of Na* ions and results 
in delayed afterdepolarizations*®*** (Fig. 63-9). These 
delayed afterdepolarizations can result in triggered 
activity, usually manifested by premature ventricular 
contractions. Afterdepolarizations reach threshold more 
frequently as the heart rate accelerates. 

Dzimiri and Almotrefi demonstrated increasing 
inhibition of the Na*/K*’-ATPase pump with decreasing 
serum potassium levels,” which may explain the exacer- 
bation of arrhythmias caused by class [A antiarrhythmics 
by hypokalemia. Low serum potassium levels further 
inhibit the Na*/K’-ATPase pump, worsening intracellular 
Ca** overload and resulting in an increased frequency of 
delayed afterdepolarization with resultant arrhythmia 
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FIGURE 63-8 Inhibition of the Na*t/K*t-ATPase pump leads to an 
increase in intracellular Na*. This, in turn, leads to an exchange of 
Na+ for Ca% via the Na+t/Ca? pump. The excess intracellular Ca?* is 
sequestered in the sarcoplasmic reticulum (SR). 
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FIGURE 63-9 Delayed afterdepolarizations 


resulting in 
premature ventricular contraction (PVC). 
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FIGURE 63-10 If the inhibition of the Na*/K*-ATPase pump leads 
to Ca? overload of the cell, the sarcoplasmic reticulum is unable 
to compensate by sequestration and the internal charge begins to 
increase, leading to delayed afterdepolarization (DAD) formation. 


(Fig. 63-10). Conditions associated with exacerbation of 
this process include digitalis toxicity, hypernatremia, 
hypokalemia, and catecholamine excess. 


TOXICOLOGY 


Significant ingestion of these drugs produces primarily 
neurologic and cardiovascular consequences.'”* 
Ingestion of more than 1 g of quinidine by an adult has 
been reported to produce symptoms. As little as 7 g of 
procainamide or 1.5 g of disopyramide is potentially 
toxic. In assessing the severity of a toxic ingestion, it is 
important to remember that the reported history of the 
amount of a drug ingested is very unreliable and 
individual responses to these drugs vary greatly. 
Underlying cardiac disease may make some patients 
symptomatic at lower than expected doses. 


Central Nervous System Toxicity 


Toxicity from class IA antiarrhythmics may cause 
mydriasis and blurred vision. A patient’s mental status 





may range from lethargy and confusion to coma. 
Convulsions independent of hypotension secondary to 
quinidine have been reported.** Summers et al reported 
on a 69-year-old man who developed confusion and 
hallucinations while receiving quinidine during hos- 
pitalization for myocardial infarction.” The patient’s 
mental status cleared after the administration of 
physostigmine, leading the investigators to conclude that 
mental status changes were due to anticholinergic 
toxicity. 


Cardiovascular System Toxicity 


The cardiotoxic effects of this class of drugs are the most 
threatening. Although tachycardia may be present early 
in serious poisoning, bradycardia secondary to con- 
duction delays and blocks is most common. Other 
arrhythmias reported in overdose include atrial tach- 
yarrhythmias, ventricular tachycardia, and fibrillation.* 
Risk factors for developing torsades de pointes include 
female sex, hypokalemia, bradycardia, long QT syndrome, 
and hypomagnesemia.*?*?37 Hypotension and shock 
associated with class IA antiarrhythmics are primarily 
related to depressive actions on the heart rather than to 
direct effects on the peripheral vasculature.°®*” Diso- 
pyramide exhibits the greatest negative inotropic effect 
of the three and has been reported to cause conges- 
tive heart failure with therapeutic use.*°® 

Quinidine syncope, which occurs at therapeutic and 
subtherapeutic levels, was initially thought to be caused 
by hypotension secondary to the vasodilatory effect of this 
drug. Ventricular tachyarrhythmias were ultimately 
determined to be responsible. Fifty percent of patients 
who develop torsades de pointes do so within the first 
5 days of therapy; the remainder of the cases occurs weeks 
to years later, often after a dosage change.’ Disopyramide 
and procainamide, although less frequently than quini- 
dine, have also been reported to cause fatal arrhythmias 
in the therapeutic range.°”’ The arrhythmias usually are 
nonsustained but occasionally have been fatal. Sudden 
death while on quinidine therapy has been estimated at 
0.5%.'° Both polymorphic ventricular tachycardia and 
torsades de pointes have been reported. Both rhythms 
can produce a rotating axis on an electrocardiogram but 
respond differently to various therapeutic interventions.™ 
Torsades de pointes may be distinguished from 
polymorphic ventricular tachycardia by the following 
criteria: The initial complex follows a pause or sudden 
rate deceleration, which produces a long preceding RR 
interval. The initiating complex also has an accentuated 


U wave and occurs in the setting of a prolonged QT 
8 p 3 
(Fig. 63-11 ) 27,29,32,33,37,39,42-44,65,66 
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There have been efforts to determine who is at risk for 
arrhythmia based on ECG interpretation. A QT interval 
greater than 500 ms? or prolongation of the QT 
interval by greater than 50%" indicates greater risk for 
developing torsades de pointes. Not only does a long QT 
appear to have some prognostic value, but also QT 
dispersion may have some utility in stratifying high-risk 
patients who have quinidine-induced repolarization 
abnormalities. Several methods exist to measure QT 
dispersion, but in general it is calculated by measuring 
all OT segments, finding the shortest QT interval, and 
subtracting it from the longest QT segment. A value 
greater than 100 appears to predict arrhythmia.?7°9. 


Gastrointestinal System Toxicity 


Dry mouth is a frequent complaint of patients exposed 
to class IA antiarrhythmics. Nausea, vomiting, and 
diarrhea also are common, although decreased bowel 
sounds, constipation, and ileus may occur secondary to 
the anticholinergic effects of these drugs. 


Cinchonism 


First described in association with quinine, the complex 
of symptoms called cinchonism may occur in chronic 
overuse or acute overdose of quinidine, although it is 
more common with quinine. This syndrome is charac- 
terized by abdominal pain, diarrhea, nausea, vomiting, 
hearing loss, tinnitus, visual disturbances, encephalopa- 
thy, coma, and seizures.'? Symptoms typically resolve 
after removal of the causative agent. 


Genitourinary System Toxicity 


Urinary retention and anuria have been reported. They 
are thought to be associated with the anticholinergic 
effects of these drugs. 


Immune System Toxicity 


Thrombocytopenic purpura, angioedema, exfoliative 
dermatitis, livedo reticularis, and photodermatitis have 
all been reported. Urticaria, flushing, pruritus, bullous 
reactions, lichen planus, psoriasis, erythroderma, and 
erythema multiforme have been seen.°’ Drug-induced 
lupus erythematosus is reported most frequently with 
procainamide, but is seen with other IA antiarrhythmics. 


Musculoskeletal System Toxicity 


Myositis, muscle weakness, and myopathy have been 
associated with therapeutic use. One patient has been 


FIGURE 63-11 Rhythm strip of a 
patient with torsades de pointes 
suffering from chronic procainamide 
toxicity. Procainamide level was 
27.5 ug/mL, and NAPA level was 
62.4 ug/mL. 
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described with diaphragmatic paralysis while taking 750 
mg of procainamide twice daily.°® 


Pregnancy 


The class IA antiarrhythmic agents clearly cross the 
placenta. No evidence shows that they are teratogenic. 
Disopyramide has been associated with premature 
uterine contractions, which resolved on discontinuance 
of the drug.®? 


DRUG INTERACTIONS 


A particular form of cytochrome P-450 inhibition has 
been described with quinidine use. Debrisoquin, an 
antihypertensive agent used in Europe, is metabolized by 
the cytochrome P-450 isozyme CYP2D6 (debrisoquin 
hydroxylase). A number of other drugs are metabolized 
by the same isozyme. Ten percent of the Western 
population is genetically deficient in this enzyme and 
metabolizes debrisoquin slowly. Quinidine, although 
not metabolized by this isozyme, binds to CYP2D6, 
interfering with its function. Commonly prescribed 
medications metabolized by this pathway, when taken 
with quinidine, are metabolized more slowly, causing 
higher than expected serum concentrations.” Drugs 
metabolized by CYP2D6 and potentially affected by 
quinidine are listed in Box 63-1. 


Quinidine and Digitalis 


Quinidine is thought to decrease the volume of 
distribution of some cardiac glycosides. This seems 
particularly true in the presence of digoxin. When these 
drugs are given concomitantly, the usual digoxin dose 
should be reduced by 50%.” 


LABORATORY STUDIES 


Serum quinidine levels of 1 to 4 ug/mL are considered 
therapeutic. Toxic symptoms are expected at levels 
greater than 5 ug/mL. Combined serum levels of both 
procainamide and its active metabolite, NAPA, must be 
measured for evaluation of procainamide toxicity. A 
combined level greater than 30 ug/mL is potentially 
cardiotoxic. Combined levels greater than 60 Ug/mL are 
likely to cause lethargy and hypotension. Disopyramide 
levels greater than 5 Ug/mL are considered toxic. 


TREATMENT 
General Management 


Treatment of an overdose of a class IA antiarrhythmic 
should include early and aggressive management of the 
airway. The possibility of rapid decline in mental status 
and the onset of cardiac arrhythmias place these patients 
at very high risk of aspiration and pulmonary com- 
promise. Once the airway is controlled, gastrointestinal 
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BOX 63-1 DRUG METABOLIZ 


B-Blockers 


Timolol 
Propranolol 
Metoprolol 
Propafenone 


Tricyclic Antidepressants 


Nortriptyline 
Amitriptyline 
Desipramine 
Imipramine 
Clomipramine 


Neuroleptics 
Thioridazine 


Fluphenazine 
Perphenazine 
Trifluperidol 


MAO Inhibitors 


Amiflamine 
Methoxyphenamine 


Antiarrhythmics 


Flecainide 
Encainide 


Other 

Codeine 
Dextromethorphan 
Phenformin 
Methamphetamine 


decontamination with oral activated charcoal may be 
considered. Repeat doses of charcoal are of minimal 
clinical benefit and may be harmful to patients with 
decreased gastrointestinal motility. Admission to an 
intensive care setting for cardiac monitoring is appro- 
priate for all symptomatic patients. 

Seizures secondary to use of class IA antiarrhythmics 
respond readily to administration of benzodiazepines. 
Loading with other anticonvulsants is not indicated 
unless the seizures are recurrent or prolonged. 
Phenobarbital, 15 mg/kg intravenously, should be used 
for persistent seizure activity. Higher doses may occa- 
sionally be required and can be associated with respiratory 
depression. Monitoring of creatine phosphokinase levels 
for evidence of rhabdomyolysis should be carried out for 
any patient “found down” (obtunded) for an unknown 
period. 


Cardiac Toxicity 


Class IA antiarrhythmics’ strong cardiac sodium channel 
blocker activity is responsible for the intraventricular 
conduction delays in overdose.” Wide complex rhythms 
may respond to intravenous administration of a sodium 
bicarbonate bolus." The exact mechanism of action of 
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sodium bicarbonate in the treatment of ventricular 
tachycardia secondary to Na- blockade may be related to 
either the physical displacement of the drug from the 
Na- channel by increased serum Na- concentration” or 
decreased binding to the channel by increasing the 
serum pH.” Bradycardia unresponsive to atropine 
may require transcutaneous or transvenous pacing.” 
Hypotension should initially be treated with IV fluids. 
Patients with a history of cardiac dysfunction should 
be closely monitored for signs of fluid overload and 
may need placement of a Swan-Ganz catheter for 
continued evaluation of fluid status. Both epinephrine 
and dopamine are effective in treating associated 
hypotension.’ 

Torsades de pointes is usually preceded by a relatively 
slow heart rate and a prolonged QT interval.!* 
Antiarrhythmics routinely used for ventricular tachycardia 
are often ineffective in its treatment. Patients presenting with 
torsades de pointes of any origin should be given 2 g of intravenous 
magnesium sulfate followed by a l- to 2-g/hr infusion.®+7 
Although the exact mechanism by which magnesium 
sulfate terminates torsades de pointes is not understood, 
research suggests it suppresses early afterdepolarization 
activity by shortening the plateau phase of cardiac 
depolarization. Hypokalemia also should be corrected. 
If these measures are ineffective, transvenous overdrive 
pacing may convert torsades de pointes.°?’**! Isopro- 
terenol may be considered but must be used with caution 
in patients with underlying cardiac disease. 


Extracorporeal Drug Removal 


Hemodialysis and hemoperfusion have been reported®*** 
but are generally considered ineffective in the treatment 
of acute quinidine poisoning because of this drug’s large 
volume of distribution and extensive protein binding.* 
The half-life of disopyramide is significantly reduced in 
patients undergoing hemodialysis, and this should be 
considered in patients not responding to supportive 
therapy. Hemodialysis doubles the clearance of pro- 
cainamide and provides a fourfold increase in elimination 
of NAPA, the active metabolite of procainamide.*° 
Braden and associates demonstrated that hemoperfusion 
is superior to hemodialysis in the clearance of pro- 
cainamide and NAPA.®’ Domoto et al showed that 
continuous arteriovenous hemofiltration provides even 
higher clearance than episodic hemoperfusion.* Dialysis 
equipment now capable of high flow rates may provide 
drug clearance that is equal if not superior to that of 
both hemofiltration and continuous arteriovenous 
hemofiltration. 

Extracorporeal membrane oxygenation (ECMO) has 
been reported in a 16-month-old child. ‘The ECMO course 
lasted 11 days with the toddler surviving neurologically 
intact. Although ECMO is a consideration, the logistics 
make its use difficult and rare. 
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MICHAEL J. BURNS, MD m MICHAEL LEVINE, MD 


At a Glance... 


m Overdose of hypoglycemic agents (e.g., insulin, sulfonylureas, 
and meglitinides) is likely to produce hypoglycemia, whereas 
overdose of antihyperglycemic agents (e.g., o-glucosidase 
inhibitors, biguanides, and thiazolidinediones) is unlikely to 
result in hypoglycemia. 

m Biguanide-associated lactic acidosis is associated with a high 
mortality rate and should be suspected in any critically ill 
patient taking metformin. 

m Biguanide-associated lactic acidosis occurs most commonly in 
patients with renal, hepatic, or cardiac dysfunction or alcohol 
abuse. 

m After treating hypoglycemia due to sulfonylurea ingestion with 
dextrose, octreotide should be given to prevent rebound 
hypoglycemia. 

m= All patients with intentional sulfonylurea overdoses, sulfonyl- 
urea exposures in children, and sulfonylurea ingestions 
associated with symptomatic hypoglycemia should be admitted 
for a 12- to 24-hour period of observation. 

m Patients with inadvertent insulin reactions can usually be safely 
discharged after several hours of emergency department 
observation, whereas patients with intentional insulin overdose 
should be admitted for inpatient observation. 


INTRODUCTION AND RELEVANT 
HISTORY 


In recent years, the incidence of diabetes mellitus, 
especially type 2 diabetes, has dramatically increased in 
the United States and other Western countries. 
Currently, about 125 million people worldwide and 20 
million Americans live with diabetes.'* In patients with 
type 2 or non-insulin-dependent diabetes mellitus 
(NIDDM) (also known as adult-onset diabetes), insulin 
resistance is the primary abnormality, which often 
necessitates treatment with an oral hypoglycemic agent 
to achieve euglycemia. In patients with type 1 or insulin- 
dependent diabetes (IDDM), impaired insulin secretion 
is the primary abnormality, which necessitates treatment 
with exogenous insulin to maintain euglycemia. 

Agents used to treat diabetes can be divided into two 
general categories: hypoglycemic agents (e.g., insulin, 
sulfonylureas, and meglitinides) and antihyperglycemic 
agents (e.g., biguanides, o-glucosidase inhibitors, and 
thiazolidinediones or glitazones).* Although these agents 
may be used alone, they are often used in combination 
to treat patients with both types of diabetes mellitus (see 
Chapter 16). 

Insulin was first used to treat a patient with diabetes 
mellitus in 1921.° Since that time, it has been the mainstay 
of treatment for type 1 diabetes patients and is some- 


times part of the treatment regimen for those with type 2 
diabetes. 

In 1942, it was observed that certain sulfonamides were 
associated with hypoglycemia in animals.* Subsequently, 
a number of first-generation sulfonylurea compounds 
(i.e., tolbutamide, acetohexamide, tolazamide, and 
chlorpropamide) were created and marketed specifically 
for their hypoglycemic effect. In the 1950s, tolbutamide 
was the first sulfonylurea to be widely used for patients 
with type 2 diabetes.2 In the 1980s, the second- 
generation agents (i.e., glyburide, gliclazide, glipizide, 
and glimepiride) became commercially available. ‘These 
agents are significantly more potent than the first- 
generation agents. Currently, chlorpropamide, glyburide, 
and glipizide account for most prescriptions of oral 
hypoglycemic agents. 

The biguanides, phenformin and buformin, became 
available for use as antihyperglycemic agents in the late 
1950s.* Phenformin was subsequently withdrawn from 
the market in the United States and Europe in 1977 
because of an association with lactic acidosis; it is still 
available in other areas of the world.° Metformin, 
another biguanide less frequently associated with lactic 
acidosis, became available for use in Europe in 1970 and 
the United States in 1995. 

Several other, novel classes of diabetes control agents 
were introduced in the late 1990s. In 1996, a new type of 
antihyperglycemic agent, referred to as an Q-glucosidase 
inhibitor, became available for clinical use in the United 
States. Acarbose and miglitol are two agents in this class. 
In 1997, troglitazone was the first of the thiazo- 
lidinediones introduced to the U.S. market.® Although 
troglitazone was removed from the U.S. market in 2000 
because of its ability to cause a rare, idiosyncratic hepato- 
cellular injury,’ other drugs in the glitazone class (i.e., 
rosiglitazone and pioglitazone) have become available 
and are frequently used. 

The meglitinides, repaglinide and nateglinide, are 
in the latest class of antihyperglycemic agents to obtain 
approval for clinical use in the United States. Repaglinide 
became available for use in 1997, and nateglinide became 
available in 2000. Common diabetes control agents 
that are currently available for clinical use are listed 
in Table 64-1. 


EPIDEMIOLOGY 


Toxicity from diabetes control agents may be dose related, 
occurring after unintentional or intentional overdose, or 
idiosyncratic, occurring as unanticipated adverse effects 
during therapeutic administration. For the hypoglycemic 
agents, toxicity manifests largely as hypoglycemia or an 
overextension of the pharmacologic effects. Although 
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Oral Hypoglycemic and Antihyperglycemic Agents 





CLASS GENERIC NAME 
a-Glucosidase Acarbose 
inhibitors Miglitol 
Biguanides Metformin 
Meglitinides Nateglinide 
Repaglinide 


Acetohexamide 
Chlorpropamide 


Sulfonylureas 
(first generation) 


Tolazamide 
Tolbutamide 
Sulfonylureas Glyburide 
(second generation) Glipizide 
Sulfonylureas Glimepiride 


(third generation) 
Thiazoldinediones Pioglitazone 


Rosiglitazone 


DURATION OF 
TRADE NAME ACTION (hr)* 
Precose 2 
Glyset 2 
Glucophage 1.5-4.9 
Starlix 2-4 
Prandin 1-3 
Dymelor 12-18 
Diabinese 24-72 
Tolinase 16-24 
Orinase 6-12 
Micronase, Glynase, DiaBeta 18-24 
Glucotrol, Glucotrol XL 16-24 
Amaryl 24 
Actos 16-24 
Avandia 12-24 


*The pharmacokinetic data are based on therapeutic dosing and may change after agent overdose. 

Adapted from Davis SN, Granner DK: Insulin, oral hypoglycemic agents, and the pharmacology of the endocrine pancreas. In Hardman JG, Limbrid LE, 
Gilman AG (eds): Goodman and Gilman's The Pharmacological Basis of Therapeutics, 10th ed. New York, McGraw-Hill, 2001, pp 1679-1714; Banting FG, 
Best CH, Collip JB, et al: Pancreatic extracts in the treatment of diabetes mellitus. Can Med Assoc J 1922;12:141-146; and Gerich JE: Oral hypoglycemic 


agents. N Engl J Med 1989;321:1123-1145. 





agents from the antihyperglycemic class do not produce 
hypoglycemia when used alone, they can potentiate the 
hypoglycemic effect of the hypoglycemic agents when 
dosed with them. 

The toxic effects occur commonly but are infrequently 
reported to U.S. poison control centers. Infrequent 
reporting of toxicity is likely due to the familiarity of 
most clinicians with the toxicity from these agents and its 
treatment. Most exposures are unintentional (78%) and 
occur in adults (68%), whereas most deaths follow acute 
exposure with suicidal intent. In 2003, 12,736 diabetes 
control agent exposures were reported to U.S. poison 
centers, of which 4019 (32%) were due to sulfonylureas, 
3811 (30%) to biguanides, 2914 (23%) to insulin, and 
1586 (12%) to thiazolidinediones. The remainder of the 
exposures were uncharacterized.® Major toxicity and 
death occurred in 2.5% and 0.2% of all diabetes control 
agent exposures, respectively.® 


STRUCTURE AND CLASSIFICATION 


Sulfonylureas 


The sulfonylureas are classified into two main groups: 
the first-generation agents include chlorpropamide, 
tolbutamide, acetohexamide, and tolazamide; the second- 
generation agents include glyburide (or glibenclamide), 
glipizide, and glimepiride. Glimepiride has sometimes 
been referred to as a third-generation agent. Additional 
agents available outside the United States include 
gliclazide and gliquidone. The sulfonylureas are para 
substituted arylsulfonamides derived from sulfonic acid 
and urea. Sulfonylureas are closely related in structure to 
the sulfonamide antibiotics and thiazide diuretics. 
Differing side-chain substitutions on the para position of 
the benzene ring (R) and nitrogen on the urea moiety 


(R,) result in varying potency and duration of action* 
(Fig. 64-1). Second-generation agents are 100 to 150 
times more potent than the first-generation agents owing 
to dif-fering binding affinity at the sulfonylurea 
receptor.” Comparative characteristics of selected 
sulfonylureas are found in Table 64-2. 


Biguanides 


The biguanides contain two guanidine molecules linked 
together with the elimination of an amino group. 
Metformin is N1,l-dimethylbiguanide hydrochloride 
and is the only biguanide currently available in the 
United States (see Fig. 64-1). Phenformin and buformin 
are still available in other countries. 


a-Glucosidase Inhibitors 


The oglucosidase inhibitors are a relatively new class of 
drug used to treat diabetes. Acarbose, the first drug in this 
class approved for use in the United States, is a large, 
complex oligosaccharide derived from the microorganism 
Actinoplanes utahensis (see Fig. 64-1). Miglitol, which is 
considered a second-generation glucosidase inhibitor, has 
subsequently been approved. Meglitol is a small 
monosaccharide derivative that resembles glucose. 
Voglibose is currently pending U.S. Food and Drug 
Administration approval but is available in other countries. 


Thiazolidinediones 


Two thiazolidinedione derivatives are available for clinical 
use in the United States: rosiglitazone and pioglitazone? 
(see Fig. 641). The thiazolidinediones are structurally 
unrelated to other diabetes control agents. These drugs 
are also available in a combination with other agents, 
such as metformin. 


General Structure of Oral Sulfonylureas 
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FIGURE 64-1 Selected structures for diabetes control agents. 


Meglitinides 


Insulin 


Insulin is an endogenous protein hormone consisting 


The meglitinides are a novel class of insulin secreta- 
gogues that are structurally distinct from the sul- 
fonylureas (see Fig. 64-1). They include repaglinide, 
which is a benzoic acid derivative, and nateglinide, which 
is a D-phenylalanine derivative.* 


of two polypeptide chains (A and B chains) connected 
by two intersubunit disulfide bonds (see Fig. 64-1 and 
Chapter 16). The p cells of the pancreatic islets 
synthesize insulin initially as the polypeptide precursor, 
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Properties of Selected Sulfonylureas 


RELATIVE ELIMINATION 

DRUG POTENCY HALF-LIFE (hr) 
First-Generation Agents 

Acetohexamide 2.5 1-2 

Chlorpropamide 6 24-48 

Tolbutamide 1 3-28 

Tolazamide 5 4-7 
Second-Generation Agents 

Glipizide 100 1-5 

Glyburide 150 1.5-3 
Third-Generation Agents 

Glimepiride 150 2-8 


DURATION OF THERAPEUTIC FREQUENCY OF 
HYPOGLYCEMIC DAILY DOSE HYPOGLYCEMIA 
ACTION (hr) RANGE (mg) (%) 
12-18 250-1500 4 
24-72 100-500 9 
6-10 500-3000 3 
16-24 0.1-1000 4 
16-24 2.5-40 6 
18-24 1.25-207 
12-24 1-4 1 


Adapted from Davis SN, Granner DK: Insulin, oral hypoglycemic agents, and the pharmacology of the endocrine pancreas. In Hardman JG, Limbrid LE, 
Gilman AG (eds): Goodman and Gilman's The Pharmacological Basis of Therapeutics, 10th ed. New York, McGraw-Hill, 2001, pp 1679-1714; Gerich JE: 
Oral hypoglycemic agents. N Engl J Med 1989;321:1123-1145; and Baselt RC: Disposition of Toxic Drugs and Chemicals in Man, 7th ed. Foster City, CA, 


Biomedical Publications, 2004. 





preproinsulin.* In the rough endoplasmic reticulum, a 
portion of preproinsulin is cleaved to form proinsulin. 
Subsequent proteolytic cleavage of proinsulin in the 
Golgi apparatus forms insulin and a connecting segment 
or C peptide. Insulin is stored in secretory granules 
(along with equimolar amounts of the inert C peptide) 
in B cells until release into the circulation. 

Insulins may be classified according to their species 
of origin as porcine, bovine, or human and by their 
duration of action as short-, intermediate-, and long-acting 
(or regular, Lente, and Ultralente).*!°'* Since 1921, 
insulin derived from beef or pork pancreas has been used 
therapeutically. During the past decade, however, human 
insulin has become the standard form of therapy. Human 
insulin is either derived enzymatically from pork insulin or 
produced from Escherichia coli using recombinant 
deoxyribonucleic acid techniques.* More recently, insulin 
analogs have also become commercially available.'® 

Insulin is prepared as an injectable solution for 
subcutaneous or intravenous administration. Doses and 
concentrations of insulin are expressed in units (U). 
Short-acting and rapid-acting insulins available for use 
include the readily soluble, regular (crystalline zinc 
insulin) formulation or the analogs lispro and aspart.* 
Intermediate-acting insulins include NPH (neutral 
protamine Hagedorn, an isophane suspension) and Lente 
(zinc suspension) formulations. Long-acting insulin 
preparations include Ultralente (extended insulin zinc 
suspension), protamine zinc suspension, and the analog 
glargine. The types of insulin and their pharmacokinetic 
properties are listed in ‘Table 64-3. 


PHARMACOLOGY AND 
PATHOPHYSIOLOGY 


Sulfonylureas 


The major mechanism of action of the sulfonylureas is to 
stimulate endogenous insulin secretion by pancreatic 


B cells. The sulfonylureas bind to a specific sulfonylurea 
receptor type 1 (SURI) of adenosine triphosphate 
(ATP)-sensitive potassium channels (Kayp). These potas- 
sium channels are located on the plasma membrane of 
B cells. Sulfonylurea binding to the receptor results 
in closure of the ATP-sensitive potassium channel, 
membrane depolarization, opening of voltage-sensitive 
calcium channels, and subsequent exocytic release of 
insulin. Second-generation agents have higher binding 
affinity and are, thus, more potent in their clinical 
effects. Other minor effects of sulfonylureas include 
reduced hepatic gluconeogenesis and clearance of 
insulin, suppressed glucagon and somatostatin secretion, 
and enhanced peripheral tissue sensitivity to insulin 
(stimulate synthesis of glucose transporters).* The 
extrapancreatic effects of sulfonylureas are not likely 
clinically significant in vivo.?!+° 


Biguanides 


The biguanides reduce fasting blood glucose levels and 
insulin concentrations by suppressing basal hepatic 
gluconeogenesis and improving peripheral tissue (i.e., 
fat, muscle) insulin sensitivity, thus enhancing peripheral 
insulin-mediated glucose uptake.* The biguanides 
potentiate insulin and are only effective in the presence 
of this hormone. Specifically, the biguanides increase the 
binding of insulin to its receptors, increase tyrosine 
kinase activity, and promote the synthesis and 
translocation of glucose transporters to the cell surface. 
The biguanides may also decrease blood glucose levels 
by impairing glucose absorption from the small 
intestine.'° The biguanides are not insulin secretagogues 
and do not cause hypoglycemia, even at large doses.* The 
biguanides also do not alter secretion of glucagon, 
cortisol, or somatostatin. Biguanides reduce blood 
triglycerides and free fatty acids. 

The pathophysiology of lactic acidosis from biguanides 
is largely due to inhibition of gluconeogenesis.!’”?? At 
supratherapeutic levels, biguanides inhibit pyruvate 
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Properties of Insulin Preparations Currently Available* 
TIME TO TIME TO PEAK DURATION OF 

TYPE OF INSULIN BRAND NAME ONSET (hr) EFFECT (hr) ACTION (hr) 
Rapid 

Regular (soluble crystalline zinc) Novolin R 0.5-1 1.5-4 5-8 

Lispro Humalog 0.25 0.5-1.5 2-5 

Aspart NovoLog 0.17-0.33 1-3 3-5 
Intermediate 

NPH (isophane insulin Novolin N 1-1.5 4-12 24 

suspension) 

Insulin zinc suspension Lente 1-2 6-12 18-24 
Slow 

Extended insulin zinc suspension Ultralente 4-8 16-18 20-36 

Glarginine Lantus 2-5 5-24 18-24 


*The pharmacokinetic data listed are for therapeutic doses with subcutaneous administration; times will vary with route of administration (intravenous 
versus subcutaneous administration and dose (therapeutic versus excessive doses). 


NPH, neutral protamine Hagedorn. 


Adapted from Davis SN, Granner DK: Insulin, oral hypoglycemic agents, and the pharmacology of the endocrine pancreas. In Hardman JG, Limbrid LE, 
Gilman AG (eds): Goodman and Gilman's The Pharmacological Basis of Therapeutics, 10th ed. New York, McGraw-Hill, 2001, pp 1679-1714; Hirsch IB: 

Drug therapy: insulin analogues. N Engl J Med 2005;352:174-183; Baselt RC: Disposition of Toxic Drugs and Chemicals in Man, 7th ed. Foster City, CA, 

Biomedical Publications, 2004; and Insulin preparations: drug information. UpToDate. Version 13.2. Accessed July 2, 2005. 





carboxylase, the enzyme responsible for converting 
pyruvate to oxaloacetate (first step of gluconeogenesis). 
Elevations of pyruvate subsequently lead to lactate 
accumulation. Any condition that leads to elevated blood 
concentrations of biguanides (i.e., biguanide overdose, 
impaired excretion from hepatic and renal dysfunction) 
may precipitate lactate accumulation. Any medical 
condition that impairs lactate clearance (i.e., hepatic, 
renal, and cardiac dysfunction) will also lead to lactate 
accumulation and increase the risk for lactic acidosis. In 
addition, ethanol facilitates the accumulation of lactate; 
ethanol inhibits gluconeogenesis itself, and its metabolism 
results in an accumulation of reduced nicotinamide 
adenine dinucleotide (NADH), which inhibits conversion 
of lactate to pyruvate. 

Biguanide-induced lactic acidosis is primarily type B, 
or that which occurs in the absence of tissue hypoxia or 
hypoperfusion, and results from impaired clearance of 
lactate. ‘Type A lactic acidosis, or that which occurs in the 
presence of hypoxia or hypoperfusion, is from the 
increased production of lactate. Type A lactic acidosis 
may also be operative in the lactic acidosis induced by 
biguanides. Respiratory, cardiac, and renal dysfunction 
or polydrug overdoses that produce seizures, hypoxia, 
or tissue hypoperfusion lead to lactic acid accumulation. 
In addition, phenformin, unlike metformin, has the 
added ability to inhibit cellular oxidative phospho- 
rylation directly and increase the tissue generation of 
lactate?" 


a-Glucosidase Inhibitors 


o-Glucosidase inhibitors have a unique mechanism of 
action, in that they are the only class of drug that is not 
directly designed to combat a specific pathophysiologic 
defect of type 2 diabetes. Rather, these agents 
competitively inhibit the activity of o-glucosidase, a brush- 
border enzyme responsible for breaking down disac- 


charides (e.g., sucrose, maltose) and polysaccharides 
(e.g., starch) into monosaccharide. Therefore, the a 
glucosidase inhibitors delay intestinal glucose absorption 
and diminish postprandial glucose elevations.** Acarbose 
also competitively inhibits the action of pancreatic O- 
amylase. These drugs are not insulin secretagogues and 
do not result in hypoglycemia. 


Thiazolidinediones 


The thiazolidinediones improve insulin sensitivity 
(largely in adipose tissue) and result in a reduction of 
fasting plasma glucose, insulin, and free fatty acids. 
These agents regulate gene expression and are 
associated with a delay of 4 to 12 weeks from initiation of 
dosing to therapeutic effects. The thiazolidinediones are 
selective agonists for the nuclear hormone receptor 
known as peroxisome-proliferation—activated receptor-y (PPAR- 
y). After binding, there is activation of transcription of a 
variety of genes that regulate lipid and carbohydrate 
metabolism.®*? Thus, similar to biguanides and o- 
glucosidase inhibitors, the thiazolidinediones do not 
stimulate the pancreatic B cells to secrete more insulin. 


Meglitinides 


Similar to sulfonylureas, meglitinides are insulin 
secretagogues that directly stimulate first-phase insulin 
release in pancreatic B cells. Although the meglitinides 
bind to a different receptor than the sulfonylureas, their 
mechanism of action is identical; their binding results 
in closure of Karp channels, membrane depolarization, 
opening of voltage-sensitive calcium channels, and 
subsequent exocytic release of insulin.**° 

Unlike the sulfonylureas, however, the meglitinides do 
not stimulate insulin secretion in the absence of glucose. 
In addition, these agents (particularly nateglinide) 
induce a more rapid but less sustained secretion of 
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insulin than sulfonylureas.° Although the magnitude of 
the glucose-lowering effects of repaglinide is similar to 
that of the sulfonylureas, it is associated with a 
significantly reduced risk for delayed hypoglycemia 
owing to a shorter duration of action.!? As compared 
with repaglinide, nateglinide has a higher binding 
affinity and quicker offset kinetics at the Karp channel. 
Thus, nateglinide has the more rapid onset and offset of 
insulinotropic effects of the two meglitinides. 


Insulin 


Insulin stimulates the uptake, utilization, and storage of 
glucose, amino acids, and fatty acids by peripheral 
tissues* (see Chapter 16). As an anabolic hormone, 
insulin impairs the catabolism of glycogen, proteins, and 
fats in all tissues. Insulin release by the pancreas is 
primarily regulated by and inversely correlated to blood 
glucose concentrations. Once released into the systemic 
circulation, insulin binds to specific membrane-bound 
receptors in peripheral tissues, which are ligand- 
activated protein kinases. Insulin binding stimulates 
tyrosine kinase activity, receptor autophosphorylation, 
and a cascade of phosphorylation and dephospho- 
rylation reactions intracellularly, which serve to activate 
other intracellular signaling molecules.* The down- 
stream effects of insulin binding are multiple. One such 
effect is the translocation of glucose transport proteins to 
the cell surface and subsequent enhanced glucose 
uptake by peripheral tissues (e.g., skeletal muscle and 
adipose tissue). In addition to stimulating the uptake of 
glucose by peripheral tissues, insulin also impairs hepatic 
gluconeogenesis and glycogenolysis. Insulin further 
promotes hypoglycemia by inhibiting protein degra- 
dation and lipolysis. The usual substrates for hepatic 
gluconeogenesis (e.g., alanine, glutamine, pyruvate, 
glycerol, nonesterified fatty acids) are reduced in the 
presence of insulin. In addition to its effects on 
carbohydrate, protein, and lipid metabolism, insulin 
promotes cellular uptake of potassium and magnesium. 


PHARMACOKINETICS 


Sulfonylureas 


The sulfonylureas are available for oral administration 
only. These drugs are well absorbed from the 
gastrointestinal (GI) tract, with bioavailabilities greater 
than 80%.?” Food and hyperglycemia reduce absorption. 
Once absorbed, all sulfonylureas are extensively (90% 
to 99%) bound to plasma proteins (predominantly 
albumin) and have small volumes of distribution (about 
0.2 L/kg).* With the exception of acetohexamide, all 
sulfonylureas are metabolized in the liver to inactive or 
less active metabolites; metabolites and small amounts of 
unchanged drug are eliminated in the urine. Aceto- 
hexamide is metabolized to hydroxyhexamide, which is 
more active and more slowly eliminated than the parent 
drug. Up to 20% of chlorpropamide is excreted 
unchanged in the urine.’ 


CARDIOVASCULAR, HEMATOLOGIC, AND ENDOCRINE AGENTS 


With therapeutic dosing, the hypoglycemic effects of 
these agents begin within 1 to 2 hours of oral dosing and 
peak by 4 to 6 hours; the first-generation agents may have 
a more delayed time to peak effect. Relative potencies, 
elimination half-lives, duration of hypoglycemic action, 
and therapeutic dose range are found in Table 64-2. 
With therapeutic dosing, the first-generation agents have 
variable elimination half-lives and a long duration of 
hypoglycemic action (12 to 24 hours), whereas the 
second-generation agents have short elimination half- 
lives and a long duration of hypoglycemic action (12 
to 24 hours).*?’ After overdose, the duration of 
hypoglycemic action may last days."! 


Biguanides 


After oral administration, metformin has a bioavailability 
of 30% to 60%; significant concentrations (27%) of 
unabsorbed drug are recovered from feces.?’ Peak 
plasma concentrations of metformin occur within 1 to 
3 hours of a therapeutic dose. The antihyperglycemic 
effects of metformin begin in 1 hour and last about 
12 hours after standard oral dosing. Metformin is not 
bound to plasma proteins, has a volume of distribution 
of 3.7 L/kg, and is largely excreted unchanged in the 
urine (50%) by both glomerular filtration and tubular 
secretion. At therapeutic doses, the plasma elimination 
half-life is estimated at 1.5 to 4.9 hours in subjects with 
normal renal function.” Geriatric patients or those with 
renal impairment have prolonged elimination half-lives. 
The recommended daily oral doses for normal adult 
patients range from 500 to 2500 mg, either as a single 
dose of the extended-release preparation or twice daily 
with the normal-release preparation. Metformin can be 
used either as a single agent or in combination with a 
sulfonylurea or insulin in the management of diabetes. 


a-Glucosidase Inhibitors 


Less than 2% of acarbose is absorbed from the GI tract, 
and more than 50% is excreted unchanged in the feces. 
Acarbose is metabolized in the GI tract by intestinal 
bacteria and digestive enzymes. Acarbose is mostly 
absorbed (34% of a dose) as metabolites of the parent 
drug. Elimination half-life of acarbose activity is normally 
about 2 hours in adults. Thus, bioaccumulation of the 
drug does not occur with dosing three times a day. 
Unlike acarbose, which has minimal absorption from the 
small intestine, miglitol is well absorbed from the small 
intestine. Both of these drugs have a small volume of 
distribution, and little to no protein binding at 
therapeutic doses. Miglitol is excreted unchanged by the 
kidney. The recommended oral dose for adult patients 
ranges from 25 to 100 mg three times daily, just before 
each meal.? 


Thiazolidinediones 


Rosiglitazone and pioglitazone are rapidly absorbed 
(peak blood concentrations within 1 to 2 hours), with a 
bioavailability of 99% and 50%, respectively. These drugs 


are highly protein bound (99%) and have similar 
small volumes of distribution (0.2 to 1.0 L/kg) and 
elimination half-lives (2.7 to 7 hours). Both drugs are 
extensively metabolized by the liver cytochrome P-450 
system. Pioglitazone is metabolized by CYP2C8 to 
metabolites with pharmacologic activity similar to and 
elimination half-lives longer than the parent drug. 
Rosiglitazone is metabolized by CYP3A4 to very weakly 
active compounds. No clinically significant drug inter- 
actions have been described with the thiazolidinediones.?” 
Although both thiazolidinediones are absorbed within 2 
hours of oral administration, maximal clinical effect is 
not observed for 6 to 12 weeks. Pioglitazone is dosed 
from 15 to 45 mg once daily in adults, whereas 
rosiglitazone is administered as 4 to 8 mg daily in one or 
two divided doses. 


Meglitinides 


The meglitinides are rapidly absorbed from the GI tract, 
with peak blood concentrations observed within 0.5 to 
1 hour of an oral therapeutic dose. The onset and 
duration of clinical effects are rapid, occurring within 
1 and 4 hours, respectively. Bioavailability is about 60% 
for both agents. These drugs are highly protein bound 
(more than 98%) and have small volumes of distribution 
(0.4 L/kg). In addition, both drugs are metabolized by 
CYP3A4 to inactive metabolites.* Elimination half-lives 
are only 1 to 2 hours.*® Drugs that enhance or inhibit 
CYP3A4 enzyme may decrease or increase the clinical 
effects of these drugs, respectively.*°” Small amounts of 
each drug are excreted by the kidney unchanged (10% 
to 16%).* The recommended adult dose is 60 to 120 mg 
for nateglinide or 0.5 to 4 mg for repaglinide, three 
times daily, each dose administered within 10 minutes 
of a meal. 


TOXICOLOGY: CLINICAL 
MANIFESTATIONS AFTER OVERDOSE 


Sulfonylureas 


The principal effect of overdose of any of the 
sulfonylurea agents, whether in a diabetic or nondiabetic 
individual, is hypoglycemia. Although hypoglycemia has 
been defined in absolute terms as a plasma glucose 
concentration of less than 2.78 mmol/L (50 mg/dL),*! it 
is perhaps more usefully defined in functional terms as a 
depressed concentration of blood or plasma glucose 
producing evidence of a physiologic counter-regulatory 
hormone response or evidence of neurologic dys- 
function (neuroglycopenia). As the plasma glucose con- 
centration decreases to about 4 mmol/L (72 mg/dL), 
there is an increase in the secretion of counter-regulatory 
hormones (e.g., glucagon, epinephrine, growth 
hormone, and cortisol) and activation of the autonomic 
nervous system. If the plasma glucose concentration 
reaches 3.2 mmol/L (58 mg/dL), this increase in 
autonomic activity is normally of a sufficient magnitude 
to result in symptoms. This response may be modified in 
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patients with diabetic autonomic neuropathy or in those 
who are receiving B-blocker therapy. Glucose is the 
principal energy substrate for the brain. The brain does 
not produce glucose and can only store a few minutes’ 
supply. Therefore, the brain is extremely sensitive to 
hypoglycemia. Concentrations of circulating glucose below 
3 mmol/L (54 mg/dL) impair cerebral function, whereas 
more severe and prolonged hypoglycemia can cause 
convulsions, permanent neurologic damage, or death.** 

The onset of hypoglycemia after acute sulfonylurea 
overdose occurs after a variable time interval; the latency 
is dependent on the size of the ingestion, the particular 
agent involved, and individual host factors (i.e., age, 
comorbid illness [hepatic or renal disease], presence of 
insulin resistance). It usually occurs within 6 to 8 hours 
of ingestion but may be delayed for 16 to 18 hours.**** In 
one study of sulfonylurea ingestion in children, 50% and 
96% of patients developed hypoglycemia within 2 and 
8 hours, respectively.** A single tablet is sufficient to 
produce symptomatic hypoglycemia in children.**** The 
duration of hypoglycemia is dose related and ranges 
from several hours to several days. In one case, 
hypoglycemia lasted for 27 days after intentional 
chlorpropamide overdose." 

The signs and symptoms of sulfonylurea-induced 
hypoglycemia are identical to those associated with hypo- 
glycemia from other causes. Signs and symptoms are 
manifestations of neuroglycopenia or are the consequence 
of the autonomic response to hypoglycemia (Box 641). 
Long-lasting or permanent neurologic dysfunction may 
occur if hypoglycemia is severe or prolonged before 
treatment. 


BOX 64-1 


Central Nervous System Effects (Neuroglycopenia) 


Lethargy to coma 

Dizziness 

Slurred speech, blurred vision, ataxia 

Irritability, anxiety, agitated delirium 

Headache 

Confusion, cognitive dysfunction, memory loss 
Seizures (single or multiple; focal or generalized) 
Focal neurologic deficits 

Hallucinations, altered personality 

Generalized weakness 


Paresthesias 


Autonomic and Other Effects 


Diaphoresis 

Tachycardia, palpitations, tachyarrhythmias 
Syncope 

Hypertension 

Hunger 

Nausea, vomiting 

Tremor 

Piloerection 

Tachypnea 

Peripheral vasoconstriction, pallor 
Hypothermia 
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Biguanides 


Acute biguanide overdose is usually well tolerated. GI 
effects occur most commonly and include nausea, 
vomiting, anorexia, hematemesis, metallic taste, 
abdominal pain, and diarrhea.**’ Although hypoglycemia 
virtually never occurs in association with therapeutic 
doses of biguanides, it has rarely been described after 
overdose with these agents.** Biguanide-induced lactic 
acidosis is the most serious complication of biguanide 
treatment. It is most commonly associated with ther- 
apeutic dosing of biguanides (see “Adverse Effects”) but 
has also been described after acute, large, intentional 
overdose in adults.*?*° Lactic acidosis has not been 
described after accidental ingestion of | or 2 tablets of 
metformin in children.” Patients with biguanide- 
associated lactic acidosis typically present with relatively 
nonspecific symptoms, such as vomiting, somnolence, 
agitation, nausea, epigastric pain, anorexia, hyperpnea, 
lethargy, diarrhea, and thirst.** Coma, hypothermia, 
seizures, and cardiovascular collapse may rapidly ensue. 


a-Glucosidase Inhibitors 


Overdose of the o-glucosidase inhibitors has not been 
reported in the literature. Signs and symptoms of over- 
dose would be expected to include nausea, abdominal 
bloating and pain, flatulence, and diarrhea. Because 
these agents do not stimulate endogenous insulin 
release, they should not produce hypoglycemia with 
overdose. 


Thiazolidinediones 


There are no published data describing the effects of 
overdose with the thiazolidinediones. Supratherapeutic 
doses of these agents ingested over a week have not been 
associated with acute toxicity. Because this class of drugs 
does not stimulate insulin secretion, hypoglycemia is not 
expected to occur with overdose. 


Meglitinides 


As insulin secretagogues, meglitinides are expected to 
produce hypoglycemia after overdose. Unlike the 
sulfonylureas, however, these agents have a very short 
duration of action. Thus, the hypoglycemic effect should 
not be delayed in onset or prolonged in effect. Limited 
clinical overdose experience with meglitinides, however, 
precludes confident clinical predictions at this time. 
Nakayama and colleagues reported a case of a 30-year- 
old nondiabetic woman who presented to the emergency 
department | hour after ingesting 3420 mg of nateglin- 
ide in a suicide attempt.* Her initial blood glucose was 
2 mmol/L (36 mg/dL) | hour after ingestion, which was 
treated with 50 mL of 50% dextrose. Four hours after 
ingestion, rebound hypoglycemia occurred, which neces- 
sitated further dextrose administration. The patient 
remained hypoglycemic for 6 hours after nateglinide 
ingestion. Surreptitious doses of repaglinide have been 
associated with severe hypoglycemia in an 18-year-old man.” 


CARDIOVASCULAR, HEMATOLOGIC, AND ENDOCRINE AGENTS 


Insulin 


Insulin overdose manifests primarily as hypoglycemia 
(see Box 64-1). Other effects include various metabolic 
abnormalities, such as hypokalemia, hypomagnesemia, 
hypophosphatemia, and hypocalcemia. Cardiac effects 
are uncommon but include tachyarrhythmias (1.e., atrial 
fibrillation, premature atrial and ventricular contractions, 
and ventricular tachycardia), bradyarrhythmias (1.e., sinus 
bradycardia, heart block), repolarization abnormalities 
on the electrocardiogram (i.e., T-wave flattening, SI-T 
changes, and QTc prolongation), angina and myocardial 
infarction, congestive heart failure, and hypertension. 
Hypothermia may occur with prolonged hypoglycemia. 
As for sulfonylureas, prolonged hypoglycemia may be 
associated with prolonged or permanent neurologic 
deficits.°° 

Insulin-induced hypoglycemia occurs very commonly 
as an unintentional adverse effect (see “Adverse Effects”) 
but may also occur as an intentional overdose (self- 
poisoning with suicidal intent, poisoning of others 
with homicidal intent, or as part of Munchausen 
syndrome or Munchausen syndrome by proxy). 
Although intentional insulin overdose is uncommon, 
it likely occurs more frequently than is recognized or 
reported. In 2003, 2914 insulin exposures were reported 
to U.S. poison control centers, of which 493 (17%) were 
categorized as intentional. The time of onset 
and duration of hypoglycemia that occur with insulin 
overdose depend on the type and dose of insulin pre- 
paration used, the blood glucose of the patient, the calo- 
ric intake of the patient just before and after the 
overdose, and the presence of insulin antibodies (insulin 
resistance) in the patient. The onset of hypoglycemia 
may be delayed after overdose with extended-release 
preparations (e.g., NPH and Lente).°! The duration of 
hypoglycemia may be prolonged and last for days after 
massive subcutaneous overdose of insulin.” 


ADVERSE EFFECTS 


Sulfonylureas 


Sulfonylureas are generally well tolerated; adverse effects 
occur in 2% to 4% of patients, with less than 2% of 
patients discontinuing therapy because of side effects.'°* 

As for sulfonylurea overdose, the most common and 
severe complication of sulfonylurea therapeutic dosing is 
hypoglycemia. Hypoglycemia is simply an extension of 
the therapeutic objective and effects of these agents. 
Hypoglycemia occurs in 2% to 4% of patients; severe 
hypoglycemia requiring patient hospitalization occurs in 
0.4 cases per 10,000 patient-years of treatment.°*°* 
Clinically significant hypoglycemic reactions occur more 
commonly with agents that have a longer duration of 
action? (see Table 64-2). Risk factors for sulfonylurea- 
induced hypoglycemia include an age older than 60 years, 
impaired renal and hepatic function, poor nutrition, and 
multidrug therapy.°°° The use of other diabetes control 
agents may result in inadvertent hypoglycemia from syn- 


ergistic effects (pharmacodynamic interaction). Alter- 
natively, hypoglycemia may occur with the coadminis- 
tration of drugs that interfere with sulfonylurea protein 
binding, metabolism, or excretion (pharmacokinetic 
interaction). The concurrent use of sulfonylureas with 
the histamine-2 (Hə) receptor antagonists cimetidine 
and ranitidine, or with the antifungal azole derivatives 
ketoconazole and fluconazole, is associated with increased 
incidence of hypoglycemia.” In addition, the antibiotics 
doxycycline, ciprofloxacin, and gatifloxacin have been 
associated with increased incidence of hypoglycemia in 
patients taking sulfonylureas.°’°? Furthermore, clofibrate, 
dicumarol, sulfonamides, sulfamethoxazole, angiotensin- 
converting enzyme inhibitors, nonsteroidal anti-inflam- 
matory drugs (e.g., phenylbutazone, salicylates), B blockers, 
and ethanol may potentiate the hypoglycemic activity of 
these agents.**", 

Other adverse effects of sulfonylureas include hema- 
tologic (e.g., hemolytic anemia, bone marrow aplasia) and 
dermatologic (e.g., rashes, pruritus, erythema nodosum, 
erythema multiforme, and exfoliative dermatitis) compli- 
cations. These effects are rare hypersensitivity reactions 
and usually occur during the first 6 weeks of therapy. 
Their incidence is less than 0.1% with all agents. GI side 
effects include nausea, vomiting, cholestatic jaundice, 
and liver function test abnormalities; they occur with a 
frequency of 1% to 3%. Weight gain is common in 
patients who achieve improved glycemic control and is 
probably the result of reduced caloric loss associated 
with the diminution in glycosuria.”°' Chlorpropamide, 
unique among the sulfonylureas, has been associated 
with a disulfiram-type reaction. Some sulfonylureas (e.g., 
chlorpropamide, glyburide, and glipizide) may produce 
hyponatremia by inducing increased renal sensitivity 
to antidiuretic hormone (syndrome of inappropriate 
antidiuretic hormone, or SIADH).*°°? The sulfonyl- 
ureas may be associated with an increased risk for 
cardiovascular mortality, but the data supporting this 
theory are conflicting.*°* In addition, some sulfonyl- 
ureas can precipitate acute porphyria in susceptible 
individuals.’ 


Biguanides 


When used at therapeutic doses, the most common side 
effects associated with metformin are GI and include 
anorexia, nausea, abdominal discomfort, and diarrhea. 
These symptoms occur in up to 20% of patients shortly 
after initiating therapy with metformin, but only rarely 
persist.*, Nonetheless, about 10% of patients cannot 
tolerate the drug at any dose.” A metallic taste can also be 
observed in about 3% of patients taking metformin.®° 
The most serious adverse effect of metformin is lactic 
acidosis, which occurs in 0.06 cases per 1000 patient- 
years.!’ The incidence is significantly less with metformin 
therapy than with phenformin. Lactic acidosis is defined 
as a metabolic acidosis due to an accumulation of lactic 
acid in the blood in excess of 5 mmol/L with an 
accompanying blood pH of less than 7.35.1819 Biguanide- 
associated lactic acidosis is initially a type B lactic acidosis 
(not associated with tissue hypoxia or hypoperfusion). 


CHAPTER 64 Diabetic Control Agents 1027 





19.4752 ~CONTRAINDICATIONS TO 


Renal impairment (plasma creatinine > 1.5 mg/dL [132 pmol/L] 
for men, > 1.4 mg/dL [124 pmol/L] for women) 

Cardiac or respiratory failure of sufficient magnitude to cause 
central hypoxia or reduced peripheral perfusion 

History of lactic acidosis 

Acute or chronic metabolic acidosis 

Severe infection that could lead to decreased tissue perfusion 
Liver dysfunction (demonstrated by abnormal liver function tests) 
Alcohol abuse with binge drinking sufficient to cause acute 
hepatotoxicity 

Use of iodinated radiographic contrast material (within 48 hours) 
Pregnancy 


Adapted from Bailey CJ, Turner RC: Metformin. N Engl J Med 
1996;334:574-579. 





Type A lactic acidosis, however, is often superimposed on 
type B lactic acidosis in patients who are critically ill. 

Biguanide-associated lactic acidosis has a mortality 
rate of 12% to 50%.”* When this complication occurs at 
therapeutic doses, it usually is in the context of having 
been prescribed in patients for whom the drug was 
initially contraindicated (Box 64-2). It appears that a 
critical blood level of biguanide, as yet undefined, is 
required to produce the metabolic abnormalities that 
lead to lactic acidosis.°* The listed contraindications, 
especially impaired renal function, are likely to result in 
impaired elimination and excessive blood levels of 
metformin, thus increasing the likelihood of the critical 
blood level and accumulation of lactic acid (see 
“Pharmacology and Pathophysiology”). As already stated, 
significant lactic acidosis may also occur after metformin 
overdose in the absence of established risk factors.*?° 

In patients with metformin-associated lactic acidosis, 
there are frequently additional factors that increase 
blood lactate concentrations, such as major illness 
causing tissue hypoperfusion or liver disease.**°° Thus, 
an elevated plasma lactate concentration in someone 
who regularly takes metformin may primarily represent 
an underlying systemic process (e.g., septic shock) and 
not a direct complication of metformin therapy.*® 
Iodinated contrast materials may create a predisposition 
to metformin-induced lactic acidosis. Current consensus 
recommendations are to withhold metformin for 24 to 
48 hours before a planned procedure that necessitates 
administration of iodinated contrast. The metformin 
should not be reinstituted until at least 48 hours after the 
iodinated contrast administration. Finally, treatment 
with metformin should be withheld if plasma lactate 
levels exceed 3 mmol/L (more than 3 mEq/L).* 


a-Glucosidase Inhibitors 


Adverse effects associated with the o-glucosidase inhibitors 
are primarily GI and include dose-related increases in 
flatulence, abdominal discomfort and bloating, and 
diarrhea.” Adverse effects tend to diminish with 
continued use.®” Thus, side effects can be minimized by 
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starting with low doses and titrating the dose upward at 
4- to 8-week intervals.* Although approved for monother- 
apy, this class of drug rarely is used alone owing to 
its mild efficacy. More frequently, the o-glucosidase 
inhibitors are used in combination with sulfonylureas or 
insulin. This class of drugs is associated with dose- 
dependent hepatotoxicity (elevations of hepatic 
transaminases). Hepatic transaminase elevations are 
usually asymptomatic and reversible with drug cessation. 


Thiazolidinediones 


The thiazolidinediones are relatively well tolerated. Side 
effects, when they occur, include anemia, edema, 
headache, myalgia, and weight gain. On average, the 
thiazolidinediones cause an increase of 2 to 3 pounds for 
every 1% decrease in glycosylated hemoglobin value.”° 
Thus, these agents should be given cautiously, if at all, to 
patients with advanced heart failure or anemia. In Europe, 
the presence of congestive heart failure is considered a 
contraindication to the use of thiazolidinediones.’ 
Idiosyncratic hepatotoxicity has rarely been associated 
with pioglitazone or rosiglitazone therapy.” The pres- 
ence of hepatic dysfunction is considered a contraindi- 
cation to treatment with thiazolidinediones. Hypoglycemia 
does not occur with thiazolidinedione monotherapy but 
has been described during combination therapy with 
sulfonylureas or insulin. 


Meglitinides 


The most common adverse effects from meglitinides 
include GI symptoms, weight gain, and hypoglycemia. 
Repaglinide has an incidence of adverse reactions similar 
to that observed with sulfonylureas, whereas nateglinide 
appears to be better tolerated.*°*°"" Nateglinide appears 
to have a hypoglycemic effect that is more mild.°” 


Insulin 


The primary adverse reaction from insulin is hypo- 
glycemia.* Hypoglycemia may occur from an increase in 
insulin dose, change in insulin preparation, decreased 
food intake, increased exercise, or impaired insulin 
clearance (in those with renal dysfunction). The time of 
onset of hypoglycemia and time to peak hypoglycemic 
effect after therapeutic doses of insulin have been 
established and are listed in Table 64-3. The duration of 
hypoglycemia is less than that observed with insulin 
overdoses. Hypokalemia, hypomagnesemia, and hypo- 
phosphatemia may also occur as adverse effects of 
insulin, particularly if insulin is administered at high 
therapeutic doses. 


DIAGNOSIS 


The diagnosis of acute toxicity from diabetes control 
agents often occurs in the setting of symptomatic 
hypoglycemia and a positive history of exposure. 
Hypoglycemia should be considered in every patient who 
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Dosing of Dextrose 


AGE DEXTROSE 

Adults 0.5-1.0 g/kg or 1-2 mL/kg D-50 (50% 
dextrose) 

Children 2-4 mL/kg D-25 

Infants/newborns 5-10 mL/kg D-10 





presents after a seizure or with an alteration in mental 
status. The diagnosis should be rapidly excluded or 
confirmed on the basis of a bedside test for blood 
glucose concentration. When this cannot be done 
rapidly, or when the result is equivocal, an intravenous 
bolus of 50% dextrose (0.5 to 1 g/kg or 1 to 2 mL/kg 
D-50-W;; ‘Table 64-4) should be administered empirically. 
The diagnosis of hypoglycemia typically requires 
symptoms and a positive response to supplemental 
dextrose. A lack of response, however, does not exclude 
the diagnosis because prolonged, severe hypoglycemia 
can result in permanent neurology deficits that will not 
respond to correction of hypoglycemia. If a diagnosis of 
hypoglycemia is made, a patient history may help to 
establish whether toxicity from a diabetes control agent 
(e.g., sulfonylurea, meglitinides, insulin) is the likely 
cause. If the history does not suggest the diagnosis, other 
drug-associated and medical causes of hypoglycemia 
should be considered and addressed (Box 64-3). 

Specific drug levels are rarely necessary to make the 
diagnosis. When no explanation for hypoglycemia is 
initially apparent, however, measurements of serum 
insulin, C peptide, proinsulin, and sulfonylurea concen- 
trations and a urine screen for sulfonylureas may be 
helpful to establish a diagnosis, particularly in the setting 
of accidental, surreptitious, or felonious poisoning. 
Standard blood and urine toxic screens should be 
performed to rule out the presence of other drugs 
associated with hypoglycemia (e.g., ethanol, salicylate). 
Because therapeutic doses of sulfonylureas can produce 
hypoglycemia, the qualitative presence of this class of 
agents in blood or urine of patients not regularly 
prescribed these drugs is sufficient to confirm the 
diagnosis. In the presence of exogenous insulin 
injection, C peptide and proinsulin levels are low. In the 
presence of sulfonylurea or meglitinide toxicity (insulin 
secretagogues) or an insulinoma, the proinsulin, insulin, 
and C-peptide levels should be elevated. Insulinomas can 
be differentiated from ingestion of insulin secretagogues 
by the presence of very high proinsulin levels in patients 
with insulinomas, with an increased ratio of proinsulin to 
insulin.” 

The diagnosis of biguanide-induced lactic acidosis 
should be suspected in any patient receiving therapeutic 
or taking excessive doses of biguanides who becomes ill. 
Laboratory analysis in these patients should include 
measurements of blood glucose, blood urea nitrogen, 
creatinine, electrolytes, and lactate and urinalysis. The 
diagnosis is confirmed by documentation of an anion- 
gap metabolic acidosis and an elevated serum lactate 
level (more than 5 mmol/L). For patients with an elevated 


BOX 64-3 


Gastrointestinal 


Diarrhea (especially in children) 
Pancreatitis 

Postgastrectomy 

Short gut syndrome 


Hepatic 

Alcoholism 

Cirrhosis 

Fulminant hepatic failure 
Reye's syndrome 


Metabolic/Endocrine 


Adrenal insufficiency 
Beckwith-Wiedemann syndrome 
Carnitine deficiency 

Fructose intolerance 

Galactose intolerance 

Glucagon deficiency 

Glycogen storage diseases 

Growth hormone deficiency 
Hyperinsulinemia (neonates of diabetic mothers) 
Hypothyroidism 

Panhypopituitarism (Sheehan's syndrome) 


Miscellaneous 
Acquired immunodeficiency syndrome (AIDS) 


Autoimmune disorders 
Pregnancy 


Oncologic 


Insulinoma 
Extrapancreatic/mesenchymal neoplasm 


Systemic Illness 


Burns 

Hyperthermia 

Severe renal or cardiac dysfunction 
Sepsis 

Starvation (or anorexia nervosa) 


Toxin 


Ackee fruit (hypoglycin A) 
8-Adrenergic blockers (especially propranolol) 
Disopyramide 

Ethanol (especially in children) 
Insulin 

Meglitinides 

Mushrooms 

Opioids 

Pentamidine 
Quinine/quinidine 

Salicylates 

Sulfonylurea 

Sulfonamides 

Valproic acid 





anion gap or blood lactate level, an arterial blood gas 
should be performed. The hallmark of biguanide- 
associated lactic acidosis is severe acidosis without 
evidence of hypotension or hypoxia. 
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TREATMENT 


Overview 


Treatment of diabetes control agent poisoning is largely 
directed at evaluating for and treating hypoglycemia. 
Although patients with significant central nervous system 
or respiratory depression may sometimes need airway 
protection, breathing assistance, and cardiovascular 
support, correction of hypoglycemia may be sufficient to 
normalize neurologic or cardiopulmonary function. In 
addition to fingerstick glucose determination and dextrose 
administration as necessary, supplemental oxygen, 
continuous pulse oximetry, and parenteral thiamine and 
naloxone should be considered in patients with altered 
mental status or seizures. All symptomatic patients 
should have an intravenous line established and 
continuous cardiac monitoring performed. Frequent 
neurologic evaluation and vital sign and fingerstick 
determinations should be performed in the initial 
several hours of evaluation. Fluid and electrolyte 
abnormalities should be corrected as necessary. ‘Therapy 
(e.g., antidotal treatment, enhanced elimination) that is 
unique to each class of agents is discussed below. 

After initial patient stabilization, GI decontamination 
is recommended for patients who present after acute 
oral overdose of most diabetes control agents. Single- 
dose administration of activated charcoal (1 g/kg orally 
or by nasogastric tube) is the preferred method of GI 
decontamination. Orogastric lavage is not routinely 
recommended because the risk for death after acute 
diabetes control agent overdose is very low. If performed, 
gastric lavage should be followed by the administration 
of activated charcoal. 


Sulfonylurea Poisoning 


Treatment with dextrose should be reserved for patients 
with symptomatic hypoglycemia and withheld from 
patients with low blood glucose values in the absence 
of symptoms. The administration of dextrose to an 
asymptomatic patient with numeric hypoglycemia may 
necessitate further treatment with dextrose and force a 
prolonged period of observation. Even in the absence of 
sulfonylurea exposure, exogenous dextrose administration 
can stimulate further insulin secretion, particularly when 
associated with transient hyperglycemia (overshoot). 
Rebound euglycemia or hypoglycemia often occurs and 
requires further treatment with dextrose. This pattern of 
cyclical hypoglycemia often results in a longer period of 
observation that would not have been necessary if 
dextrose had not been administered initially. 

Treatment with oral dextrose may be sufficient for 
patients with mild hypoglycemia, whereas those with 
significant symptoms should receive an intravenous 
bolus of concentrated dextrose (see Table 64-4). It is 
advisable to give no more dextrose than is necessary to 
achieve euglycemia; overshoot may precipitate rebound 
hypoglycemia. Frequent fingerstick blood glucose deter- 
minations help to guide initial and continued dextrose 
supplementation. Once euglycemia is achieved, patients 
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should be given a meal if oral intake is feasible and not 
contraindicated. A continuous infusion of 10% to 20% 
dextrose in water (D-10 to D-20) may be necessary to 
maintain euglycemia in patients with an intentional 
sulfonylurea overdose. If concentrations of 20% dextrose 
or greater are used, the infusion should be given 
through a central venous catheter to avoid damage to 
peripheral veins. 

If oral dextrose is not an option (owing to patient 
altered mental status) and intravenous dextrose cannot 
be administered because of difficulty with intravenous 
access, glucagon can be administered to produce a 
temporary elevation in blood glucose. Glucagon is 
particularly helpful in the preadmission setting. Glucagon 
is administered by intramuscular or subcutaneous 
injection (1 mg for adults and children greater than 
20 kg; 0.5 mg for children less than 20 kg). Glucagon 
increases blood glucose by promoting glycogenolysis 
and gluconeogenesis. It is usually effective only when 
adequate glycogen stores exist. Glucagon stimulates 
insulin release and, thus, needs to be followed by the 
parenteral administration of glucose.”? Glucagon is only 
a bridging therapy before successful intravenous access 
and dextrose administration. Glucagon administration 
may be associated with nausea and vomiting. 

In the setting of sulfonylurea toxicity, a profound 
rebound or recurrent hypoglycemia often occurs within 
30 minutes of initial dextrose administration.” Although 
dextrose is the recommended initial treatment for all 
episodes of symptomatic hypoglycemia, a number of 
additional drugs can be used as adjuncts in the manage- 
ment of sulfonylurea-induced hypoglycemia. 

The antihypertensive diazoxide effectively inhibits 
insulin secretion from the pancreatic B cells and has 
been used successfully in the management of refractory 
sulfonylurea-induced hypoglycemia.”* Specifically, dia- 
zoxide may bind at the sulfonylurea binding site to 
prevent membrane depolarization and insulin release. 
Diazoxide is given by slow intravenous infusion over 30 
minutes (3 mg/kg in adults; 1 to 3 mg/kg in children); 
the dose may be repeated every 4 hours. Diazoxide is 
complicated by orthostatic hypotension, tachycardia, 
and sodium and water retention. 

Octreotide, a long-acting synthetic analog of somato- 
Statin, is a potent inhibitor of insulin, glucagon, and 
growth hormone secretion. It has been reported to 
effectively inhibit excessive insulin secretion and sig- 
nificantly reduce dextrose requirements after sulfonylurea 
overdose. With octreotide treatment, insulin levels are 
reduced to baseline values, and there are fewer episodes 
of rebound hypoglycemia.” It appears that octreotide 
is superior to diazoxide for reducing the subsequent 
amount of glucose needed after the initial dextrose 
treatment.’”*4 The use of dextrose followed by octreotide 
should be considered first-line therapy in patients with 
sulfonylurea-induced hypoglycemia. Octreotide should 
be dosed in all individuals with a single episode of 
symptomatic hypoglycemia; it is not necessary to wait for 
recurrent hypoglycemia. Octreotide can be given by 
subcutaneous or intravenous injection (1 to 2 ug/kg in 
children and 50 to 100 ug in adults).”° The dose can be 
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repeated in 6 to 12 hours, if clinically necessary. No 
significant side effects occur with octreotide therapy. 

Activated charcoal has been demonstrated to bind 
effectively to chlorpropamide, tolbutamide, tolazamide, 
glibenclamide, and glipizide in vitro,® and to tolbutamide, 
chlorpropamide, and glipizide in vivo.*!** Although 
there has not previously been a study demonstrating 
clinical benefit from the administration of activated 
charcoal to patients who overdose on sulfonylureas, its 
administration is recommended in the overdose setting. 
The role of whole bowel irrigation is unknown after 
ingestion of sustained-release agents (e.g., Glucotrol XL) 
from this class. 

Most cases of sulfonylurea overdoses are adequately 
managed with dextrose supplementation, and attempts 
at enhanced elimination are not indicated. Alkalinization 
of the urine has been demonstrated to enhance the 
excretion of chlorpropamide (a weak acid, pKa 4.8), 
reducing its elimination half-life from 50 to 13 hours.*! 
However, in their position statement on urinary alkalin- 
ization, the American Academy of Clinical Toxicology 
and the European Association of Poison Centers and 
Clinical Toxicologists state “as the administration of 
dextrose alone is effective treatment in the majority of 
patients with chlorpropamide poisoning, which is now 
rare, urine alkalinization is only likely to be employed 
very occasionally.** Urinary alkalinization is not expected 
to enhance urinary excretion of other sulfonylureas. 

Charcoal hemoperfusion was demonstrated to enhance 
elimination of chlorpropamide after overdose by a man 
with chronic renal failure.” In general, the use of extra- 
corporeal methods to enhance removal of sulfonylureas 
is not recommended; most agents are metabolized in the 
liver. Repeat-dose activated charcoal is ineffective in 
enhancing elimination of chlorpropamide, and therefore 
is not recommended.* The use of multidose activated 
charcoal has not been investigated for other sulfonylureas. 


Metformin Poisoning 


The treatment of biguanide toxicity is supportive. Initial 
management should focus on stabilization of the airway, 
breathing, and circulation. Adequate and early volume 
expansion is essential and may improve lactic acidosis. 
Hypoglycemia, although rarely present or profound, 
should be corrected with intravenous dextrose 
administration. 

The administration of intravenous bicarbonate to 
those with biguanide-induced lactic acidosis is 
controversial. Sodium bicarbonate may be detrimental 
by resulting in paradoxical acidification of cerebrospinal 
and intracellular fluid; increased hemoglobin affinity for 
oxygen, leading to impaired oxygen delivery to the 
tissues; hypernatremia and volume overload; severe 
hypokalemia and hypocalcemia; and increased cellular 
membrane permeability to biguanides, resulting in 
further increases in cellular lactate production.§”** 
Sodium bicarbonate therapy is not recommended 
because it has not been associated with clinical benefit in 
patients with biguanide-induced or other forms of lactic 
acidosis.*°*! 


Hemodialysis with a bicarbonate dialysate has been 
reported to dramatically increase the survival rate of 
patients with metformin-induced lactic acidosis. Lalau 
and associates reported on five patients with severe 
metformin-induced lactic acidosis, whose clinical status 
and metabolic abnormalities rapidly responded to 
bicarbonate hemodialysis despite incomplete removal of 
metformin as determined by serum sampling. All 
patients had acute renal failure, and three were in 
cardiovascular collapse at the time of presentation.”* In 
addition, Teale and colleagues reported on two patients 
with intentional metformin overdose with cardiovascular 
collapse, who were successfully managed with continuous 
venovenous hemodiafiltration.*” Hemodialysis is 
recommended as first-line treatment in patients with 
severe biguanide-induced lactic acidosis. 


o-Glucosidase Inhibitor and 
Thiazolidinedione Poisoning 


The initial management of toxicity associated with 
o-glucosidase inhibitors and thiazolidinediones is sup- 
portive. Adequate volume expansion should be com- 
menced early, if indicated. Hypoglycemia, which should 
only occur when these agents are ingested in combi- 
nation with insulin secretagogues, should be treated with 
intravenous dextrose administration. In addition to 
standard laboratory analysis in poisoned patients, liver 
function tests should be obtained in patients who overdose 
on o-glucosidase inhibitors. 


Meglitinide Poisoning 


Treatment is aimed at correcting symptomatic hypo- 
glycemia with administration of intravenous dextrose 
as necessary. The risk for and duration of hypoglycemia 
should last only a few hours after ingestion of meglitinides. 
Thus, a 4-hour period of observation is sufficient for 
patients who ingest meglitinides, even for those who 
required initial treatment with dextrose for symptomatic 
hypoglycemia. 


Insulin Toxicity 


The mainstay of treatment for insulin toxicity is the 
administration of supplemental dextrose for symp- 
tomatic hypoglycemia and correction of coexisting 
metabolic abnormalities (e.g., hypokalemia) as necessary. 
As for sulfonylurea toxicity, patients with mild hypo- 
glycemia may be given an oral, rapidly acting dextrose 
formulation followed by a small meal. Patients who 
develop significant symptomatic hypoglycemia should 
receive an intravenous bolus of concentrated dextrose 
(see Table 64-4) followed by a continuous infusion of 
10% or 20% dextrose. As for sulfonylurea overdose, 
overzealous administration of dextrose may precipitate 
rebound hyperinsulinemia (for patients without type 1 
diabetes). Thus, the dextrose infusion should be titrated 
to just maintain euglycemia. 

Oral overdose of insulin will not produce clinical 
effects because of rapid breakdown in the stomach. 
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Prolonged hypoglycemia (lasting days) has occurred in 
patients who have intentionally injected large sub- 
cutaneous overdoses of insulin.” Although surgical 
excision of skin and subcutaneous tissue insulin depots 
has been described for such patients, the clinical utility 
of this approach is unknown and cannot be 
recommended.?*9?%° 


DISPOSITION 


Because of the potential for prolonged hypoglycemic 
effects, all patients who develop symptomatic hypo- 
glycemia from sulfonylureas require admission for 
ongoing blood glucose monitoring and therapy with 
intravenous dextrose and octreotide, as necessary. The 
onset of hypoglycemia after sulfonylurea overdose may 
be delayed for up to 18 hours; therefore, all patients with 
deliberate overdose and all children with suspected 
ingestion must be admitted for up to 24 hours. A 
hospitalized patient is ready for medical discharge when 
euglycemia has been maintained for a period of 8 to 
12 hours after the last dose of octreotide and supplemental 
parenteral dextrose. Appropriate psychiatric evaluation 
in cases of deliberate self-overdose should take place 
before final discharge. When the overdose was inad- 
vertent, appropriate educational intervention should 
occur before discharge. 

Evidence of lactic acidosis associated with biguanide 
therapy or after biguanide overdose mandates hospital 
admission. Lactic acidosis is unlikely to develop in 
individuals with normal renal function after relatively 
small ingestions of metformin, but because a dose- 
response relationship has not been well characterized, all 
patients with metformin overdose should be observed 
for at least 6 hours. If there is no evidence of acidosis or 
hypoglycemia, and the patient remains asymptomatic at 
that time, then the patient may be discharged after 
appropriate psychiatric evaluation and educational 
intervention. 

For patients who ingest excessive doses of the thiazo- 
lidinediones, o-glucosidase inhibitors, or meglitinides, a 
4- to 6hour observation period is appropriate. The 
observation period may need to be extended if 
hypoglycemia occurs. 

The duration of hospital observation necessary after 
insulin toxicity depends on the quantity and type of 
insulin injected, patient intent, and duration of 
symptomatic hypoglycemia. Patients who experience an 
unintentional hypoglycemic episode associated with 
therapeutic dosing (an insulin reaction) typically require 
only several hours emergency department observation. 
These patients can be safely discharged provided they 
have eaten a small meal, do not develop recurrent 
hypoglycemia during their period of observation, are at 
their baseline mental and health status at the time of 
discharge, are reliable or are discharged with reliable 
caretakers, and have been observed in the emergency 
department beyond the time of expected peak effects 
from the injected insulin preparation (see Table 64-3). 
Patients who have intentionally overdosed on insulin 
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should be admitted for inpatient observation (24 hours) 
because of the possibility for delayed and prolonged 
hypoglycemia. Most of these patients are symptomatic 
within 12 hours of overdose.” Patients who require 
dextrose infusion after intentional insulin overdose 
should be observed for recurrent hypoglycemia for 8 to 
12 hours after the dextrose infusion has been stopped. 
Intensive care unit admission is required for patients 
with significant and persistent central nervous system or 
cardiovascular abnormalities or those requiring large 
supplemental dextrose infusions to maintain euglycemia. 


ACKEE FRUIT 


Ackee (Blighia sapida), the national fruit of Jamaica, was 
originally imported to the Caribbean from West Africa in 
the 18th century (see Chapter 24). The ackee tree is a 
tall, evergreen, fruit-producing tree and is found in 
various parts of the world, including the Caribbean, the 
Antilles, Central America, and parts of Florida.2’ The 
fruit is yellow and opens while still attached to the tree to 
reveal three glassy black seeds surrounded by a thick, 
oily, yellow aril. 

The ackee fruit was first associated with Jamaican 
vomiting sickness (also called toxic hypoglycemic syndrome) 
in 1875. Risk factors associated with the development of 
Jamaican vomiting sickness are threefold: (1) con- 
sumption of raw or unripe ackee fruit; (2) consumption 
of ackee that is forcibly opened; and (3) consumption of 
water in which unripe ackee was cooked.” The unripe 
ackee fruit contains hypoglycin A, which is a water- 
soluble liver toxin that causes profound hypoglycemia by 
interfering with certain cofactors and enzymes necessary 
for hepatic gluconeogenesis.” Hypoglycin A, or cyclo- 
propylaminoproprionic acid, interferes with carnitine- 
acyl CoA transferase and B oxidation of long-chain fatty 
acids.'°” Accumulations of serum carboxylic acids results 
in metabolic acidosis and leads to Jamaican vomiting 
sickness. Jamaican vomiting sickness is characterized by 
the onset of epigastric pain, which begins a few hours 
after eating the fruit. Shortly thereafter, there is a sudden 
onset of profuse vomiting and hypoglycemia. Seizures, 
coma, and metabolic acidosis are common, as is death.?” 
Death typically occurs by 12 hours after ingestion. The 
hypoglycemia is profound, often with blood sugars as 
low as 3 mg/dL.’ 

The fruit is illegal in the United States, but 
nonetheless, there have been at least two reported cases 
in the United States in the 1990s. The first known case 
of Jamaican vomiting sickness occurred in Ohio, in a 
Jamaican female, after the consumption of canned 
Ackee.'"! The only other known case in the United States 
was a 27-year-old Jamaican man, residing in Connecticut, 
who presented with 2 months of jaundice, intermittent 
diarrhea, pruritus, right upper quadrant pain, and 
markedly elevated bilirubins.'° This patient with 
cholestatic jaundice had resolution of his symptoms after 
he ceased consumption of the ackee fruit. 

Treatment for poisoning from the ackee fruit is 
supportive, with correction of hypoglycemia, dehydration, 
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acidosis, and metabolic abnormalities provided as 
necessary. 
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MICHAEL W. SHANNON, MD, MPH 


At a Glance... 


m Methylxanthines are purine derivatives structurally related to 
adenosine. 

m Methylxanthines have a narrow therapeutic index. Adverse 
effects can appear even at therapeutic doses and serum 
concentrations. 

m Manifestations of theophylline intoxication vary according to 
mechanism of overdose (acute, chronic, or acute on therapeutic). 

m The major life-threatening events of theophylline intoxication 
are seizures and cardiac arrhythmias. 

m Metabolic consequences include hypokalemia, hyperglycemia, 
and metabolic acidosis. 

m Management strategies for theophylline intoxication include 
supportive care, administration of multiple-dose activated char- 
coal, and, in severe cases, hemodialysis. 

m Hemodialysis is preferred over hemopertusion in the treatment 
of severe theophylline intoxication, because it is safer, more 
available, and equally effective. 


Theophylline, caffeine, and theobromine are the major 
members of a group of pharmacologic agents known as 
methylxanthines. These drugs continue to have a ubiqui- 
tous position in society: Caffeine is used around the 
world for the pleasure that its mild stimulation provides. 
For almost a century, theophylline has been used for the 
treatment of respiratory ailments. Although theophylline 
use has fallen dramatically in recent years, it enjoys con- 
tinued use as a therapeutic agent. 


THEOPHYLLINE 


Theophylline is used to treat various illnesses. At one 
time, it was the primary therapy for asthma, considered 
valuable both for treatment of acute exacerbations and 
for long-term prophylactic therapy.' Over the past two 
decades, B-adrenergic agonists have largely replaced 
theophylline for this indication, having a more favorable 
profile of safety and efficacy. However, theophylline is 
still used as a primary agent in areas where fB-adrenergic 
agonists are less available and for individuals who have 
asthma that is resistant to B-adrenergic agonist and 
corticosteroid therapy.* Moreover, data that suggest that 
theophylline has anti-inflammatory properties have led 
to a slight increase in its use.** Besides asthma, theo- 
phylline is used for other syndromes of airway obstruction 
including chronic obstructive pulmonary disease in 
adults and bronchiolitis in infants, although there 
remains controversy about its efficacy in these diseases.** 
Theophylline is prescribed for neonates, particularly 
premature neonates, who have apnea and bradycardia.?"° 
Recent data suggest benefit in cardiac resuscitation, in 
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renal protection after exposure to nephrotoxic agents, 
and in the treatment of acute mountain sickness.'!!4 

Individuals develop theophylline intoxication by two 
general mechanisms. First, its general availability makes 
theophylline an agent that can be ingested by curious 
toddlers or suicidal adolescents or adults, producing 
acute intoxication. Second, because of its highly variable 
pharmacokinetics and narrow therapeutic index, theo- 
phylline is often responsible for unintentional chronic 
intoxication. By either mechanism, theophylline poisoning 
leads to a host of clinical and metabolic complications 
that often result in disastrous consequences, including 
death. A thorough understanding of theophylline 
intoxication, including rational and effective treatment 
algorithms (Box 65-1), is therefore necessary for 
management of this overdose. 


BOX 65-1 


Supportive Care 


Airway control, respiratory support, and vascular access as needed; 
cardiorespiratory monitoring 


Treatment of Life-Threatening Events 


Seizures 
Give benzodiazepines. Add barbiturates if necessary. Avoid 
phenytoin. 
Paralyze if necessary. Provide electroencephalogram monitoring. 
Cardiac arrhythmias 
Supraventricular—administer adenosine. Consider B blocker or 
calcium channel blocker. 
Ventricular—treat specific rhythm disturbance according to 
advanced cardiac life support protocols. 


Laboratory Assessment 


Electrolytes, arterial blood gas 

Serum theophylline concentration (obtain serial measures until 
plateau is documented) 

Electrocardiogram 


Gastrointestinal Decontamination 


Administer activated charcoal. 
No established role for gastric emptying, e.g., ipecac or lavage. No 
role for cathartic administration. 


Correction of Metabolic Disturbances 


Hyperglycemia does not require treatment. 
Hypokalemia should not be treated unless severe. 
Metabolic acidosis is typically modest and requires no treatment. 


Elimination Enhancement 


Administer activated charcoal every 2—4 hours. 
Consider hemodialysis for severe cases. 
Hemopertusion is also efficacious. 
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FIGURE 65-1 Theophylline and related compounds. 


Structure and Structural Relationships 


As illustrated in Figure 65-1, the methylxanthines are 
purines that are structurally related to the nucleotides 
adenine and guanine. Theophylline is 1,3-dimethylx- 
anthine. It is closely related to caffeine (1,3,7-trimethylxan- 
thine) and theobromine (3,7-dimethylxanthine). Caffeine 
is found in high concentration in coffee and certain teas. 
Theobromine is primarily found in cocoa. A related 
drug, pentoxifylline, is prescribed for treatment of 
peripheral vascular disease. Adenosine, which is an 
adenine-ribose nucleoside, is closely related to theophylline 
in structure and appears to have an important role in 
theophylline’s pharmacologic actions and toxic effects. 

Theophylline products are available as solutions, 
tablets, and sustained-release capsules. Because of its 
poor solubility in water, theophylline has an intravenous 
form, aminophylline, which is about 80% theophylline 
by weight." 
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Pharmacology 
PHARMACOKINETICS 


In its oral form, theophylline is most commonly 
prescribed as a sustained-release capsule. Sustained- 
release theophylline is designed to provide stable serum 
concentrations by having a gastrointestinal (GI) absorp- 
tion rate that approximates that of drug elimination. 
These agents are not completely absorbed until 6 to 
8 hours after ingestion. Overdoses of sustained-release 
theophylline can be associated with 15- to 24-hour delays 
to peak absorption. There is no significant presystemic 
clearance (first-pass effect) of the drug. 

Once absorbed, theophylline is distributed through- 
out the body with a relatively small volume of 
distribution (average, 0.45 L/kg, with a range of 0.3 to 
0.7 L/kg).’° Young infants and elderly people tend to 
have larger volumes of distribution. Plasma protein 
binding is 40% to 65%. The therapeutic serum concen- 
tration of theophylline is generally considered to be 10 
to 20 ug/mL, although lower serum concentrations can 
produce the desired therapeutic effect. As a general rule, 
1 mg/kg of administered theophylline raises serum 
theophylline concentration by 2 ug/mL. Theophylline 
freely crosses the placenta and enters breast milk." 

The metabolism of theophylline occurs through its 
biotransformation by the cytochrome P-450 system. The 
specific isoenzymes of this superfamily responsible for 
theophylline metabolism are CYP1A2, CYP2E1, and 
CYP3A3. The primary metabolic step is N-demethylation 
by the enzyme CYPI1A2, producing the pharmaco- 
logically active agent 3-methylxanthine. The secondary 
metabolic pathway is hydroxylation, forming inactive 1,3- 
dimethyluric acid. Neonates also have the ability to 
metabolize theophylline by its methylation, producing 
caffeine. Moreover, neonates excrete about 50% of 
theophylline in urine unchanged (versus only 10% in 
children and adults).!° 

The rate of theophylline metabolism is variable; age is 
a very important influence (Table 65-1), with neonates 


Theophylline Elimination Patterns by Age 


POPULATION AGE 


Neonates and Infants 


Premature neonates 1 wk 
Premature neonates 41d 
Term infants 18 wk 
Term infants 34 wk 
Children and Adolescents 4-15 yr 
Adults 

Asthmatic nonsmokers 31yr 
Healthy nonsmokers 22-35 yr 
Healthy elderly nonsmokers 67 yr 
Healthy elderly nonsmokers >70 yr 


NA, not available. 


HALF-LIFE (hr) CLEARANCE (mL/kg/min) 


30 0.29 
20 0.64 
6.9 0.80 
3.7 2.0 
3.0 1.55 
9.4 0.65 
8.1 0.86 
7.4 0.59 
9.8 NA 





and elderly people eliminating the drug relatively 
slowly.'° Theophylline clearance is maximal between the 
ages of 1 and 9 years; it decreases by about 50% in 
adults.!° The reason for such age-dependent elimination 
rates is unclear but may be related to the relative activity 
of cytochrome P-450 enzymes. 

Theophylline also exhibits Michaelis-Menten (saturable) 
kinetics. As a result, across a narrow range, increments in 
dose are associated with corresponding increments in 
serum theophylline concentration. At high doses, 
however, increments lead to disproportionate elevations 
in serum concentration.!” Conversely, with severe theo- 
phylline intoxication, initial drug elimination rates are 
extremely slow, following zero order (dose-dependent) 
kinetics. With decreasing serum theophylline concen- 
tration, first order (dose-independent) kinetics eventually 
appear, leading to abrupt increases in elimination rate. 
These kinetics are often responsible for inadvertent theo- 
phylline intoxication, for example, if a clinician mis- 
takenly assumes that a 50% increase in dose will always 
result in a 50% increase in serum theophylline con- 
centration. 


DRUG—-DRUG INTERACTIONS 

Theophylline is a drug whose metabolism is highly 
subject to alteration by concomitant drug use. A growing 
list of drugs, when prescribed with theophylline, can 
result in either increased or decreased clearance. 
Chronic theophylline intoxication is often a result of 
unrecognized drug interactions. 

The drugs that have been associated with increased 
theophylline clearance are relatively few; all are known 
to be inducers of cytochrome P-450 enzymes. Such agents 
include phenobarbital, phenytoin, carbamazepine, and 
tobacco smoke. Patients who are taking these drugs often 
have difficulty maintaining therapeutic serum theo- 
phylline concentrations, requiring inordinately high 
doses because of their high drug clearance rate. If these 
patients discontinue their medications or quit smoking 
because they feel unwell, theophylline elimination rates 
can quickly revert to normal. For example, theophylline 
clearance falls by about 40% within 1 week of abstinence 
from cigarette smoking.! Passive smoking also appears 
to increase theophylline clearance.'® 

The list of agents that decrease theophylline clearance 
is extensive (Box 65-2). It is also notable that among 
drug classes, one member may inhibit clearance while 
others do not; for example, cimetidine, a histamine-2 
(Hə) antagonist, is a potent inhibitor of theophylline 
metabolism. However, the Hs antagonists ranitidine and 
famotidine do not appear to have this action. Other 
common drugs that diminish theophylline clearance 
include the macrolide antibiotics (e.g., erythromycin 
or clarithromycin) and the quinolone antibiotics (e.g., 
ciprofloxacin or norfloxacin). The erythromycin- 
theophylline interaction has been characterized as 
appearing between days 3 and 7 of their concomitant 
use, with serum theophylline concentrations rising by an 
average of 30% to 35% if dosing adjustments are not 
made. 
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BOX 65-2 


Allopurinol 
Cimetidine 
Ciprofloxacin 
Clarithromycin 
Diltiazem 
Disulfiram 
Enoxacin 
Erythromycin 
Fluvoxamine 
Interferon (recombinant œ) 
Methotrexate 
Mexiletine 
Nifedipine 
Norfloxacin 
Ofloxacin 
Roxithromycin 
Tacrine 
Thiabendazole 
Troleandomycin 
Verapamil 


Adapted from American Academy of Pediatrics Committee on Drugs: 
Precautions concerning the use of theophylline. Pediatrics 1992;89:781; and 
Hendeles L, Jenkins J, Temple R: Revised FDA labeling guidelines for 
theophylline oral dosage forms. Pharmacotherapy 1995;15:409. 





DRUG-DISEASE INTERACTIONS 

Several medical conditions have significant impact on 
theophylline pharmacokinetics. In young children, febrile 
illness can markedly reduce theophylline elimination; it 
is recommended that the dose of theophylline be 
reduced by half in children who are febrile for more 
than 24 hours.’ Influenza and respiratory syncytial virus 
have also been reported as infectious agents that can 
reduce theophylline elimination.!® Cardiac disease, 
particularly congestive heart failure, can reduce 
theophylline clearance by as much as 50%, presumably 
through hepatic congestion and secondary alterations in 
pharmacokinetic profile.’ Primary hepatic disease can 
also reduce theophylline clearance by as much as 50%. 
Both cystic fibrosis and hyperthyroidism have been 
associated with increased theophylline clearance, resulting 
in larger dosing requirements. Renal disease has no 
important effect on theophylline pharmacokinetics. 


PHARMACOLOGIC ACTIONS 

Methylxanthines have a number of pharmacologic 
actions that give them therapeutic value. They relax 
smooth muscles, including those of the bronchi, esoph- 
agus, and gastroesophageal sphincter. They are central 
nervous system (CNS) stimulants that can reduce fatigue 
and improve concentration. Physiologic dependence 
may occur with this action: Acute abstinence from 
caffeine is associated with malaise, headaches, emotional 
lability, and depression. Other CNS actions include 
stimulation of the CNS respiratory center, producing 
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tachycardia. Cardiovascular effects include reduced 
peripheral vascular resistance with increased cardiac 
chronotropy and inotropy. Improved muscle function 
can enhance racing performance and improve pulmonary 
dynamics. Evidence indicates that theophylline is a 
potent inhibitor of renal erythropoietin production.!9 
Methylxanthines are also diuretics. 


MECHANISM OF ACTION 

Four major hypotheses have been advanced to explain 
theophylline’s pharmacologic effects. First is the theory 
that theophylline acts as an inhibitor of phosphodi- 
esterase, the enzyme that breaks down intracellular cyclic 
adenosine monophosphate (cAMP). According to current 
theories, cAMP is created by the membrane-bound 
enzyme adenylate cyclase in response to a number of 
receptor-linked stimuli. cAMP effects a number of actions, 
including regulation of gated potassium channels. ‘These 
actions are terminated when cAMP is metabolized by 
phosphodiesterase. ‘Theophylline was once thought to be 
a potent inhibitor of phosphodiesterase. However, data 
now suggest that phosphodiesterase inhibition is 
negligible at therapeutic serum concentrations of 
theophylline, indicating that this mechanism alone 
cannot account for its actions.2°?! The extent of 
phosphodiesterase inhibition has not been studied in 
victims of theophylline intoxication. 

A second theory proposed for theophylline’s actions is 
that of secondary sympathetic nervous system stimulation. 
In therapeutic doses, theophylline produces marked 
increases in the level of circulating catecholamines, 
particularly epinephrine and _norepinephrine.***° 
Theophylline’s actions of bronchodilation, cardiac and 
respiratory stimulation, and even metabolic changes 
such as depression in serum potassium may result from 
augmented plasma catecholamine activity. In a canine 
model of theophylline poisoning, hypokalemia, increased 
oxygen consumption, metabolic acidosis, and cardiac 
disturbances have been directly related to plasma 
catecholamine activity.***° 

The third potential mechanism of theophylline’s 
action is competitive antagonism of adenosine receptors. 
Adenosine, which is a bronchoconstrictor, anticonvulsant, 
and regulator of cardiac rhythm, interacts closely with 
theophylline through its competition for adenosine 
receptors.'**° The structural similarity between these 
chemicals and their opposite physiologic functions 
supports this theory of adenosine receptor antagonism. 

Finally, theophylline’s actions may result directly from 
changes in intracellular calcium transport. For example, 
caffeine has been shown to inhibit the uptake and 
storage of calcium by the sarcoplasmic reticulum of 
striated muscle, thereby producing increased strength in 
skeletal muscle. In animal models, administration of a 
calcium channel blocker appears to protect against 
theophylline-induced toxicity and death.° 


Clinical Toxicity 


Having a narrow therapeutic index, theophylline is asso- 
ciated with a high rate of adverse effects. For example, as 
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many as 15% of patients complain of adverse effects 
when their serum theophylline concentration is in the 
therapeutic range. Once serum theophylline concen- 
trations exceed the therapeutic range (>20 ug/mL), the 
prevalence of adverse effects exceeds 65% to 70%.?" 
More than 90% of patients with serum theophylline 
concentrations greater than 30 Ug/mL demonstrate 
signs of toxicity.’° It is also notable that theophylline 
intoxication has a high rate of iatrogenic origin; Schiff 
and colleagues found that in 68% of patients hospitalized 
with theophylline intoxication, inpatient or emergency 
department drug administration was responsible or 
contributed to toxicity.*® 


CLINICAL MANIFESTATIONS 

The signs and symptoms of theophylline intoxication can 
be placed into five categories: GI, musculoskeletal, 
cardiovascular, neurologic, and metabolic. 154931 


Gastrointestinal 

The GI tract seems most sensitive to theophylline’s 
toxicity. The most common complaints associated with 
theophylline use are abdominal pain, heartburn, and 
vomiting.” In some cases, hemorrhagic gastritis can 
occur. These effects result from GI actions that include 
increased production of gastric acid and pepsin as well as 
relaxation of the lower esophageal sphincter. With 
moderate to severe theophylline intoxication, vomiting 
can be difficult to control despite antiemetic therapy.°° 


Musculoskeletal 

Victims of theophylline intoxication often complain 
of generalized muscle aches. With moderate toxicity, 
muscular hypertonicity with frank myoclonus may 
develop. Coarse tremor has also been reported as a 
manifestation of toxicity.°* These effects have been 
attributed to the potassium disturbances that accompany 
theophylline intoxication or disturbances in intracellular 
calcium transport. Elevations in serum creatine phos- 
phokinase levels have been reported with severe 
intoxication. 


Cardiovascular 

Theophylline has several cardiovascular effects, some 
of which can be life threatening. Even when serum 
theophylline concentrations are in the therapeutic 
range, sinus tachycardia is often present. Greater toxicity 
has effects on vascular tone and cardiac rhythm. 

Peripheral vasodilation is invariable with significant 
theophylline intoxication. This results in a widened 
pulse pressure and a fall in systemic vascular resistance.** 
Hypotension is generally present rather than hyper- 
tension.***° The mechanism of vascular disturbances is 
thought to be vascular B-adrenergic receptor stimulation, 
produced by circulating plasma catecholamines. 

Theophylline is arrhythmogenic.” Myocardial irri- 
tability appears with mild to moderate theophylline 
intoxication; electrocardiograms most often reveal 
ventricular premature beats. These are usually of no 
consequence. However, more severe myocardial irritability 
occurs with serious intoxication, producing bigeminy 


and other potentially unstable rhythms. These dysrhyth- 
mias may be a prelude to life-threatening cardiac 
arrhythmias such as ventricular tachycardia. 

Although sinus tachycardia is one of the most 
common of manifestations of toxicity, appearing in as 
many as 82% of cases,” rhythm disturbances are a sign of 
severe theophylline intoxication and the most common 
cause of theophylline-induced fatalities. Sinus tachycardia 
can quickly progress to life-threatening rhythms, which 
can be either ventricular or supraventricular in origin.*° 
Supraventricular disturbances reported after theophylline 
intoxication include supraventricular tachycardia, atrial 
fibrillation, atrial flutter, and multifocal atrial tachy- 
cardia.°” Many of these rhythms, such as multifocal atrial 
tachycardia, are characteristic of theophylline intoxi- 
cation.*> Supraventricular tachyarrhythmias result in 
increased myocardial oxygen demand, compromised car- 
diac output, shock, metabolic acidosis, and myocardial 
ischemia or infarction. Life-threatening arrhythmias of 
ventricular origin consist of ventricular tachycardia and 
ventricular fibrillation. 

The mechanism of cardiac rhythm disturbances is 
unclear. They may be secondary to elevated plasma 
catecholamine activity. Other data now suggest that the 
mechanism of rhythm disturbances is theophylline 
inhibition of cardiac adenosine receptors. 


Neurologic 

Neurologic manifestations of theophylline intoxication 
appear at relatively low serum concentration; users of 
theophylline may complain of anxiety and insomnia. In 
children, theophylline may produce behavioral dis- 
turbances (e.g., agitation and motor restlessness) that 
interfere with school function.*?*° Although results of 
clinical investigations have been mixed, most data have 
failed to demonstrate a consistent effect on learning, 
although some children are likely to have a detrimental 
neurobehavioral response to the medication.*)™ 

With moderate theophylline intoxication, more 
striking signs of neurologic disturbance appear. An early 
sign of intoxication is tachypnea, representing stim- 
ulation of CNS respiratory centers and often resulting in 
respiratory alkalosis. Worsening clinical toxicity is attended 
by anxiety, agitation, and delirium or hallucinosis.** 

The single most serious neurologic consequence of 
theophylline intoxication is the appearance of seizures. 
Theophylline-induced seizures can present in many 
patterns. These seizures are usually generalized, although 
focal seizures have been described.* In young infants, 
seizures may be subtle, consisting of generalized 
hypertonicity, posturing, eye deviation, and lip smacking 
without a clonic component. Theophylline-induced 
seizures can be single or repeated. They can appear 
without warning, although irritability, vomiting, and 
headache may be premonitory signs.'? Seizures may 
occur at serum theophylline concentrations less than 
20 ug/mL.'° Once they appear, seizures can be extremely 
difficult to treat, being resistant to standard anticonvulsant 
therapy. Seizures due to theophylline use often predict a 
poor outcome; earlier case series reported a mortality 
rate of 50% to 100% among those who developed 
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seizures.***° Numerous case reports and case series have 
reported disabling, permanent neurologic sequelae in 
those who develop theophylline-induced seizures. 104651 
Neurologic and neurobehavioral complications can 
include amnesia, personality changes, quadriplegia, and 
intractable seizure disorder. In young infants, associated 
intracerebral hemorrhage has been reported.*” Neurologic 
sequelae are more common after long-term theophylline 
overmedication rather than acute single overdose. 

The mechanism of theophylline-induced seizures is 
not completely understood and is likely multifactorial. 
However, in one series, as many as 34% of children and 
12% of adults developed abnormalities on electroen- 
cephalogram while taking the medication.*° Theophylline- 
induced seizures have been linked to dysfunction of 
GABAergic inhibitory neurons and depressed serum 
pyridoxal levels°?; in an animal model, pyridoxine, which 
promotes y-aminobutyric acid (GABA) synthesis, was 
found to ameliorate theophylline-induced seizures.°* 

Theophylline’s relationship to CNS adenosine 
receptors has received considerable attention in recent 
years. The CNS has a dense population of adenosine 
receptors. These modulate the activity of various popu- 
lations of neurons (e.g., cholinergic and glutaminergic). 
In vitro and in vivo studies have proved the importance 
of endogenous adenosine in regulating neuronal 
depolarization. For example, adenosine antagonists lead 
to marked alterations in seizure pattern after ex- 
perimental administration of proconvulsant agents, 
producing uninterrupted electric discharge. Studies with 
radiolabeled theophylline have also shown it can 
displace adenosine from its receptor sites. In an animal 
model of theophylline-induced seizures, Shannon and 
Maher demonstrated that direct CNS administration of 
adenosine could forestall theophylline-induced seizures.” 

In addition to its direct neuroexcitatory effects, 
theophylline has marked effects on cerebral vascular 
tone, an action that is also related to adenosine activity.” 
Adenosine is a potent stimulator of cerebral vasodilation; 
marked increases in CNS adenosine activity occur in 
response to cerebral ischemia, representing another 
cerebroprotective effect. Theophylline antagonizes this 
action, producing sustained cerebrovasoconstriction, 
which compromises CNS delivery of oxygen and nutri- 
ents as well as removal of toxic metabolic wastes. 


Metabolic 

Metabolic complications of theophylline intoxication 
are many.” Even in therapeutic doses, theophylline 
can produce depressions in serum potassium and 
elevations in blood glucose levels. With more severe 
intoxication, profound hypokalemia can result. Serum 
potassium concentrations as low as 1.7 mEq/L have been 
reported after theophylline poisoning.**”® 

The mechanism of theophylline-induced hypokalemia 
is well defined. Although early theories attributed it to 
potassium losses as a result of vomiting or diuresis, these 
are unlikely to be the cause.°? For example, Amitai and 
Lovejoy demonstrated that the hypokalemia often precedes 
vomiting.®° The current belief is that hypokalemia results 
from increased intracellular transport of potassium ion, 
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produced by amplification of sodium-potassium 
adenosine triphosphatase (Na*/K*-ATPase) or opening 
of calcitum-linked potassium channels. This effect occurs 
secondary to catecholamine-induced f.-adrenergic 
stimulation.*”°!*> As a result, total-body potassium is 
preserved. ‘Theophylline-induced hypokalemia promptly 
reverses as serum theophylline concentration declines, 
without potassium supplementation. The clinical con- 
sequences of theophylline-induced hypokalemia are 
unclear. Although hypokalemia has been implicated in 
the genesis of theophylline-induced cardiac arrhythmias, 
this is only speculative and is not supported by available 
data. Blood glucose elevations also appear to be a result 
of circulating plasma catecholamines. Serum blood glucose 
can rise to levels greater than 400 mg/dL; theophylline 
intoxication can mimic diabetic ketoacidosis.°4* 

Metabolic acidosis with depression of serum bicarbon- 
ate levels is usually modest but can be severe, resulting in 
a high anion gap. Serum bicarbonate concentrations as 
low as 5 mEq/L have been reported after serum 
theophylline poisoning. Acidosis appears to result from 
the combination of increased lactate production and 
lipolysis with increased free fatty acid circulation.” 

Other metabolic disturbances associated with theo- 
phylline intoxication include hypercalcemia, which has 
been reported in as many as 15% of patients. 
Hypomagnesemia, hypophosphatemia, and respiratory 
alkalosis have also been reported.°®”® 

Theophylline has not been proved to have significant 
human genotoxicity or fetotoxicity, although such effects 
have been observed in experimental models.” How- 
ever, it is listed as a pregnancy category C drug by the 
U.S. Food and Drug Administration. 


Acute vs. Chronic Intoxication 


The clinical course of patients with theophylline poisoning 
is highly variable and often unpredictable. The reasons 
for such wide variations in reaction to a drug whose toxic 
manifestations are so clearly recognized have been an 
enigma that continues to challenge clinicians who must 
provide immediate and appropriate care to theophylline- 
poisoned patients in order to prevent disastrous outcomes. 
During the past 20 years, a series of important modulators 
of theophylline poisoning have been identified. 

Early descriptions of the clinical course of theophylline 
intoxication suggested that serum theophylline concen- 
trations were highly predictive of outcome. For example, 
in a study of 28 children with acute theophylline 
intoxication, Gaudreault and colleagues demonstrated 
that life-threatening toxicity did not appear with serum 
theophylline concentrations less than 70 ug/mL and 
that the lower the serum theophylline concentration, the 
less likely the risk for major toxicity.® Bertino, Aitken, 
and others subsequently published case series indicating 
that serum theophylline concentration was not always 
predictive of clinical course and that patients with 
relatively low serum theophylline concentrations often 
had fatal outcomes.*%®7! 

In 1985, Olson and colleagues were the first to clearly 
demonstrate that the clinical course of patients with 
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theophylline intoxication was largely influenced by the 
mechanism of their poisoning.” This study found that 
victims of acute theophylline intoxication, although they 
were more likely to have metabolic consequences such as 
hypokalemia and hyperglycemia, seemed to tolerate 
elevated serum theophylline concentrations better than 
those with chronic overmedication. Those in the 
latter category had a lower incidence of metabolic dis- 
turbances but were more likely to have life-threatening 
seizures or cardiac disturbances. Moreover, these life- 
threatening events occurred at lower serum theophylline 
concentrations than in those with acute intoxication 
who developed life-threatening events. ”” 

Subsequent studies have attempted to clarify differ- 
ences in outcome as influenced by method of intoxication.° 
Consequently, three types of patients with theophylline 
intoxication have been identified: those with acute 
overdose, those with chronic overmedication, and those 
with acute-on-therapeutic intoxication. According to 
current definitions, the victim of acute theophylline 
overdose is one who has not been taking or receiving 
theophylline but is then exposed to a single dose 
exceeding 10 mg/kg. A patient who suffers an acute 
toxic overdose and who has been taking theophylline for 
only 1 or 2 days, not having reached steady-state concen- 
trations (which require 4 to 5 half-lives), is also considered 
a victim of acute overdose. Common causes of acute 
overdose include ingestion by children, attempted 
suicide by young adults, and inadvertent administration 
of an excess dose by clinicians (physician, nurse, or 
pharmacist). Tenfold errors in drug administration are a 
common cause of acute intoxication in children. 

The findings of Gaudreault and colleagues have been 
borne out by larger, subsequent clinical investigations: 
Patients with acute theophylline overdose generally 
exhibit signs of minor toxicity at serum theophylline 
concentrations of 20 to 40 ug/mL, moderate toxicity with 
concentrations of 40 to 80 ug/mL, and severe toxicity 
with concentrations of greater than 70 to 80 ug/mL. In 
the absence of prompt, aggressive care, serum theo- 
phylline concentrations of greater than 100 Ug/mL are 
often fatal (although survival with only supportive care 
has been reported with serum theophylline concen- 
trations of 203 and 300 ug/mL.”4 

Victims of chronic theophylline overmedication differ 
from those with acute poisoning in several respects. First, 
epidemiologically, these patients are more likely to be 
very young (i.e., neonates) or elderly. They invariably 
have preexisting cardiorespiratory disease, which is the 
reason they are taking the medication. Unintentional 
overmedication can result from a number of causes, 
most commonly inappropriate dosing by the patient or 
health care provider (Table 65-2). Those with chronic 
overmedication have a substantially higher risk for major 
toxicity than those with acute intoxication (49% versus 
10% in one study®’). This higher incidence occurs 
despite lower serum theophylline concentrations in 
those with chronic overmedication.” 

The most distinctive feature of chronic theophylline 
overmedication is the complete loss of predictive value 
provided by serum theophylline concentration. Victims 


Common Causes of Chronic Theophylline 


Overmedication 





CAUSE PERCENTAGE OF CASES 
Increased dosing by patient 31 
or parent 
Physician dosing error 14 
Drug interaction 7 
Cardiac disease 10 
Viral illness 3 
Hepatic disease 1 
Unknown 35 


Adapted from Shannon M, Lovejoy F: The influence of age vs. peak 
serum concentration of life-threatening events after chronic 
theophylline intoxication. Arch Intern Med 1990;150:2045. 





of chronic overmedication may have seizures, arrhythmias, 
and fatalities at serum theophylline concentrations as 
low as 20 to 30 Ug/ mL: Conversely, patients may survive 
serum concentrations as high as 100 ug/mL. Olson and 
coworkers suggested that among those with chronic 
overmedication, serum theophylline concentrations 
have some predictive value; however, others have not 
found this. Studies now indicate that age rather than 
peak serum theophylline concentration is most pre- 
dictive of major toxicity after chronic theophylline over- 
medication; proportional increases in the risk of a life- 
threatening event occur with advancing age. In the 
pediatric age group, the opposite is true; the younger the 
patient, the greater the risk for major toxicity.””° Age is 
not a risk factor in the development of major toxicity for 
those with acute theophylline overdose. 

Acute-on-therapeutic theophylline intoxication acts in 
an intermediate fashion, with metabolic disturbances 
and clinical consequences occurring in a pattern that lies 
between the other two populations.3%7577 

Differences between those with acute versus chronic 
theophylline intoxication are also evident in patients’ 
metabolic profile. For example, in those with acute 
intoxication, 85% to 95% develop hypokalemia, in contrast 
to 25% to 32% of those with chronic overmedication.’2”" 
Serum glucose level is typically higher and serum 
bicarbonate level lower in those with acute theophylline 
overdose. 


Diagnosis of Theophylline Poisoning 


The diagnosis of theophylline poisoning is made in 
various ways. With acute overdose, patients, friends, or 
caretakers offer a history of recent use. In those with 
chronic overmedication, the diagnosis may be more 
elusive, with vague and nonspecific presenting com- 
plaints. Complaints of nausea, vomiting, and diarrhea 
may be erroneously diagnosed as gastroenteritis. In 
elderly patients, the presenting complaint is often 
respiratory decompensation; in such cases, the devel- 
opment of chronic theophylline overmedication has 
likely resulted from improper self-medication (ie., 
taking extra doses). In many cases of theophylline 
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intoxication, seizures may be the presenting feature. 
Various presenting signs require a high index of 
suspicion as well as a detailed review of medications that 
the patient is taking. Because increasing numbers of 
drugs are being found to inhibit cytochrome P-450 
activity, close attention should be paid to those patients 
taking theophylline in combination with another drug. 

In those who receive inadvertent intravenous theo- 
phylline overdoses, representing either acute or acute- 
on-therapeutic poisoning, the error is often discovered 
when the clinical status deteriorates and tachycardia, 
agitation, or frank seizures appear. 

Serum theophylline concentrations are readily 
measured. However, theophylline may not be a part of a 
general toxic screen, and thus the test must be 
specifically requested. Because serum theophylline 
concentrations may be of limited value in patients with 
chronic theophylline overmedication, it is essential that 
a thorough clinical assessment be performed. After an 
acute toxic ingestion, theophylline concentrations 
should be measured every 2 to 4 hours until a plateau is 
documented because of the risk for delayed peak 
absorption after ingestion of sustained-release theo- 
phylline preparations.!>:778 

Ancillary laboratory tests that are important in the 
treatment of patients with theophylline intoxication 
include an electrocardiogram; chest radiograph; meas- 
urement of arterial blood gas, serum electrolytes, cal- 
cium, and blood sugar; and occasionally liver function 
tests. Because seizures may be associated with a cerebro- 
vascular accident, cranial tomography should be con- 
sidered for those who develop convulsions. 


Management of Theophylline Poisoning 


SUPPORTIVE MEASURES 

General management principles are key in the care of 
patients with theophylline poisoning. For those with 
respiratory compromise, cardiac disturbances, or seizures, 
initial interventions must include airway control, assisted 
ventilation, and vascular access. Patients who present 
with respiratory failure as a result of exacerbation of 
their pulmonary disease or seizure require immediate 
endotracheal intubation. Hypotension may reflect 
theophylline-induced vasodilation, dehydration, or 
myocardial infarction. In such cases, based on clinical 
assessment and, ideally, central venous pressure 
monitoring, modest fluid boluses should be administered. 
If vasopressor therapy is needed, there are theoretic 
advantages to using phenylephrine, a potent peripheral 
vasoconstrictor. However, more conventional vasopressors, 
including dopamine, dobutamine, and norepinephrine, 
are also effective for blood pressure support. 

Cardiac arrhythmias also require immediate inter- 
vention and can be treated according to advanced cardiac 
life support algorithms. Isolated ventricular premature 
beats without hemodynamic compromise require no 
treatment. More significant signs of myocardial irritability 
should be treated with appropriate doses of lidocaine. 
Although the proconvulsant actions of lidocaine pose 
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theoretic risks, no evidence shows that lidocaine is 
detrimental when used in appropriate doses. Supraven- 
tricular arrhythmias can be treated with agents including 
B blockers, verapamil, or adenosine. Propranolol has 
been shown to reverse peripheral vasodilation, hypo- 
tension, tachycardia, hypokalemia, and hypercalcemia 
after theophylline poisoning.”46366.79 Tt may, however, 
produce bronchoconstriction in susceptible individuals. 
Esmolol, a very short-acting B)-specific antagonist, has 
been used successfully for reversal of tachycardia.8%81 
The calcium channel blocker verapamil, although effective 
in the treatment of supraventricular tachycardia, carries 
the risk for exacerbating hypotension.* 

The intimate relationship between theophylline and 
adenosine justifies the use of adenosine (Adenocard) as 
first-line treatment for theophylline-induced_tachyar- 
rhythmias. Supraventricular tachycardia is very responsive 
to adenosine therapy. If the basis of theophylline- 
induced tachyarrhythmias is cardiac adenosine receptor 
antagonism, exogenous adenosine can be considered an 
“antidote” in reversing this effect. ‘The dose of adenosine 
is 6 to 20 mg for adults and 0.1 mg/kg for children. 
Adenosine is effective only if delivered into the central 
circulation by rapid bolus. Having an elimination half- 
life of about 10 seconds, adenosine may not produce 
sustained control of arrhythmias. Like propranolol, 
adenosine has been associated with the occurrence of 
bronchoconstriction. 

Seizures are an ominous occurrence with theo- 
phylline intoxication because they are often multiple, 
are highly resistant to anticonvulsant therapy, and are 
associated with permanent neurologic disability. This 
recognition has led some physicians to recommend 
prophylactic anticonvulsant therapy to those patients 
who present with severe theophylline intoxication.’? In 
many victims, however, particularly those with chronic 
theophylline overmedication (who have the greatest 
likelihood of seizures), high-risk patients are difficult to 
identify, making it unclear who should receive preventive 
anticonvulsant therapy. Certainly, once they appear, 
seizures should be treated aggressively. The initial 
anticonvulsant should be a benzodiazepine (e.g., diazepam 
or lorazepam). Benzodiazepines are considered agents 
of choice because the benzodiazepine receptor is linked 
to GABAergic neurons. Large doses of benzodiazepines 
may be necessary to control seizures. The second anti- 
convulsant choice is a barbiturate such as pheno- 
barbital. Like the benzodiazepines, barbiturates have 
actions at the GABA receptor; they are effective at termin- 
ating theophylline-induced seizures. Barbiturates do, how- 
ever, have two disadvantages. First, they have a delayed 
onset of action. Also, being CNS depressants, they may 
produce severe respiratory depression if administered 
in conjunction with benzodiazepines. Phenytoin is 
relatively contraindicated in the treatment of theo- 
phylline-induced seizures, based on both empirical 
observation that it is ineffective in terminating 
theophylline-induced seizures and animal data that sug- 
gest that phenytoin increases the risk for theophylline- 
induced seizures.® If anticonvulsants are ineffective in 
terminating seizures, skeletal muscle paralysis may be 
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necessary to prevent the complications of prolonged 
tonic-clonic activity. However, with theophylline intoxi- 
cation, paralysis carries the risk for masking continued 
seizure activity. Because experimental data suggest that 
continued electric discharge and resulting metabolic 
disturbances are pivotal in  theophylline-induced 
neurologic injury, every effort should be made to provide 
electroencephalographic monitoring. 

GI disturbances, although generally not considered 
life threatening, have a critical role in the management 
of theophylline intoxication because they prevent 
both successful GI decontamination and elimination 
enhancement with multiple-dose activated charcoal. 
Therefore, a treatment priority is control of vomiting. 
Vast clinical experience indicates that conventional 
interventions, including antiemetic suppositories and 
low-dose metoclopramide, are ineffective therapies. 
Phenothiazines are also disappointing as antiemetics; 
they also may precipitate seizures because of their ability 
to lower seizure threshold. 

Several agents are effective in control of theophylline- 
induced emesis. Parenteral H, antagonists, particularly 
ranitidine, control gastric acid secretion and reduce 
the mucosal irritation that contributes to vomiting™ 
(Fig. 65-2). Metoclopramide is an effective antiemetic 
if given in adequate doses. For control of theophylline- 
induced vomiting, the recommended dose is 0.1 to 
1 mg/kg; lower doses are unlikely to be effective. 
Because metoclopramide doses of this magnitude have 
been associated with the development of acute dystonic 
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FIGURE 65-2 Serum theophylline concentrations and frequency 
of vomiting in two patients before and during treatment with 
ranitidine, droperidol, and repetitive activated charcoal. ty/, 
elimination half-life of theophylline. (From Amitai Y, Yeung AC, 
Moye J, Lovejoy FH: Repetitive oral activated charcoal and control 
of emesis in severe theophylline toxicity. Ann Intern Med 
1986; 105:386.) 
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reaction, diphenhydramine should be made readily 
available or administered prophylactically. Ondansetron, 
a nonsedating antiemetic that acts as an inhibitor of 
CNS serotonergic neurons, has also been successfully 
used to control theophylline-induced vomiting.® 
Another agent that may be effective is droperidol.* 

Aggressive GI decontamination is important because 
sustained-release theophylline tablets can coalesce, 
forming bezoars.®® Activated charcoal should be 
administered as soon as possible. Whole bowel irrigation 
has been advocated for the treatment of sustained- 
release theophylline ingestion; however, whole bowel 
irrigation fluids may promote theophylline desorption 
from activated charcoal. One study has suggested that 
whole bowel irrigation offers no additional benefit over 
activated charcoal.*’ If confirmed by additional studies, 
these data would support omission of whole bowel 
irrigation as an adjunct to use of activated charcoal after 
theophylline ingestion. 

Metabolic disturbances generally do not require 
aggressive management. Insulin therapy is not recom- 
mended for hyperglycemia because blood glucose 
elevations are transient and inconsequential.” Significant 
metabolic acidosis should be treated with administration 
of sodium bicarbonate. 

The most significant metabolic abnormality is 
hypokalemia, which can be profound. Because total-body 
potassium is unchanged, exogenous potassium theo- 
retically is not needed. However, because hypokalemia 
may be a risk factor for cardiac disturbances, it is 
appropriate to treat severe depressions of serum 
potassium concentration. Potassium supplementation 
should be provided cautiously and with close monitoring 
of serum potassium values to prevent iatrogenic hyper- 
kalemia. D’Angio and Sabatelli described a patient 
with theophylline intoxication who was treated with 
aggressive potassium replacement. As the patient’s 
serum theophylline concentration fell, however, serum 
potassium level rose, resulting in a hyperkalemic cardiac 
disturbance.®® 


ELIMINATION ENHANCEMENT 
Having a favorable pharmacokinetic profile, theophylline 
can be removed by a number of methods; because of its 
life-threatening toxicity, the drug should be removed as 
quickly as possible once the need has been determined.*? 
Multiple-dose activated charcoal is very effective at 
enhancing the elimination of theophylline from the 
body, even if toxic doses have been administered 
intravenously.$*° Theophylline has the unusual property 
of diffusibility across the gut mucosa, such that if 
activated charcoal is present in the GI lumen, theo- 
phylline adsorbs to charcoal and is eliminated in the 
stool. This action is referred to as GI dialysis or 
enterocapillary exsorption (see Chapter 2). Animal models 
and case reports have demonstrated the efficiency with 
which repeat oral charcoal doses can eliminate 
theophylline that has been administered intravenously. 
Theophylline clearance rates as high as 100 mL/min, 
corresponding to serum elimination half-lives as low as 
1 to 2 hours, have been reported with use of multiple- 
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dose activated charcoal.!>”59! Because it is so effective 
yet noninvasive, multiple-dose activated charcoal is the 
cornerstone of elimination enhancement procedures 
in patients with theophylline intoxication.” 

For treatment of theophylline intoxication, activated 
charcoal should be administered in a dose of 1 g/kg 
(maximum 50 g) every 4 hours. If vomited, the dose 
should be repeated. Alternative administration strategies 
include 20 g every 2 hours or continuous nasogastric 
infusion of activated charcoal.” Aggressive antiemetic 
therapy is usually necessary to permit retention of 
charcoal. Continuous assessment of bowel motility is 
important because of the risk for intestinal pseudo- 
obstruction, which has been associated with use of 
multiple-dose activated charcoal in theophylline 
intoxication.” Repeat doses of charcoal can be safely 
administered to young infants.”° 

In 1979, Russo demonstrated that theophylline could 
be rapidly removed from the body by hemoperfusion.*! 
Theophylline clearance rates that were four to six times 
greater than endogenous clearance could be produced 
by hemoperfusion, making this procedure extremely 
valuable in treating theophylline intoxication. With 
hemoperfusion, theophylline extraction ratios as high 
as 0.75, corresponding to elimination half-lives of 1 to 
2 hours, were initially reported. Three hours of hemo- 
perfusion removed more than 65% of a theophylline 
dose in early experiences.” In contrast, hemodialysis, an 
alternative to hemoperfusion, could only double theo- 
phylline clearance rates.” 

Hemoperfusion has become widely considered to be 
the definitive treatment for theophylline intoxication. 
However, because newer high-flux hemodialysis machines 
are capable of increasing theophylline clearance rates 
greater than 300 mL/min, comparable to the rates 
achieved with hemoperfusion,’ hemodialysis is now 
considered an option equal to charcoal hemoperfusion 
for serious theophylline intoxication. 

The criteria for hemodialysis (or hemoperfusion; 
HD/HP) after theophylline intoxication are contro- 
versial. Park and colleagues proposed the criterion of 
peak serum theophylline concentration greater than 
60 ug/mL or a concentration of greater than 30 ug/mL 
in patients older than 60 years.” Olson and coworkers 
have recommended hemoperfusion in those with acute 
intoxication and serum theophylline concentrations of 
greater than 100 ug/mL and in those with chronic 
overmedication and peak concentrations greater than 40 
to 60 ug/mL.”? Greenberg and associates recommended 
that hemoperfusion be performed only in those with 
intractable hypotension, ventricular ectopy, or resistant 
seizures.** Notably, all investigators have emphasized that 
a criterion for HD/HP is the appearance of seizures or 
arrhythmias, suggesting that HD/HP is also effective in 
reducing morbidity and mortality once major toxicity is 
manifested. However, data now suggest that most 
patients who received HD/HP after they had a seizure or 
cardiac arrhythmia continued to have these life- 
threatening events. In contrast, as few as 5% of patients 
who receive HD/HP before major toxicity eventually 
develop a life-threatening event.” Therefore, HD/HP is 
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Acute Intoxication 


. Multiple-dose activated charcoal for all patients 

. HD/HP for patients with peak serum [theo] > 80—100 ug/mL* 

. HD/HP for patients with peak serum [theo] > 60-80 pg/mL and 
intractable vomiting 

. HD/HP for those with seizures or cardiac arrhythmias and serum 
[theo] > 100 pg/mL 


Chronic Overmedication 


1. Multiple-dose activated charcoal for all patients 
2. HD/HP for all patients younger than 6 mo or older than 65 yr 
with serum [theo] > 30—40 ug/mL 


*Exchange transfusion may be used as an alternative therapy for neonates. 
HD/HP, hemodialysis or hemopertusion. 





best considered a preventive intervention rather than a 
procedure that offers great benefit after major toxicity 
has developed. 

Based on the growing data that have analyzed major 
toxicity and its predictors as a function of method of 
intoxication, the following recommendations are 
rational (Box 65-3): For all patients with theophylline 
intoxication (serum theophylline concentration > 20 to 
30 Ug/mL), treatment should be initiated with multiple- 
dose oral charcoal. For those with acute theophylline 
intoxication, HD/HP should be performed in patients 
with a serum theophylline concentration of greater than 
80 to 100 ug/mL. If uncontrolled vomiting prevents 
successful charcoal administration, HD/HP should be 
performed in all those with serum theophylline 
concentrations that exceed 60 to 80 ug/mL. 

The decision to perform HD/HP after chronic 
theophylline intoxication is more difficult for several 
reasons. First, the patients at greatest risk for seizures 
and cardiac arrhythmias cannot be identified on the 
basis of peak serum theophylline concentration. Second, 
these victims are usually very young or very old, ages at 
which HD/HP is technically more difficult. Finally, 
patients with chronic theophylline intoxication often 
have seizures and cardiac arrhythmias as their presenting 
manifestations, making the value of HD/HP less clear. 
Nonetheless, because of the evidence that high-risk 
patients are those at extremes of age, hemodialysis should 
be considered in all patients with a serum theophylline 
concentration of greater than 30 Ug/mL, particularly 
those younger than 6 months or older than 65 years. 

HD/HP is technically difficult to perform in 
neonates, although it has been proved successful.”® 
Consequently, alternative methods of extracorporeal 
drug removal have been evaluated. Among these, 
exchange transfusion is the procedure with the greatest 
promise. Although an early case report found no benefit 
of exchange transfusion in infants with severe acute 
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theophylline intoxication,’ two recent case reports have 
demonstrated that significant amounts of theophylline 
can be removed with exchange transfusion, making this 
therapy a viable option in acutely poisoned neonates.9?! 

Plasmapheresis has also been successfully used in the 
treatment of theophylline intoxication, reducing 
elimination half-life to 1.7 hours.!011 


CAFFEINE 


Caffeine is a plant alkaloid found in a wide variety of 
foods and beverages. Coffee, tea, and chocolate have the 
largest natural concentrations of caffeine. Caffeine is 
also added to carbonated beverages and a large number 
of over-the-counter medications including weight 
control aids, “alertness” tablets, pain relievers, diuretics, 
and cold remedies (Table 65-3). Finally, caffeine is 
prescribed for the treatment of apnea-bradycardia in 
newborns and as adjunctive therapy for cerebrovascular 
(migraine) headache. 


Clinical Pharmacology 


Found in the most popular beverages in the world 
(coffee and soft drinks), caffeine is a widely consumed 
drug. Significant increases in caffeine use among 
children and adolescents has been observed in recent 
years and has been attributed to increased rates of 
hypertension, insomnia, chronic headache, motor tics, 
irritability, learning difficulties, and other adverse health 
effects, 103107 

Caffeine can be administered by a number of routes, 
including oral, intravenous, subcutaneous, and rectal. 


Average Caffeine Content of Beverages, 
Foods, and Pharmaceuticals 


DOSE RANGE (mg) 


Beverages 
Coffee (5 oz) 
Brewed 40-200 
Instant 30-150 
Decaffeinated 1-5 
Tea (5 oz) 
Brewed 20-100 
Instant 25-50 
Iced (12-0z glass) 65-80 
Carbonated beverages, 12 oz 25-200 
Chocolate milk 2-10 
Food 
Dark chocolate, 1 oz 5-30 
Nonprescription Pharmaceuticals 
Weight control aids 100-200 
Alertness agents 100-200 
Analgesics 30-65 
Diuretics 100-200 
Cold remedies 15-30 





After ingestion, it is well absorbed, with an absorption 
pattern relatively unaffected by the presence of food. 
Peak plasma concentrations are achieved 30 to 60 hours 
after ingestion.!? Absorption after rectal and sub- 
cutaneous administration is equally rapid. It has an 
apparent volume of distribution of 1 L/kg. As with 
theophylline, caffeine metabolism occurs through bio- 
transformation in the cytochrome P-450 system. The 
primary metabolic pathway for caffeine is its demethy- 
lation. 1-Demethylation produces theobromine (3,7- 
dimethylxanthine), a pharmacologically active methyl- 
xanthine found widely in chocolate. 7-Demethy- 
lation of caffeine produces theophylline; as a result, 
caffeine ingestion produces measurable serum theophylline 
concentrations. The elimination half-life of caffeine 
is variable and highly age dependent; the average 
half-life in a nonsmoking adult is 3 to 6 hours. In contrast, 
premature neonates can have elimination half-lives that 
range from 1.5 to 6 days.!°8 Agents associated with induc- 
tion of cytochrome P-450 enzymes (e.g., smoking) 
produce shorter half-lives. About 5% of caffeine is 
excreted unchanged in the urine. Significant amounts of 
caffeine are excreted into breast milk. 

Caffeine has a number of pharmacologic actions. Its 
most important property, mild CNS stimulation, is the 
basis for the worldwide enjoyment of caffeinated 
beverages, particularly coffee. This CNS stimulation is 
associated with increased alertness and concentration as 
well as mood elevation. In excessive doses, undesirable 
effects, including hyperactivity (particularly in children), 
anxiety, and insomnia, appear.*! 

Caffeine has become extremely valuable therapy in 
the treatment of the neonatal apnea-bradycardia 
syndrome. Newborns with this syndrome have recurrent 
hypoventilation, often accompanied by bradycardia. 
Both theophylline and caffeine are effective in treating 
this syndrome; stimulation of central respiratory centers 
by methylxanthines results in decreased apnea, 
increased minute ventilation, normalization of breathing 
pattern, increased ventilatory response to carbon dioxide, 
and reduction in both the need for and duration of 
mechanical ventilation. Another beneficial effect in 
newborns is increased cardiac output.’ Caffeine offers 
the advantages of excellent absorption after ingestion 
and a longer elimination half-life; these provide more 
sustained serum concentrations and more predictable 
pharmacokinetics. The therapeutic serum concentration 
of caffeine is 8 to 20 Ug/mL. 

Caffeine is also a cardiotonic agent, producing 
positive inotropy and chronotropy. However, it does not 
consistently produce significant increases in pulse or 
blood pressure.!!®111 In susceptible individuals, caffeine 
occasionally leads to the development of premature 
ventricular contractions, which are usually of no clinical 
consequence. Important vascular effects of caffeine 
include cerebral vasoconstriction and renal vasculature 
relaxation. Because cerebral vasodilation often contributes 
to the pathophysiology of headache, constriction of 
cerebral blood vessels by caffeine can be therapeutic. 
Enhanced renal blood flow is associated with a modest 
diuretic effect. 


CHAPTER 65 Theophylline and Caffeine 1045 





Caffeine has two important GI effects: smooth muscle 
relaxation and stimulation of gastric secretion. Smooth 
muscle relaxation is most pronounced at the lower 
esophageal sphincter, where gastroesophageal reflux can 
result from caffeine use. In concert with increased 
secretion of both gastric acid and digestive enzymes, 
reflux can result in esophagitis (heartburn). These GI 
effects are also noted after ingestion of decaffeinated 
coffee, suggesting they are mediated by alkaloids other 
than caffeine. Metabolic effects of caffeine include 
increased fatty acid oxidation and glycogenolysis. 
According to one study, typical doses of caffeine, unlike 
theophylline, do not usually produce marked increases 
in circulating plasma catecholamines.''* However, 
catecholamine elevations have been reported in victims 
of caffeine intoxication.!!* 

Caffeine exhibits all the properties of an addictive 
drug (tolerance, dependence, and an abstinence syn- 
drome on immediate withdrawal). Tolerance to all its 
pharmacologic effects develops after repeated use. 


Clinical Toxicology 


Undesirable effects of caffeine can appear after ingestion 
of as little as 50 mg; at these doses, anxiety, GI upset, and 
insomnia may occur. More significant toxicity appears 
after ingestion of 15 to 30 mg/kg. At this range, 
moderate toxicity is marked by vomiting, myoclonus, and 
myocardial irritability. Vomiting may be severe; frank 
hematemesis may occur.!!* Fatal oral doses of caffeine 
have ranged from 5 to 50 g, with a mean of 10 g; the 
lethal dose is estimated to be 100 to 200 mg/kg." 
Clinical toxicity correlates with serum caffeine concen- 
trations. Several cups of coffee yield a serum caffeine 
level of 5 to 10 Ug/mL. Agitation and myoclonus occur 
at levels of 15 to 30 ug/mL; cardiac arrhythmias and 
seizures develop at 50 to 100 Ug/mL. Fatalities have been 
associated with serum caffeine concentrations as low as 
80 ug/mL to as high as 1560 ug/mL,"!° although 
concentrations as high as 200 ug/mL have been associated 
with survival. Deaths have also been reported from the use 
of coffee enemas as a naturopathic therapy.!” 

Many of the consequences of caffeine poisoning are 
identical to those of theophylline, although they are 
associated with comparably higher serum caffeine 
concentrations. Seizures can appear without warning 
and are often repeated. Opisthotonos, decerebrate 
posturing, and generalized muscular hypertonicity are 
also common.'!® Cardiac arrhythmias can be supra- 
ventricular or ventricular (ventricular tachycardia or 
fibrillation). Other manifestations of severe intoxication 
are rhabdomyolysis with resultant acute renal failure and 
pulmonary edema.'!* Rhabdomyolysis has been attributed 
to increased muscular activity. Pulmonary edema is a 
frequent occurrence with severe poisoning and is 
thought to result, in part, from pulmonary vasculature 
dilation.'*'!® Victims of caffeine intoxication develop 
the metabolic disturbances of hyperglycemia, hypokalemia, 
leukocytosis, ketosis, and metabolic acidosis. 

Chronic caffeine intoxication (caffeinism) is manifested 
by irritability, insomnia, anxiety, emotional lability, and 
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chronic abdominal pain. Cardiovascular disease, 
myocardial irritability, and fibrocystic disease of the 
breast all have been associated with long-term caffeine 
consumption.!!*!°.!2! However, for all these diseases, the 
association with caffeine has been controversial and 
inconsistent in clinical investigations. 

Caffeine is both mutagenic and teratogenic in 
laboratory animal species.’ A study of women suggested 
that more than 600 mg of caffeine daily could result in 
an increased incidence of spontaneous abortion and 
premature birth.'°? A causal link between caffeine use 
and birth defects remains tenuous!**; however, the Food 
and Drug Administration has advised pregnant women 
to avoid or limit caffeine intake. 

Caffeine has now been proved to produce a physiologic 
abstinence syndrome (withdrawal). Although it has been 
well recognized that abrupt termination of caffeine 
consumption could produce insomnia, malaise, and 
headache, little scientific investigation has addressed 
these phenomena. Silverman!” and Strain!** and their 
colleagues have shown that withdrawal from caffeine can 
produce an increase in depressive symptoms, anxiety, 
fatigue, headache, and decreased performance. 
Abstinence was also associated with a marked increase in 
the use of medications (e.g., headache relievers). 


Management 


In patients with an acute caffeine overdose, initial 
attention should be directed to airway, breathing, and 
circulation. ‘The sudden appearance of airway compromise 
and hypoxia as a result of seizures, cardiac disturbances, 
or pulmonary edema should be anticipated, particularly 
in patients who ingest more than 30 to 50 mg/kg of 
caffeine. 

Management of seizures and cardiac disturbances 
parallels their treatment in patients with theophylline 
intoxication. Therefore, seizures are preferably treated 
with a benzodiazepine (e.g., diazepam) or phenobarbital. 
There is no evidence that phenytoin is ineffective or 
harmful in the treatment of caffeine-induced seizures; 
however, because all methylxanthines are presumed to 
have similar mechanism of toxicity, phenytoin’s lack of 
efficacy in theophylline-induced seizures argues against 
its use. Cardiac disturbances should be treated according 
to standard management strategies. Adenosine, verapamil, 
and B-blocking agents all are effective treatments for 
supraventricular arrhythmias. 1141% Ventricular arrhythmias 
should be treated initially with intravenous lidocaine. 

GI decontamination measures should include 
administration of activated charcoal with a cathartic. 
Vomiting is likely in those with significant ingestion. 
Although this provides gastric evacuation, it thwarts 
efforts at activated charcoal administration. Aggressive 
antiemetic therapy should therefore be provided. 
Antiemetic therapy should include the administration of 
Hə antagonists, which reduce gastric hypersecretion. 
Other beneficial agents include metoclopramide, 0.1 to 
1.0 mg/kg intravenously, and ondansetron, 0.6 mg/kg 
intravenously. 
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Laboratory evaluation should include electrolytes, 
blood glucose, creatine phosphokinase, arterial blood 
gas, and an electrocardiogram. Hypokalemia should be 
treated with modest potassium supplementation 
(because total-body potassium is preserved). Insulin is 
not recommended for treatment of hyperglycemia, 
although it has been suggested by others.!*° 

Enhanced elimination is the final component of 
managing caffeine poisoning. A number of measures 
have been shown to be effective, including multiple-dose 
activated charcoal, peritoneal dialysis,''*'!% and 
HD/HP.!!8!27 Although a proportion of caffeine is 
excreted from the urine unchanged, forced diuresis has 
no role in management. Diuresis should be provided 
only if patients have clinical evidence of severe rhab- 
domyolysis. 

Multiple-dose activated charcoal has not been clearly 
shown to enhance caffeine elimination but does eliminate 
any theophylline that is generated; it is therefore 
considered an integral component of treatment. Use of 
several antiemetic agents may be necessary to end 
vomiting. Peritoneal dialysis has been used but is unlikely 
to be more helpful than multiple-dose activated char- 
coal. Hemodialysis is the procedure that provides 
greatest efficacy with the lowest complication rate. 
Indications for hemodialysis are not clearly established 
but should include a serum caffeine concentration of 
greater than 100 ug/mL and life-threatening seizures 
or cardiac arrhythmias, regardless of serum caffeine 
concentration. Because it is both invasive and unlikely 
to be more effective than hemodialysis, hemoperfusion 
has littl to no role in the management of caffeine 
intoxication. 
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At a Glance... 


m There are two main anticoagulant medication mechanisms of 
action: (1) platelet aggregation inhibition, involving the 
glycoprotein Ilb/Illa receptor inhibitors eptifibatide and 
abciximab and the cyclooxygenase inhibitor aspirin; and (2) 
disruption of the coagulation cascade, involving the vitamin K 
inhibitors warfarin and superwartarins, antithrombin III 
acceleration through factors Il and X, the heparins, and 
fondaparinux, and direct thrombin (factor II) inhibition through 
leech-derived anticoagulants (hirudins) and ximelagatran. 

m Even in overdose situations, anticoagulants rarely precipitate 
life-threatening hemorrhage. 

m Treatment should be based on clinical assessment supported by 
the results of bleeding time studies (partial thromboplastin 
time, prothrombin time, International Normalized Ratio, 
hematocrit concentration, and platelet concentration). 


Anticoagulation has become a fundamental basis of 
medical therapy for patients with cardiovascular and 
thromboembolic disease. Medications that disrupt or 
block platelet aggregation and fibrin cross-linkage are 
now the standard of care in management and prevention 
of vaso-occlusive events. 

The results of multiple studies on the treatment of 
acute coronary syndrome, deep vein thrombosis (DVT), 
and pulmonary embolism have led to the development, 
introduction, and implementation of new anticoagulant 
and antiplatelet medications as well as their dosing 
protocols. This increase in the number of available 
agents, in conjunction with the widespread use of anti- 
coagulants, may explain the changing profile of anti- 
coagulant overdose and exposure. Although anticoagulants 
have also had long-standing use as rodenticides, ‘Toxic 


Exposure Surveillance System (TESS) data from 2000 to 
2004 show that the number of rodenticide anticoagulant 
exposures in the United States stayed constant at about 
17,000 per year; the number of anticoagulant overdoses 
from medical therapeutic use increased each year during 
the same time period, from 2871 overdoses in 2000 to 
4786 in 2004 (Table 66-1). 

Anticoagulation medications targeted toward various 
components of the coagulation cascade and platelet 
aggregation systems continue to be developed, and new 
trials to prove efficacy in vaso-occlusive events continue 
to be held. As such, the scope of the material in this 
chapter is constantly evolving, and specific product 
information data sheets should be referred to when 
encountering new anticoagulant therapies. 


REVIEW OF COAGULATION 


Understanding the mechanism of coagulation is key to 
understanding the mechanism of action of various anti- 
coagulants and therapies for overdose. The two com- 
ponents of the coagulation pathway are the platelet 
system and the coagulation cascade. 


The Platelet System 


Platelet coagulation is mediated by both vascular wall 
adhesion through von Willebrand factor (vWF) and 
platelet aggregation through glycoprotein IIb/IIa 
(gpIIb/IIla) receptors. Vascular injury exposes collagen 
and releases tissue factor. Circulating inactive platelets 
adhere to the site of injury by binding either directly to 
collagen or indirectly through vWF, and then are 
“activated” by locally generated thrombin. Soluble 


Anticoagulant Exposures and Overdoses in the United States 





Therapeutic Anticoagulant Overdoses 


Glycoprotein Ilb/Illa inhibitor overdoses 
Other antiplatelet/anticoagulant overdoses 
Herparin overdosesNot reported 

Warfarin overdoses 


TOTAL 
Anticoagulant-type Rodenticide Exposures 
Rodenticide exposures (warfarin-type) 
Rodenticide exposures (long-acting, superwarfarin) 

TOTAL 


Total Anticoagulant Overdoses/Exposures 


2000 2001 2002 2003 2004 
Not reported 3 9 11 14 
Not reported 993 1298 1490 1842 

138 149 164 176 198 

2139 2304 2684 2718 2732 

2277 3449 4155 4395 4786 

1181 492 462 341 337 

16,006 16,423 17,100 16,481 16,054 
17,187 16,915 17,562 16,822 16,391 
19,464 20,364 21,717 21,217 21,177 


Compiled from Annual Reports of the American Association of Poison Control Centers Toxic Exposure Surveillance System, 2000-2002. 
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FIGURE 66-1 Platelet adhesion and aggregation to injured vascular wall. Platelets bind directly to collagen or to von Willebrand factor 
(vWF) and are “activated” by locally generated thrombin. Adenosine diphosphate (ADP) and thromboxane A, (TxA;) are released by 
active platelets to recruit further platelets. Activated platelets bind to each other through fibrinogen linkages to gpllb/Illa receptors up- 


regulated to platelet membrane surface. 


factors such as adenosine diphosphate (ADP) and 
thromboxane A, (TxA) are released by activated 
platelets to recruit nonadherent platelets. 

Platelets then aggregate by adhering to each other 
through fibrinogen linkages. Fibrinogen molecules bind 
to the gpIIb/IIla receptor, the most abundant platelet 
surface protein. The gpIib/IIIla receptors can undergo 
up-regulation to effectively double in number on the 
surface of activated platelets (Fig. 66-1). 


The Coagulation Cascade 


The coagulation cascade is a chain of events that starts 
with dormant enzymes (proteases) called coagulation 
factors and ends with the activation of the protein 
thrombin. Thrombin is needed for platelet activation 
and to cleave fibrinogen into fibrin for cross-linkage 
(Fig. 66-2). By having this chain of activations rather 
than one single activation, modifications made early in 
the cascade can quickly be amplified, leading to timely 
changes in thrombin production. 

Coagulation factor nomenclature uses Roman nu- 
merals; many also have eponyms or “given” labels (Table 
66-2). An inactive factor will be written as simply the 
Roman numeral, whereas an activated factor has a small 
Roman alphabet letter “a” appended to it (e.g., inactive 
factor VII, when activated is written as factor VIIa). 

Although most coagulation factors are made by the 
liver, factor XIII is derived from platelets and factor VIII 
from endothelial cells. Factors II (prothrombin), VII 
(Stable), IX (Christmas), and X (Stuart) and anti- 
coagulant proteins C and protein S are dependent on 
y-carboxylase, a vitamin K-dependent liver enzyme. 


Intrinsic and Extrinsic Pathways 


The coagulation cascade is triggered by either factors 
intrinsic to circulating blood (leading down the intrinsic 
pathway) or tissue-based factors extrinsic to blood 
(leading down the extrinsic pathway). The intrinsic 
system is activated when high-molecular-weight kinino- 
gens (precursors of bradykinin) and the enzyme 


kallikrein activate factor XII in the presence of collagen 
exposed from an injury. Its major factors are XII, XI, IX, 
and VIII. Factor VIII, normally complexed to vWF, is 
activated upon dissociation. Factor X is not activated 
until both activated factors VIIa and [Xa are in the 
presence of calcium and platelet phospholipids (PLs). 
This pathway is measured by the partial thromboplastin 
time (PTT). The extrinsic pathway is initiated when 
thromboplastin (i.e., tissue factor [TF]), a lipid-rich 
protein released on tissue injury, directly activates factor 
VII, which in turn triggers IX with subsequent activation 
of factor X. This pathway is measured by the 
prothrombin time (PT). 

After convergence of the cascade at factor X, active 
factor Xa complexes with factor Va and Ca** in the 
presence of PLs to create the factor Va + Xa + calcium + PL 
complex that cleaves prothrombin (II) to thrombin (IIa). 


Control of the Coagulation Cascade 


There are two “brakes” that control the coagulation 
cascade: the thrombolytic system and coagulation factor 
inhibition. In the thrombolytic system, the inactive 
precursor protein plasminogen is cleaved into the serum 
protease plasmin after coming into contact with 
thrombin. Plasmin then cleaves fibrin to break up the 
clot and, in doing so, creates fibrin degradation products 
that inhibit further thrombin formation. 

Coagulation factor inhibitors include antithrombin II 
(ATHI), protein C, and protein S. Protease inhibitor 
ATI physically blocks the action of coagulation factors in 
the coagulation cascade (thrombin, IX, X, XI, and XII). 
This blockade is accelerated up to 2000 times by heparin. 
Protein C is activated by thrombin to cleave factor Va into 
its inactive form, preventing the factor Va + Xa + calcium 
+ PL complex from cleaving prothrombin to thrombin. 
Protein S is a necessary cofactor of protein C. 


Vitamin K and Coagulation 


Vitamin K is discussed in detail elsewhere in this text. 
Because of its important role in coagulation and the 
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FIGURE 66-2 The coagulation cascade. HMWK, high-molecular- 
weight kininogens (bradykinin precursors); PL, platelet phos- 
pholipids; PT, prothrombin time; PTT, partial thromboplastin time; 
TF, tissue factor (thromboplastin); VWF, von Willebrand factor. 


mechanism of action for some anticoagulants, it is 
reviewed here. 

Vitamin K is a lipid-soluble vitamin found and manu- 
factured in a synthetic and two natural forms. Natural 


vitamin K; (phytonadione, phylloquinone) is synthesized 


Coagulation Factors and Their Eponymous 


Names 





FACTOR* EPONYM/"TRIVIAL” NAME 
| Fibrinogen 
lI Prothrombin 
Ill Tissue factor 
IV Calcium 
V Proaccelerin, labile’ 
VI Accelerin 
VII Stable, proconvertin, serum prothrombin 
conversion accelerator (SPCA) 
VIII Antihemophiliac factor A 
IX Christmas, antihemophiliac factor B 
X Stuart-Power factor 
xI Plasma thromboplastin antecedent (PTA) 
XII Hageman factor 
XIII Fibrin stabilizing factor (FSF) 
* Activated factors append a letter “a” to the Roman numeral (e.g., 


inactive factor VII becomes a factor Vila). 

tNote that Labile is the eponym for factor V, while “factor V Leiden” 
refers to the gene defect in factor V resulting in diminished 
anticoagulation and consequent hypercoagulable state. 

Adapted from King MW: Blood coagulation. Retrieved July 12, 2004, 
from http://web.indstate.edu/theme/mwking/blood-coagulation.html. 





CHAPTER 66 Anticoagulants 


O 
CH CH 
CY a 
CH. H 
2 a CH, 
n 
O 


Vitamin K, (menadione) 


1053 





Vitamin K, (menaquinone) 
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FIGURE 66-3 Structure of vitamin K subtypes. All subtypes have 
a recognizable two-ring basic structure. 


by plants and algae. Natural vitamin Ky (menaquinone) 
is produced by bacteria. Vitamin Ks (menadione) is 
synthetic and converted to active Ks in vivo. All vitamin K 
subtypes are two-ring structures with variable carbon side 
chains (Fig. 66-3). 

Vitamin K is required for y-carboxylation of glutamate 
residues to activate factors II, VII, IX, and X. Vitamin K 
produces y-carboxylase (y-carboxyglutamate), which 
chelates Ca**, allowing binding of vitamin K-dependent 
clotting factors to phospholipid membranes during 
activation of the coagulation cascade. Reduction or 
absence of vitamin K leaves factors II], VII, IX, and X in 
their inactive states, halting the coagulation cascade. 
With an estimated plasma half-life of 1.7 hours,’ vitamin 
K, depletion resulting in clinically significant change 
within the coagulation cascade is not expected for at 
least 24 hours; that is, five half-lives of vitamin K plus five 
half-lives of the vitamin K-dependent clotting factor with 
the shortest half-life (t,/.[factor VII] = 6 hours*): 


= 5(ty/g[vitamin K]) + 5(t;,/9[factor VIIJ) 


ANTICOAGULANTS BY MECHANISMS OF 
ACTION 


Vitamin K Inhibition 


Warfarins and superwarfarins (44hydroxycoumarins and 
inandiones) disrupt the vitamin K cycle by primarily 
inhibiting vitamin K 2,3-epoxide reductase and, to a 
lesser degree, vitamin K quinone reductase (Fig. 66-4). 
These drugs prevent the regeneration of active vitamin 
K; (quinol) with subsequent depletion of vitamin 
K-dependent coagulation factors (II, VII, IX and X) and 
disruption of the coagulation cascade. 


WARFARIN 

Background 

Warfarin was developed after the discovery of the 
agent responsible for a hemorrhagic bovine disorder in 
which cows that ingested spoiled sweet clover silage 
would develop internal bleeding associated with plasma 





C 1054 


(5) NAD(P)H-dependent 
quinone reductase 


Vitamin K, quinone reductase 


Vitamin K, 
(phytonadione) 
Quinone form 


Vitamin K, 2,3-epoxide reductase 


Vitamin K, 
(phytonadione) 
Quinol form 


Inactive 


Vitamin K, 
2,3-epoxide 


CARDIOVASCULAR, HEMATOLOGIC, AND ENDOCRINE AGENTS 






Inactive 
Factors II, VII, IX, X 
Proteins C and S 


y-Carboxylation 









Carboxylase/ of glutamic 
epoxidase acid residues 
Active 











Factors Ila, VIIa, IXa, Xa 
(4) Proteins C and S 





FIGURE 66-4 The vitamin K cycle. Inactive vitamin K-dependent prozymogens are coagulation factors II, VII, IX, and X and proteins C 
and S. (1) Vitamin K, (quinone form) is reduced by vitamin K, quinone reductase to its active (quinol) form. (2) Quinol (hydroquinone, 
vitamin KH,) exists in hepatic microsomes. (3) Carboxylase-epoxidase (coupled) enzyme simultaneously catalyzes y-carboxylation 
coagulation factors to active form and converts quinol to the inactive vitamin K, 2,3-epoxide. (4) Vitamin K, 2-3-epoxide — recycled via 
epoxide reductase to quinone. (5) Alternatively, NAD(P)H-dependent quinone reductase is not affected by warfarins — vitamin K 
administered exogenously may still be reduced and counter anticoagulation. (Adapted from Burkhart K: Anticoagulant rodenticides. In 
Ford MD, Delaney KA, Ling LJ, Erickson T [eds]: Clinical Toxicology. Philadelphia, WB Saunders, 2001, p 849.) 


prothrombin reduction. From this clover, the natural 
bishydroxywarfarin (dicoumarol) was eventually derived 
in 1939; later, the Wisconsin Alumni Research Foun- 
dation synthesized and named the pharmaceutical agent 
warfarin, which became commercially available in 
1955.° In 2002, warfarin was the 64th-most frequently 
prescribed drug based on the number of prescriptions 
written.‘ 


Usage and Indications 

Warfarin is a racemic mixture of R- and S-enan- 
tomers. The S-enantiomer is five times more potent than 
the R orientation at producing hypoprothrombinemia 
(decreased prothrombin slows the coagulation cascade) 
in rats? and 1.8 times more potent in humans.’ The S- 
enantiomer is also eliminated more slowly than the R- 
enantiomer in rats, but is more rapidly eliminated in 
humans.” This difference in enantiomer potency and 
rate of elimination makes warfarin an appealing roden- 
ticide. As a therapeutic anticoagulant in humans, war- 
farin is used for treatment of pulmonary embolism and 
DVT, to prevent atrial thrombus formation in atrial fib- 
rillation, and for patients with severe peripheral vascular 
disease and arterial stenoses. 


Pharmacokinetics 

Warfarin’s only route of administration is oral, and it 
is almost completely absorbed from the gastrointestinal 
tract.* Maximum plasma concentrations are reached 
within 20 minutes to 4 hours after ingestion.*® Wafarin is 
highly protein bound (99%), but only the free fraction 
of the drug is active.* Warfarin’s half-life is 36 to 42 
hours,” and its duration of action after a single dose is 2 
to 5 days®; it takes about 6 days to reach a steady state. 
Inhibition of vitamin K regeneration is almost imme- 
diate, but effects are delayed until existing stores of vita- 
min K are depleted and active coagulation factors re- 


moved from circulation. Because of the rapid turnover of 
vitamin K, warfarin’s effects are dependent on factor 
half-life, and PT prolongation is not seen until factors 
are reduced to 25% of their normal values. For example, 
factor VII, which is depleted most rapidly, has a half-life 
of 5 hours; hence, it takes at least 15 hours until PT 
prolongation is evident. 


Metabolism 

Warfarin is metabolized in the liver through the 
cytochrome P-450 system. The R-enantiomer is primarily 
metabolized by isoenzymes CYP1A2 and CYP3A4!° and 
excreted in the kidney. The S-enantiomer is metabolized 
more rapidly by CYP2C9'° and secreted into bile. 
Elimination half-life is 24 to 36 hours. Drugs that inhibit 
the P-450 system, and subsequently prolong warfarin’s 
action, include erythromycin, metronidazole, thyroxine, 
isoniazid, and trimethoprim-sulfamethoxazole. Sub- 
stances that enhance the P-450 system to induce 
warfarin’s metabolism, thus decreasing its effectiveness, 
include barbiturates, penicillin, carbamazepine, char- 
broiled foods, and tobacco smoke. 


Dosage and Therapeutic Monitoring 

Warfarin is dosed once daily orally and titrated to 
an appropriate international normalized ratio (INR) for 
different conditions. Warfarin use is monitored by 
measuring PT and calculating the INR. The INR 
“normalizes” variations in PT measurement due to 
different sensitivities of reagents used by different 
laboratories. 

Most clinicians opt for a goal INR of 2.0 to 2.5 in 
patients with atrial fibrillation; an INR of 2.5 to 3.0 for 
patients being treated for venous thromboses; and an 
INR as elevated as 2.5 to 3.5 in patients with mechanical 
prosthetic heart valves.” The optimal children’s dose has 
been calculated to be 0.07 x [weight in kg] + 0.54 mg,!! 


whereas nomograms have been developed to guide 
initial dosage in adults based on clinical situation and 
target INR.* 


Warfarin in Pregnancy 

Warfarin is a pregnancy category X drug (adverse 
effects reported, contraindicated in pregnancy) and is 
a teratogen that leads to a particular constellation of 
congenital defects after ingestion during the first 
trimester, particularly between weeks 6 and 9 of ges- 
tation. About one third of infants exposed to warfarin 
during this time period develop fetal warfarin syndrome 
(FWS; also known as warfarin embryopathy or fetal 
Coumarin syndrome) .'* Infants with FWS display a range of 
physical and central nervous system anomalies, including 
nasal hypoplasia, stippling of uncalcified epiphyses 
(particularly of the axial skeleton), mild hypoplasia of 
nails and shortened fingers, low birth weight, and 
varying degrees of mental retardation. 

Patients who are breast-feeding may use warfarin for 
anticoagulation therapy. An inactive form of warfarin is 
excreted into breast milk,® but several researchers have 
confirmed that active warfarin is not detectable in 
human milk, and there is no evidence of detectable 
warfarin levels, altered coagulation, or other adverse 
events in infants exposed to breast milk from mothers 
taking warfarin.'*"° 


Overdose 

In therapeutic overmedication, warfarin should be 
held and indications for vitamin K administration should 
be reviewed in consultation with those monitoring 
therapeutic dosing. Patients with an abnormally elevated 
INR or intentional warfarin overdose should be admitted 
to a hospital and placed on bed rest to minimize the risk 
for trauma with subsequent internal or intracranial 
bleeding. Often, depending on a patient’s INR, with- 
holding warfarin administration for several days is 
sufficient to bring an INR down to therapeutic levels. 
Vitamin K is indicated for those with a significantly 
elevated INR that does not decrease when warfarin is 
withheld or when there is evidence of hepatic synthetic 
dysfunction (e.g., a significant increase in liver trans- 
aminase concentrations or in the INR). Fresh frozen 
plasma is indicated for those with active bleeding. In the 
absence of recent changes in dosing regimen, clinicians 
should investigate reasons for an increased INR, such as 
the use of other medications that may inhibit the 
cytochrome P-450 system, infection, or misuse or 
mislabeling. 

In acute overdose of warfarin, treating practitioners 
should determine the nature of the ingestion: uninten- 
tional (accidental) or intentional. In most accidental 
single ingestions, the amount of warfarin ingested is 
highly unlikely to result in a clinically apparent 
coagulopathy, and most patients may be monitored 
safely at home with appropriate caveats to avoid contact 
sports and situations increasing the likelihood of 
traumatic injury for several days. Intentional ingestions 
present the dilemma that a patient may ingest further 
warfarin when not being monitored. Repetitive 
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ingestions can lead to a clinically significant coagul- 
opathy. These patients should be dispositioned after 
consultation with a poison control center (the American 
Association of Poison Control Centers national poison 
control center hotline is 1-800-222-1222; www.aapcc.org) 
and appropriate psychiatric services. 


Nonbleeding Complications 

Warfarin use has been implicated in the rare 
development of nonhemorrhagic skin lesions ranging 
from simple ecchymosis and purpura to urticaria, purple 
toes, and skin necrosis.'® Warfarin skin necrosis usually 
appears over fatty tissues (breasts, buttocks, thighs) 3 to 
6 days after warfarin therapy initiation; patients with 
protein C, protein S, and antithrombin III deficiency 
appear to be at greater risk for development of this 
condition.!” Warfarin should be discontinued in patients 
who acquire skin necrosis, and alternative anticoagulation 
should be started to prevent postcapillary thrombosis. 
Purple toe syndrome is thought to be caused by 
anticoagulant-induced bleeding into atherosclerotic 
plaques releasing cholesterol crystal emboli.'* Changing 
anticoagulation agents is thus unlikely to prevent or 
reverse progression. 


SUPERWARFARINS 

Background 

The superwarfarins, 4-hydroxycoumarins and inan- 
diones, were developed in response to genetic resistance 
to warfarin in rats.'%*! They are primarily used as 
rodenticides and have no role in human medical 
therapeutic anticoagulation. In fact, warfarin ingestions 
were deemed “clinically insignificant” until 1976 when 
the superwarfarins were developed for use as roden- 
ticides. The 4-hydroxycoumarins in use today are 
difenacoum, brodifacoum (D-Con), bromadiolone, and 
coumatetralyl. Inandiones include chlorophacinone, 
diphacinone, and pindone. 

Both the hydroxycoumarins and inandiones have 
a two-ring base structure similar to warfarin (Figs. 66-5 
and 66-6). Both groups function just as warfarin does, by 
inhibiting vitamin K 2,3-epoxidase. 


Toxicokinetics 

Superwarfarins are highly lipid soluble and are mostly 
concentrated in the liver. On a mole-for-mole basis, they 
are 100 times more potent than warfarin.** In overdose, 
their elimination half-life is weeks to months,** up to 60 
times longer than warfarin’s half-life of 35 hours. They 
also have a considerably longer duration of action: a rat 
that dies after a single superwarfarin ingestion would 
require 21 days of warfarin before meeting the same fate. 





FIGURE 66-5 Warfarin. 
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FIGURE 66-6 Structures of 4-hydroxycoumarin (/eft) and 
indanedione (right). Note the two-ring base structure, similar to 
that of warfarin in Figure 66-3. 


Ingestion 

Superwarfarin ingestions illustrate the toxicologist’s 
adage that “it is only the dose which makes a thing 
a poison” (Aureolus Paracelsus, 1493-1541). Given that 
repetitive dosing is necessary to achieve therapeutic 
anticoagulation with warfarin alone, it stands to reason 
that small single acute ingestions (e.g., a mouthful) are 
unlikely to produce a clinically significant coagulopathy: 
a 10-kg child would need to ingest 3000 mg/kg of a 
0.005% warfarin-based rodenticide for coagulopathy to 
develop.* 

Management of superwarfarin ingestion should be 
based on amount ingested as related to circumstance of 
ingestion. Most cases of superwarfarin exposure are 
either intentional ingestions by adults or unintentional 
ingestions by children (including ingestion of rat feces 
from poisoned rodents**). Case reports have also 
described warfarin and superwarfarins as agents of 
ingestion for Munchausen syndrome and Munchausen 
syndrome by proxy.*??! 

Regardless of amount of superwarfarin ingested, 
clinically significant anticoagulation in a patient not 
already taking an anticoagulant agent is not anticipated 
for about 24 hours, that is, until there is both the 
depletion of existing vitamin K stores and subsequent 
loss of vitamin K—dependent clotting factor regeneration 
(factors II, VII, IX, and X). Table 66-3 lists half-lives of 
vitamin K and vitamin K-dependent clotting factors.*? 

Patients who have ingested superwarfarins inten- 
tionally should undergo routine decontamination and 
have their PT and INR monitored 24 and 48 hours after 
ingestion. In the acute phase, PT and INR should be 
reassessed every 6 hours if prolongation is observed. 


Half-Lives of Vitamin K and Its Dependent 





Clotting Factors* 


VITAMIN/FACTOR HALF-LIFE (t,;2) 


Vitamin K, 1.7 hr 
Factor Il 50-80 hr 
Factor VII 6 hr 
Factor IX 24 hr 
Factor X 25-60 hr 


*Disruption of the clotting cascade following warfarin or 
superwarfarin ingestion is expected when vitamin K is depleted and its 
dependent clotting factors cease regeneration? 

From Makris M, Watson HG: The management of coumarin-induced 
over anticoagulation. Br J Haematol 2001;114(2):271-280. 
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There are no means of enhanced elimination of 
superwarfarins, and multidose activated charcoal has not 
shown any clear benefit.” In asymptomatic patients, 
vitamin K (phytonadione) may be administered orally at 
an initial dose of 5 to 15 mg/day, although an ideal dose 
has not been established. Bruno and colleagues reported 
that weight-based dosing of 7 mg/kg over 24 hours 
divided every 6 hours was needed to treat brodifacoum- 
induced coagulopathy from 344 g of rodenticide con- 
taining 0.005% brodifacoum (17.2 mg brodifacoum).** 
Administration of vitamin K,,100 to 125 mg/day for 
several months, has been reported in cases of severe 
overdose without ill effect; hence, oral dosing of up to 40 
to 50 mg three times daily should be considered in those 
with clinically significant coagulopathy. 

Historical recommendations for management of 
symptomatic patients using parenteral administration of 
vitamin K; are changing? (Table 66-4). Although intra- 
venous (IV) administration of vitamin Kı may reverse 
anticoagulation more quickly than oral administration,”° 
IV administration remains controversial because it has 
been associated with anaphylactoid reactions.3™ Lubetsky 
and associates reported that oral administration of 
vitamin K, is as safe and efficacious in reversal of excessive 
anticoagulation as when administered intravenously,” 
making the argument for IV administration of vitamin K, 
a less appealing alternative. 

With unintentional single ingestions, PT prolongation 
is unlikely, owing to the relatively small doses ingested. In 
Thacker’s 14-year case series of children ingesting 
superwarfarins (1986 to 2000), PT and INR prolongation 
was seen in less than 0.5% of 11,751 exposures, and only 
11 patients developed hemorrhage, all of minimal 
clinical significance (epistaxis [3], hemarthrosis [2], 
heme-positive stool [2], vomiting [2], minor bleeding 
not specified [1]).*’ A prospective study of pediatric 
superwarfarin poisoning by Smolinske and colleagues 
showed that PT value prolongation was not seen until 
48 hours after suspected ingestion and that clinically 
significant ingestion was apparent in only 2 of 110 
patients.” 

Children who ingest a small dose of a warfarin-based 
rodenticide (0.01%-0.005% strength) do not need to 


American College of Chest Physicians’ 
Recommended Dosing of Subcutaneous Vitamin K, for 


Reversal of Warfarin/Superwarfarin-induced 
Coagulopathy in 1995 





DOSE OF VITAMIN K, ADMINISTERED 


INR BLEEDING INTRAVENOUSLY OR SUBCUTANEOUSLY * 
Any Serious 10 mg 
<6 None None 
6-10 None 0.5-1 mg 
10-20 None 3-5 mg 
>20 None 10 mg 


*Intravenous or subcutaneous administration is in addition to oral 
vitamin K, administration. Single oral route of administration of 
vitamin K, has since proven equally effective. 
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Intentional Unintentional 





Superwartarin 
ingestion 





e Notify closest Poison 
Control Center (PCC): 
1-800-222-1222 


e Observe at home 
e Diet rich in vitamin K 


Refer to ED 














<1—2 hours 


Decontamination 
with AC 





Time of 
ingestion 


>1—2 hours 





Petechiae, No 
gingival bleeding, 


epistaxis...? 







Already on 
anticoagulation 
therapy? 


No 


e Check PT/INR on Yes 
presentation then 


if INR <6, once daily 
if INR > 6, every 6-8 ° 


No Signs of active 


”) 
e Administer oral vitamin hemorrhage’ 


K; 10—150 mg/day until 
INR <2 Yes 

e Discuss with PCC 
e Psychiatry consultation 





Routine 
follow-up 





e Check PT/INR on 
presentation and then 
every 6 hours 


e Administer fresh frozen 
plasma 


e Administer oral vitamin 





Yes 


No 


K, 10-150 mg/day 

e Consider IV vitamin K, 
administration (slow push 
with anaphylactoid 
precautions—see text) 


e Discuss with PCC 


e Admit 

e Check PT/INR once daily 

e Administer oral vitamin K, 5—15 mg daily 
e discharge when INR < 2 

e Psychiatry/social work consultation 





FIGURE 66-7 Proposed general guideline for management of superwarfarin ingestion. Clinicians should take care to assess whether 
the ingestion is intentional or unintentional. Intentional ingestions are generally by adults; unintentional ingestions are generally by 
children. 

Unintentional ingestions are usually small (fewer than two are three mouthfuls) and are unlikely to cause clinically significant 
anticoagulation. The local poison control center should always be contacted, and the superwarfarin product should be reviewed for 
concentration of active ingredient and other possible toxins. 

Patients who have ingested intentionally may present hours to days after their ingestion, usually to a local emergency department (ED) 
secondary to symptoms such as ecchymosis development or petechiae. Active bleeding (e.g., melena, expanding hematoma, bright red 
blood from rectum, oozing wounds) requires immediate reversal with fresh frozen plasma (FFP). Lubetsky and colleagues concluded in 
2003 that oral administration of vitamin K is as effective as IV administration for warfarin anticoagulation reversal,*° but patients unable 
to take vitamin K orally may require it intravenously. Note that IV administration of vitamin K remains controversial, with several reports 
of anaphylactoid reactions upon administration. In the event of anaphylaxis, IV vitamin K should be discontinued immediately and 
epinephrine administered in conjunction with antihistamines and steroids. Oral vitamin K may be continued unless a similar reaction is 
observed. AC, activated charcoal; INR, International Normalized Ratio; PT, prothrombin time. (Courtesy of M. W. Lai, MD, and M. W. 
Shannon, MD, MPH, Massachusetts/Rhode Island Poison Control Center [M. Burns Ewald, MD, Director], Boston.) 


vitamin K,, 5 to 10 mg, or a diet rich in vitamin K- 


present to an emergency department. However, patients 
containing vegetables can be encouraged in the interim. 


and parents should be advised to watch for signs of 


bleeding diatheses; asymptomatic patients can be observed 
at home if the history is certain that the ingestion was 
unintentional. If any symptoms develop, the child should 
have a routine medical screening examination and PT 
and INR drawn. Increases in PT and INR should be 
followed weekly until a downward trend is seen. Oral 


A proposed guideline for superwarfarin ingestion 
management is shown in Figure 66-7. 

Clinicians should take care to assess whether the 
ingestion is intentional or unintentional. Intentional 
ingestions are generally by adults; unintentional ingestions 
are generally by children. 


1058 





Antithrombin III Acceleration through 
Factor Il and Factor X Inhibition 


Antithrombin III blocks coagulation factors II, IX, X, XI, 
and XII. Heparins bind to thrombin (factor Ha) and 
factor Xa to accelerate the anticoagulant effect of ATIII 
up to 2000 times. 


UNFRACTIONATED HEPARIN 

Unfractionated heparin (UFH) is a naturally occurring, 
negatively charged mucopolysaccharide (glycosamino- 
glycan) primarily synthesized and secreted by mast cells. 
Deriving its name from its particular abundance in liver, 
heparin was discovered by a medical student who, in 
studying ether-soluble procoagulants, stumbled on this 
water-soluble anticoagulant instead. Heparin is manu- 
factured through extraction from bovine lung tissue and 
porcine intestines. Because UFH has varying polysac- 
charide side-chain lengths, its molecular weight ranges 
from 3000 to 30,000 daltons.*4 UFH accelerates ATIII 
protease inhibition of thrombin by binding to thrombin 
(factor Ila) and factor Xa. When ATIII complexes to 
heparin that is bound to factors Ila and Xa, the complex 
causes conformational changes in these factors and 
inactivates them. 

UFH is only administered parenterally (intravenously 
or subcutaneously). Dosing is weight based, and 
depending on the reason for administration, patients 
may receive 50 to 80 U/kg IV boluses followed by 
continuous infusions of 12 to 18 U/kg/hour or 
subcutaneous injections ranging from 7500 U (for DVT 
prophylaxis) to 20,000 U (for DVT treatment). UFH is 
an easily titratable medication because of its short half- 
life of 1 to 2.5 hours and short duration of action of 1 to 
3 hours. Therapeutic monitoring is through the PTT.® 
The goal PTT for most vaso-occlusive events as well as 
thrombosis prophylaxis when heparin is used as a single 
agent is 60 to 80 seconds. Heparin is a pregnancy 
category C drug and the anticoagulant of choice during 
pregnancy; its negative charge and large size prevent its 
passage across the placenta. 


Overdose 
Because UFH is predominantly administered in the 
acute care setting, overdose is most often iatrogenic and 
may reflect transcription errors of the physician’s or other 
health care provider’s orders. Initial treatment is 
discontinuation of the heparin infusion. For patients with 
active bleeding requiring quick reversal, protamine 
sulfate (derived from salmon sperm and testes) should be 
administered. Protamine forms ionic bonds with heparin, 
preventing its attachment to factors II and Xa, with 
neutralization of heparin’s effects within 5 minutes of 
administration.“ Protamine should be dosed as follows: 
= | mg protamine per 100 U heparin 
= Administer up to 50 mg intravenously over 10 
minutes (more rapid administration may result in 
hypotension or anaphylactoid reaction) 47" 
m Half the dose of protamine for each half-life of 
heparin (about 90 minutes) that has passed since 
initial administration. 
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m Watch for “rebound” hemorrhage: the half-life of 

protamine is shorter than that of heparin. 

Patients previously given protamine for heparin 
reversal, such as after cardiac bypass surgery, are at risk for 
becoming sensitized to protamine. Insulin-dependent 
diabetic patients face a similar risk because protamine is 
also used to extend the absorption rate of some insulin 
preparations. (e.g., neutral protamine Hagedorn [NPH] 
insulin). Antibodies to protamine that develop from 
NPH insulin administration or from prior heparin 
reversal with protamine predispose patients to anaphy- 
lactoid reactions from future heparin anticoagulation 
reversal with protamine.*®°? There are no published 
reports of concurrent NPH insulin use interfering with 
heparin therapeutic goals. 


Nonbleeding Complications 

Patients who experience a drop in platelet count after 
initiation of heparin therapy may have heparin-induced 
thrombocytopenia (HIT). There are two forms of HIT. 
HIT I is characterized by a mild and transient drop in 
platelet count occurring within 2 days of heparin 
administration and is usually asymptomatic, resolving 
spontaneously.°* HIT II (heparin-induced thrombocy- 
topenia and thrombosis, or HITT) is more serious, 
leading to vascular thromboses and their complications. 
HIT II appears to be immunologically mediated, with 
0.5% to 3% of patients given UFH developing HIT I 
after first developing heparin-induced antibodies.5556 
The frequency of HIT II appears to be less in patients 
administered UFH subcutaneously compared with 
intravenously.°/ Patients who develop HIT I should be 
taken off heparin immediately and should not have 
heparin in any form readministered. Clinicians may 
consider testing patients who develop HIT I for heparin- 
induced antibodies before administering heparin 
products in the future. 


LOW-MOLECULAR-WEIGHT HEPARINS 
Low-molecular-weight heparins (LMWHs) are the 
fractionated active pentasaccharide segment of heparin. 
Commonly used LMWHs in the United States include 
enoxaparin (Lovenox), dalteparin (Fragmin), and 
ardeparin (Normiflo). Average molecular weights run 
from 4000 to 6000 Daltons. Because binding to factor Ila 
requires the heparin molecule to have at least 18 
saccharide units, LMWHs display targeted factor Xa 
activity rather than the factor Ila and Xa binding 
seen with unfractionated heparin. LMWHs have fixed 
weight-based dosing and are generally administered 
either once or twice daily, depending on their reason 
for administration. 


Pharmacokinetics 

LMWHs have a higher bioavailability than un- 
fractionated heparin owing to a lower affinity for and 
decreased binding to endothelium, macrophages, and 
heparin-binding proteins. Their plasma half-life is 4 to 
6 hours, with hepatic metabolism and renal elimination. 
Patients receiving LMWH therapy do not routinely 
undergo therapeutic monitoring. Relative effectiveness 


and concentration of LMWHs can be determined from 
serum anti-factor Xa concentrations, as measured in 
IU/mL, if needed. Because of its fixed-dosing regimen, 
overdoses of LMWHs are infrequent. Because of its renal 
elimination, patients with renal insufficiency may 
experience more potentiated effects if weight-based 
dosing does not take renal function into account. If a 
patient does suffer an overdose and has active bleeding, 
protamine should be administered using the same 
guidelines as for overdose of unfractionated heparin. 
Since 1 mg of available LMWHs equals approximately 
100 anti-Xa units, 1 mg of protamine should be given for 
every | mg of LMWH for Xa neutralization. Protamine 
does not completely neutralize the anti-Xa activity of 
LMWH. This is likely due to decreased binding of 
protamine to LMWHs.°*® 


DIRECT FACTOR XA INHIBITORS 

(FONDAPARINUX) 

Similar to LMWHs, selective factor Xa inhibitors catalyze 
Xa inactivation by ATIII without inhibiting thrombin. 
These medications are essentially heparin derivatives, 
displaying similar structural features as UFH and 
LMWHs (Fig. 66-8). Fondaparinux (Arixtra) selectively 
binds ATIII and potentiates ATII’s neutralization of 
factor Xa by a factor of 300.°° Currently, only fonda- 
parinux has been approved for therapeutic anti- 
coagulation in humans by targeting this stage in the 
coagulation cascade. 

Representative of this emerging anticoagulant class, 
fondaparinux demonstrates 100% bioavailability and is 
94% bound to ATIII. Peak plasma levels are seen in 
2 hours. The volume of distribution (Vd) is 100 mL/kg. 
At least half of the drug is excreted unchanged in urine, 
and its elimination half-life is 17 to 21 hours. 
Fondaparinux is administered once daily by either IV or 
subcutaneous routes at a fixed non—weight-based dose. 
Presently, fondaparinux is approved for DVT pro- 
phylaxis, particularly after lower extremity surgery. Once- 
daily subcutaneous injection without monitoring has 
been shown to be as safe as adjusted-dose IV heparin for 
treatment of pulmonary embolus.°? Administration in 
patients who weigh less than 50 kg is contraindicated 
because of doubling of the incidence of major 
bleeding.®® Patients receiving fondaparinux therapy do 
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FIGURE 66-8 ae oI ei repeat unit of unfractionated 
heparin and low-molecular-weight heparin (LMWH). LMWH 
contains five repeating units. Bottom, fondaparinux. 
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not routinely undergo therapeutic monitoring. Plasma 
concentration of the drug can be quantified by serum 
anti-factor Xa activity when the anti-factor Xa assay is 
calibrated with fondaparinux. Hence, fondaparinux 
activity is expressed as milligrams of fondaparinux 
calibrator. The anti-Xa activity of the drug is enhanced by 
increasing drug concentration, reaching maximum 
values in about 3 hours.” No specific reversal agent has 
been developed yet for fondaparinux. Because of its 
small volume of distribution, however, this anti-factor 
Xa drug is amenable to hemodialysis. Further direct 
factor Xa inhibitors are being developed, including 
idraparinux, a “depo” fondaparinux requiring only once- 
weekly administration.” 


Direct Thrombin Inhibition 
LEECH-DERIVED ANTICOAGULANTS (HIRUDINS) 


Background 

Leech-derived anticoagulants are small molecules that 
directly inhibit thrombin (factor Ila). Halting the 
coagulation cascade at this stage prevents fibrinogen 
cleavage into fibrin, which is necessary for cross-linkage 
and subsequent clot formation. Hirudin is the actual 
65-amino acid anticoagulant protein found in leech 
salivary glands. Recombinant DNA hirudins such as 
desirudin (Revasc) and lepirudin (Refludan) have been 
developed, as well as hirudin analogs such as bivalirudin 
(Angiomax). Hirudins are primarily used as heparin 
substitutes for patients unable to tolerate heparins 
because of HIT. To date, no published studies have 
indicated that hirudin use for acute coronary syndrome 
offers long-term advantage over heparin, but hirudins 
have been shown to be more effective in preventing 
postoperative DVT when compared with UFH. 

Hirudins can be administered by either intravenous 
or subcutaneous routes. Recombinant hirudins are 
pregnancy category B drugs. Animal studies have not 
shown teratogenic effects, but hirudins can cross the 
placental barrier in rats; it is unknown whether hirudins 
cross the human placenta.® Effectiveness of hirudin 
anticoagulation may be assessed through measuring the 
PTT. Although overdose is rare, hemodiafiltration has 
been successfully used to manage a 30-fold overdose of 
lepirudin without bleeding complications.™ 


XIMELAGATRAN AND MELAGATRAN 

Melagatran is a direct thrombin inhibitor with a low 
molecular weight (429 Daltons). It has poor oral absorp- 
tion (3% to 7% alone, 1% with food), but its prodrug, 
ximelagatran (Exanta), possesses better absorptive prop- 
erties. Rapid hydrolysis and reduction of ximelagatran 
to melagatran increases melagatran’s oral bioavailability 
to 25%. At present, melagatran and ximelagatran are 
primarily being used for DVT prevention and anti- 
coagulation for patients with atrial fibrillation. Early 
studies suggest that it is “superior” to warfarin for pre- 
vention of DVIs while maintaining a similar hemor- 
rhagic complication profile,” as well as the advantage of 
fixed dosing. 
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Melagatran and ximelagatran reach peak plasma 
levels in 2 hours and are 0% to 15% protein bound. 
Their Vd is 200 mL/kg, and they are renally excreted 
with an elimination half-life of 3.5 hours. Fixed dosing of 
melagatran, 2 to 3 mg subcutaneously, is followed by oral 
doses of ximelagatran at either 24 mg twice daily or 
36 mg twice daily, depending on the reason for 
administration. Dose adjustments are made empirically 
for patients with renal insufficiency. Although there is no 
monitoring for therapeutic levels of these direct 
thrombin inhibitors, the PTT may be tested in patients 
with renal impairment in order to titrate to an appro- 
priate fixed dose. 


Overdose 

There is no specific melagatran or ximelagatran 
antagonist in the event of an overdose. Patients with 
active hemorrhage should be administered fresh frozen 
plasma for replacement of coagulation proteins or 
prothrombin concentrate. Although there have been no 
reports of hemodialysis to remove the drug, its small 
molecular weight and volume of distribution suggest that 
it could be effectively hemodialyzed. 


Inhibition of Platelet Aggregation 
(Antiplatelet Anticoagulation Therapies) 


GLYCOPROTEIN IIB/IIIA INHIBITION 

The gplIb/IUla receptor is the most prevalent cell 
surface protein on platelets. Activation of platelets from 
their exposure to thrombin at the site of endothelial 
injury up-regulates gpIIb/Ila receptors, doubling or 
even tripling their number. Fibrin cleaved from 
fibrinogen in the coagulation cascade cross-links to itself 
as well as between platelets by adhering to the gpHb/Ila 
receptor. Inhibition of the gpIIb/IIJa receptor arrests 
platelet aggregation through these fibrin connections. 
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Since their development in the mid-1990s, there are 
now multiple gpIb/IIIa inhibitors in use, primarily for 
the treatment of acute coronary syndromes. Multiple 
studies have shown the effectiveness of gpIIb/IIla 
antagonists in reducing the incidence of death or myo- 
cardial infarction in patients who undergo percutaneous 
coronary intervention (PCI, or cardiac catheterization) 
for unstable angina (UA) or non-ST elevation myo- 
cardial infarction (NSTEMI).® Table 66-5 compares the 
three gpIIb/Ila inhibitors used in the United States 
today.°" Others are xemilofiban, sibrafiban, orbofiban, 
and lamifiban. 

When used concomitantly with heparin, gpHb/Ila 
inhibitors should lower the PTT goal (to a range of 
either 50—70 or 40-60 seconds). In overdose, the gpIIb/ 
IIa infusion should be discontinued, and platelets 
should be administered for active bleeding or a platelet 
count of less than 20 x 10°/L. 


ADENOSINE DIPHOSPHATE-INDUCED PLATELET 
AGGREGATION INHIBITION 

Platelet activation leads to release of ADP, a soluble 
factor that induces further platelet aggregation through 
their recruitment and activation. 

Drugs in the thienopyridine class (ticlopidine [Ticlid] 
and clopidogrel [Plavix]) are platelet aggregation 
inhibitors that work by irreversibly inhibiting ADP- 
induced platelet aggregation. They selectively and 
noncompetitively inhibit the binding of ADP to its 
platelet receptor (P, receptors) by irreversibly modifying 
the receptor. Doing so halts the ADP-mediated activation 
of the gplIb/IIa complex necessary for platelet 
linkage.’*”* The thienopyridine derivatives have similar 
chemical structures (clopidogrel adds a carboxymethyl 
side group). Both are metabolized by CYPIA to active 
metabolites that have not yet been isolated.” They affect 


Comparison of Properties of Three Major gplib/llla Inhibitors* 





EPTIFIBATIDE® 


Trade name Integrelin 
Manufactured by/from Solution-based peptide 
synthesis 

Complete platelet inhibition 1-2 hr 
Return to platelet function 30 min 

after d/c of infusion 
Elimination half-life 1-2.5 hr 
Molecular weight 832 
Vd 185 mL/kg 
Excretion Renal 50% 
Dose adjustment in renal Yes 

failure? 
Provides benefit in PCI? Clear benefit 
Hemodialyzable? Yes 


TIROFIBAN® ABCIXIMAB® 
Aggrastat ReoPro 
Nonpeptide Chimeric (human-murine) 
monoclonal antibody Fab 
fragment 
Unclear; inhibition as early Within 2 hr 
as 5 min 
3-8 hr 48 hr 
1.5-3 hr Phase 1 < 10 min 
Phase 2 ~ 30 min 
495.1 47455.4 
22-42 L Unknown 
Renal 65% Renal and protein 
catabolism” 
Yes No 
Benefit No change 
Yes N/A 


*Drugs used in the United States in 2003. gpllb/Illa, glycoprotein IIb/Illa’7'; PCI, percutaneous coronary intervention (coronary artery catheterization). 


only P, receptors and do not inhibit ADP-induced 
changes in platelet shape. 

Thienopyridines are being used as alternative 
antiplatelet agents in acute coronary syndromes. A single 
dose of 375 mg of clopidogrel achieves maximal platelet 
ageregation inhibition of 40% to 50% 2 to 6 hours after 
ingestion.’ The same level of platelet inhibition is 
achieved in 3 to 7 days when clopidogrel is dosed at 
75 mg once daily. Peak response is expected 5 days after 
the initial dose, and a return to baseline platelet function 
comes 5 days after discontinuation. Ninety-four percent 
to 98% protein bound, thienopyridines undergo about 
50% to 60% renal excretion and 30% to 50% excretion 
in bile.” Table 66-6 summarizes the pharmacokinetic 
parameters of clopidogrel and ticlopidine. 

Thienopyridine use in patients undergoing PCI has 
become increasingly popular. This drug class has become 
an effective alternative antiplatelet medication for 
aspirin-intolerant patients with atherosclerotic cardiac 
disease. However, the one exception for thienopyridine 
use in patients suffering an acute coronary event is when 
a patient is likely to undergo a coronary artery bypass 
graft. The delay in recovery of platelet function may 
complicate intraoperative and postoperative care. 

There is no therapeutic monitoring for thienopyr- 
idine use. However, routine quantitative platelet analysis 
(e.g., through a complete blood count) is indicated for 
patients taking thienopyridines because they can cause 
neutropenia and thrombocytopenia. The platelet 
function analyzer (PFA 100, Dade Behring, Illinois) may 
be used to assess platelet aggregation, although the gold 
standard for this measurement is optical aggregometry. 

Overdose of thienopyridines remains a rare occur- 
rence compared with other anticoagulant overdoses. 
Ingestion of up to 6000 mg clopidogrel has been 
reported.” Animal studies have reported dyspnea, 
seizures, gastrointestinal bleeding, and ultimately death 
after single acute ingestions of 500 mg/kg ticlopidine in 
mice and 2000 mg/kg clopidogrel in rats.” Although no 
thienopyridine antiplatelet reversal agent has yet been 
developed, DDAVP (desmopressin) administration may 
temporarily improve primary hemostasis by stimulating 
release of vWF factor from storage in endothelial cells 
and platelets.’ Patients who overdose with clopidogrel 
or ticlopidine should undergo routine decontamination 
with activated charcoal and receive supportive measures. 


Pharmacokinetics of the Thienopyridines* 


CLOPIDOGREL TICLOPIDINE 


Trade name Plavix Ticlid 
Oral bioavailability 50% 80% 
Metabolism CYP1A CYP1A 
Clearance Linear Nonlinear 


Elimination half-life 8 hr 12.6 hr after single dose 

4-5 days with repeated 
dosing 

Protein bound 94%-98% 98% 


* Available in 2004. 
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Because thienopyridines irreversibly change the ADP 
platelet receptor, return of platelet function is depen- 
dent on new platelet formation; platelet transfusion may 
be indicated for patients with active hemorrhage. 


ASPIRIN 

Acetylsalicylic acid (aspirin) has become a routine and 
ubiquitous agent in the treatment and prevention of 
unstable angina and myocardial infarction. Aspirin 
acetylates and irreversibly inhibits platelet cyclooxy- 
genase to inhibit thromboxane production and hence 
interfere with platelet aggregation. A single 8l-mg dose 
of aspirin or as little as 10 mg taken daily for 1 week will 
impair platelet function for the lifetime of a cohort of 
affected platelets. 


Overdose 

Hematologic complications of aspirin overdose are 
rarely seen, probably because the more active issues of 
metabolic derangement and subsequent central nervous 
system depression from salicylate toxicity must first be 
addressed. PT prolongation is fairly common, whereas 
disseminated intravascular coagulation, thrombocyto- 
penia, and acute hemorrhage from aspirin overdose are 
uncommon.” Management of aspirin toxicity is addressed 
in greater depth elsewhere in this text (see Chapter 48). 


BOTANICALS WITH ANTICOAGULANT 

PROPERTIES 

Several botanicals have been demonstrated to show 
anticoagulant synergy with existing synthetic agents as 
well as when used as single agents. Garlic has been shown 
to inhibit platelet aggregation, and patients with 
previously stable INRs on warfarin have had elevated 
INRs after adding garlic to their diets.°°*! Ginger may 
inhibit platelet aggregation, but ingestion of up to 40 g 
of cooked ginger does not seem to affect platelet function. 
Gingko may also affect platelet aggregation and has been 
implicated in increased bleeding complications in 
patients taking anticoagulants.** It has been suggested 
that ginseng can possibly inhibiting platelet aggregation; 
however, a decreasing INR was noted in one case report, 
and animal studies show no effect of ginseng on INR.® 


SNAKE VENOM 

Almost all snakes of the Crotalidae, Viperidae, and 
Crotalinae families have heparin-like substances that can 
lead to coagulopathy.** Elapidae bites rarely lead to 
hematologic disturbances; exceptions include Naja 
nigricollis, Ophiophagus hannah (king cobra), and the Naja 
atra (Chinese cobra).®°*° All patients with snake enven- 
omations should have PT, PTT, INR, and fibrin split prod- 
ucts monitored for development of coagulopathies. 
Detailed management of snake envenomations is discussed 
in elsewhere in this text (See Chapters 21A and 21B). 


SUMMARY 


Anticoagulant medications play an important role in the 
treatment and prevention of thromboembolic and 
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cardiovascular disease (Fig. 66-9). Even in overdose, they 
rarely precipitate life-threatening hemorrhage. 

In overdose, treatment should be based on clinical 
assessment of the patient, consideration of the nature of 
the overdose (unintentional versus intentional), and 
evaluation of bleeding time studies, hematocrit, and 
platelet concentration. Reversal agents, if available, 
should be administered for active exsanguination. In 
supratherapeutic administration of anticoagulants, most 
patients still need to maintain a certain degree of 
anticoagulation. In these cases, expectant management 
should be coordinated in conjunction with clinicians 
familiar with a patient’s therapeutic monitoring trends. 
All overdoses of anticoagulants merit consultation with a 
poison control center. 
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LUKE YIP, MD 


At a Glance... 


m Toxicity from thyroid preparations may result in a hyper- 
adrenergic state with primary effects on the cardiovascular and 
central nervous systems. 

m Although acute thyroid hormone overdose has been associated 
with moderate thyrotoxicosis and thyroid storm, most patients 
develop only mild signs and symptoms and do not require 
hospitalization. 

m There does not appear to be a reported pediatric death due to 
acute thyroid hormone toxicity in the literature. 

m Accidental acute ingestions of less than 5 mg of thyroxine may 
be managed at home and do not require emergent medical 
assessment and gastrointestinal decontamination. 

m Patients with signs of thyroid hormone toxicity should be 
admitted to the hospital for close observation and expectant 
treatment. 

m Treatments for exogenous thyroid storm include supportive 
care, hydration, antipyretics, B-adrenergic antagonists, iodine- 
containing contrast agents, corticosteroids, and gastrointestinal 
decontamination, as necessary. 

m = lodide, propylthiouracil, and methimazole have minimal efficacy 
in the management of exogenous thyroid hormone toxicity. 


Thyroid hormones are essential in normal growth and 
development, in many metabolic processes, and in the 
treatment of thyroid disorders. The clinical uses of 
thyroid hormones include replacement therapy for 
hypothyroidism, suppressive therapy to abolish thyroid- 
stimulating hormone (TSH) secretion in patients with 
differentiated thyroid carcinoma after total thyroidec- 
tomy or with diffuse and nodular nontoxic goiter. 
However, thyroid hormones are also abused by patients 
with thyrotoxicosis factitia, a syndrome due to surrep- 
titious excess thyroid hormone ingestion because of 
psychopathologic disorders.'® Acute thyroid hormone 
overdose has been associated with either few signs and 
symptoms that do not require hospitalization,”!! a mild 
to moderate thyrotoxicosis (e.g., flushing, tachycardia, 
fever, diarrhea, irritability, and insomnia),'*!° or a thyroid 
storm.!®18 Most cases follow a generally benign clinical 
course.”" The incidence of life-threatening reactions 
that require treatment has been low,®™!®1416.1922 and 
morbidity”!>?5"8 and mortality”®?%°° have rarely been 
reported after an acute single or repeated thyroid 
hormone overdose. Adverse reactions or toxicity during 
therapeutic use may occur. 331-34 


EPIDEMIOLOGY 


Thyroid hormone-containing tablets are commonly 
prescribed drugs. Despite the fact that large numbers of 


6 / Thyroid Agent Toxicity 


thyroid hormone-containing drugs are prescribed each 
year in the United States to an estimated 4% of the adult 
population, only a small proportion of patients suffer 
accidental or intentional poisoning.'**? In 2004, there 
were 10,647 thyroid preparation exposures reported to 
U.S. poison centers, of which 89% were unintentional.” 
Moderate to major toxicity occurred in 445 (4.2%) and 
death occurred in 3 (0.3%) exposures. Deaths could 
generally be attributed to the effects of co-ingestants and 
not to the thyroid preparations themselves. 


THYROID HORMONE PHYSIOLOGY AND 
PHARMACOLOGY 


The mature thyroid gland contains follicles composed of 
thyroid follicular cells that surround secreted colloid, a 
proteinaceous fluid that contains large amounts of 
thyroglobulin, the glycoprotein precursor of thyroid 
hormones. The basolateral surface of the thyroid 
follicular cells is apposed to the bloodstream, and an 
apical surface faces the follicular lumen. 

Dietary iodine is reduced to iodide and is absorbed in 
the small intestine. Thyroid follicular cells actively 
transport plasma iodide into their cytoplasm, and it is 
oxidized to iodine before binding to tyrosyl residues 
present in the thyroglobulin molecules. Iodination of 
the tyrosyl residues within thyroglobulin, a process called 
organification of the iodine, is catalyzed by thyroid per- 
oxidase. If one iodine atom replaces a hydrogen atom, 
then monoiodotyrosine is formed; if two iodine atoms 
are joined in the tyrosyl ring, diiodotyrosine is the 
resultant product. Monoiodotyrosine and diodotyrosine 
then undergo oxidative condensation to yield various 
iodothyronines. These include 3,5,3’,5’-tetraiodothy- 
ronine (thyroxine, T,) and 3,5,3’-triiodothyronine (tri- 
iodothyronine, T) (Fig. 67-1). Iodine makes up 66% of 
T, and 58% of T; by weight. 

Thyroid hormone secretion from the thyroid gland is 
regulated by the hypothalamic-pituitary-thyroid axis, 
which begins in the supraoptic nucleus cells of the 
hypothalamus. These cells secrete thyrotropin-releasing 
hormone (TRH), a tripeptide, and it is carried through 
the pituitary portal circulation to the anterior pituitary 
gland. TRH stimulates the pituitary gland to secrete TSH 
into the general circulation, which binds to its receptor 
on the basolateral surface of the follicular cells, resulting 
in thyroglobulin reabsorption from the follicular lumen 
and proteolysis within the cell to yield T, and T; for 
secretion into the bloodstream. 

T, and T, are reversibly bound to plasma proteins 
synthesized by the liver. Transthyretin (TTR) has a low 
affinity and rapid dissociation constant and has a greater 
role in delivering iodothyronines to various tissues. In 
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FIGURE 67-1 Chemical structure of thyroxine (T,) and tri- 
iodothyronine (T3). 


contrast, thyroxine-binding globulin (TBG), with its 
relatively high binding affinity and slower dissociation 
constant, serves as a stable hormone reservoir in the 
circulation. Albumin has low binding affinity and may act 
similarly to TTR to provide tissue delivery of the 
hormone. 

Circulating T; is almost entirely bound (99.97%) to 
these plasma proteins and is predominantly bound to T4- 
binding globulin (75% to 80%). TTR binds 15% to 20% 
and albumin binds 5% to 10%. In contrast, plasma Ts is 
bound to a lesser extent. Target tissue responses are 
related principally if not exclusively to these free fractions 
of circulating T, and T. After thyroid hormones 
overdoses, there is little change in TBG concentration, 
and free hormone levels increase directly or even 
disproportionately with the total serum thyroid hormone 
concentrations. 

Ts is metabolically more active than T, and is 
generated by removal of either iodine atom from the 
outer ring (at 3’ or 5’ position) of the T, molecule. 
Peripheral deiodination contributes 80% to 85% of the 
daily Tą production and most total daily Tą production 
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results from extrathyroidal deiodination in such tissues 
as the liver and kidneys. 

The principal actions of thyroid hormones in target 
tissues are initiated by the binding to specific nuclear 
receptors, T receptors, which were first identified as 
cellular homologs of the avian erythroblastosis virus 
oncogene (c-erbA). These receptors have properties of 
(1) binding T; with high affinity; (2) binding specific 
oligonucleotide sequences, called T; regulatory elements, 
which are present in the regulatory regions of thyroid 
hormone-responsive genes; and (3) binding one another 
to form dimers; an important aspect of T; action. Within 
hours of thyroid hormone administration, T, binding to 
these receptors stimulates transcription of certain 
messenger RNAs that are then translated into proteins 
(e.g., B-myosin heavy chain in myocardium), which are 
ultimately responsible for effecting thyroid hormone 
actions in various tissues. Those actions include increases 
in metabolic rate, body temperature, heart rate, and 
myocardial contractility. 


PHARMACOKINETICS 


Dosing 


The commercially available thyroid preparations and 
their approximate equivalent dosages are provided in 
Table 67-1. Recommended therapeutic T; and T, dosing 
is listed in Table 67-2. 


Absorption 


The average T, bioavailability is 80% after an oral 
therapeutic dose, and the time to maximal absorption is 
2 hours. The serum T, level reaches its peak 4 hours after 
ingestion of 3 mg T,.°° Gastrointestinal diseases such 
as sprue, diabetic diarrhea, short bowel syndrome, and 
ileal-jeyunal bypass surgery may reduce absorption. 


Thyroid Preparations* 


APPROXIMATE 


GENERIC NAME BRAND NAME SUBSTRATE EQUIVALENT DOSE AVAILABLE ORAL DOSES* 
Liothyronine sodium Cytomel 3,3,5’-triiodo-L-thyronine 25 ug 5, 25, and 100 ug 
sodium T; (synthetic) 
Levothyroxine sodium Synthroid 3,5,3’,5'-tetraiodothyronine, 100 ug 25 to 300 ug 
Levoxyl T, (thyroxine sodium) 
Levothyroid 
Eltroxin 
Liotrix Thyrolar T,:T3 sodium salts in ratio 50/12.5 ug 12.5/3.1 to 150/37.5 ug 


of 4:1 
Thyroid extract Armour Thyroid 


with T, and T; in 


Desiccated pork thyroid 


60-65 mg (1 grain) %to5 grains 


(15 to 300 mg) 


approximate ratio of 4:1 
38 ug T, and 9 ug T; per grain 


Thyroglobulin 


65 mg 


*Only the preparations available in the United States are listed. Preparations other than the ones mentioned in this table may be available in other 


countries. 


tLevothyroxine and liothyronine (Triostat, 10 ug/mL, 1 mL vial) are also available commercially as parenteral preparations. 
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Therapeutic T, and T; Dose 


ORAL T, DAILY DOSE 


ADULT 100-200 ug 


ORAL T; DAILY DOSE 


10 ug every 8 hr; may increase 


INTRAVENOUS T; DOSE 


5-20 ug every 8-12 hr 


to 20 ug every 8 hr 


PEDIATRIC 25 ug; increase gradually to 


3-5 yg/kg/day 


0.2 ug/kg/dose (up to 10 ug) 
every 8 hr; may be increased 


0.1-0.4 ug/kg/dose (up to 
20 ug) every 8-12 hr 


to 0.4 ug/kg/dose (up to 20ug) 
every 8 hr 





Cholestyramine, calcium carbonate, sucralfate, aluminum 
hydroxide, ferrous sulfate, soybean formula, lovastatin, 
and dietary fiber supplements may also impair T, absorp- 
tion from the gastrointestinal (GI) tract. The maximum 
effects of T; are apparent 1 to 3 weeks after initiating oral 
therapy, and the effects persist for the same amount of 
time after discontinuing the drug. 

T; is 95% absorbed from the GI tract after an oral 
therapeutic dose, and the serum Ts level begins to rise at 
1.5 to 2.5 hours.3” The serum T; level peaks 2 hours after 
ingestion of 6 grains (360 mg) of desiccated thyroid and 
4 hours after ingestion of 75 ug T3.°° 


Distribution 


T, has a 10-L volume of distribution (Vd) and is 
distributed into most body tissues and fluids, with highest 
concentrations in the liver and kidneys. T, has a volume 
distribution of 38 L. T, and T, are primarily bound to 
thyroxine-binding globulin and to a lesser extent to 
thyroxine-binding prealbumin and albumin. T, is more 
extensively and tightly bound than Ts. It is estimated that 
0.04% of T; and 0.5% of T, are unbound (free) hormone, 
which is available to elicit a physiologic effect. 


Elimination 


Endogenously secreted T, (35%) is enzymatically 
monodeiodinated by type I 5’-monodeiodinase to Ts; in 
the peripheral tissues (e.g., liver and kidney) and 
accounts for 80% of total daily T, production. T; is also 
enzymatically monodeiodinated to reverse T (rT). In 
the liver, T, may undergo glucuronidation and sulfation, 
which is eliminated in bile; some is hydrolyzed in the 
intestine and reabsorbed, and the remainder is 
hydrolyzed in the colon and eliminated unchanged in 
the feces. After an oral 3-mg T, dose, a significant 
increase in serum T; level is evident at 4 hours, and peak 
level is achieved between 2 and 4 days.°*® The elimination 
half-life of T, is 6 to 7 days. Drugs that increase non- 
deiodinative T, clearance include rifampin, carba- 
mazepine, and phenytoin. Selenium deficiency and 
amiodarone may block T, conversion to T3. 

One metabolic pathway for T; and rT; is peripheral 
monodeiodination. The half-life of T; is 1 to 2 days. The 
maximum effects of T; are apparent within 24 to 72 
hours after initiating oral therapy, and the effects persist 


for up to 72 hours after discontinuing the drug. Urinary 
T; elimination increases linearly with the rise in urine 
flow rate and is doubled or tripled when urine flow rate 
is increased by fivefold to eightfold during acute 
hydration.°® 


TOXICOKINETICS 


Adult 


In a thyroidectomized patient who had ingested an 
estimated 2000 ug Ty, the serum concentrations of most 
thyroid hormones reached a peak on the second day.”®” 
The serum Ts; level peaked 1 day later and did not 
exceed the upper limit of the reference range. The 
serum T; and rT; levels returned to the reference range 
13 to 17 days after ingestion. The serum TSH level was 
rapidly suppressed and reached nadir on the 6th day 
after ingestion. The serum Ty, half-life and metabolic 
clearance rate were 10.4 days and 0.64 L/day, respec- 
tively. An acute single oral ingestion of a large amount of 
T, does not induce a proportional increase in the serum 
T; level in an athyreotic person. The serum T; metabolic 
clearance rate is decreased, and the serum T; half-life is 
prolonged. This is consistent with D1 deiodinase activity 
in the thyroid being one of the major determinants in 
the metabolic clearance of serum Ty. 

Two hours after an acute oral T; overdose, the serum 
T,, free T,, and free T, levels were 2.27, 7.17, and 2.85 
times the upper limit of the reference range, respectively.” 
Two hours after an acute oral triiodothyronine overdose, 
the serum total T, and Ts; levels were 1.83 and 25 times 
the upper limit of the reference range, whereas the T, 
resin uptake (TRU) remained in the reference range.'® 


Pediatric 


Two previously healthy female pediatric patients were 
hospitalized, treated with ipecac, gastric lavage, propran- 
olol, prednisone, cholestyramine, and propylthiouracil 
(PTU) after inadvertent ingestion of 2500 ug Ty. The 
patients remained asymptomatic throughout their hospital 
course.*! Serial serum T,, Ts, rT, and thyroglobulin levels 
were obtained during the 20 days after ingestion. Serum T, 
concentrations were elevated 2 hours after ingestion and 
returned to the reference range after 13 days. The serum 
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TSH levels reached their nadir 14 hours after ingestion 
and remained low until the fourth day, after which they 
rose gradually. However, the TSH levels remained below 
their initial values at 20 days after ingestion. The serum 
T's concentrations peaked 11 hours after ingestion and 
decreased to reference values after 3 days. Both Ts 
production and degradation constants were significantly 
increased. The serum rT, concentration peaked on the 
second day after ingestion and decreased to reference 
values on the fourth day. Both rT, production and 
degradation constants were below reference values. The 
T/rT, ratio decreased from a reference value of 3 to 
l and then increased after 13 days to as high as 8. The 
serum thyroglobulin concentration continuously 
decreased, with a half-life of 1 to 5 days, and began rising 
after 2 to 13 days. 

The toxicokinetics data from 15 previously healthy 
patients aged 12 to 49 months who were treated with GI 
decontamination within 6 hours of the overdose showed 
elevation in serum T, concentration as early as | to 2 
hours after ingestion. In 71% of patients, peak serum T, 
level was reached within 12 hours, whereas the serum T, 
concentration did not peak until after 24 hours after 
ingestion. The mean elimination half-life of T, was 2.8 + 
0.4 days (range, 1.5—4.5 days), and the mean elimination 
half-life of Tą was 6 + 1.7 days (range, 2.2-12.3 days), 
which is five times longer than that observed in 
physiologic conditions. Also, in physiologic conditions, 
the elimination half-life of T, is shorter than that of T4. 

The toxicokinetics data from a 13-year-old boy who 
was treated with activated charcoal, propranolol, and 
dexamethasone showed his serum T, level began to 
decline 48 to 72 hours after ingestion, whereas the serum 
T; level began to decline 24 to 36 hours after ingestion.** 
The calculated total T; and T, half-lives were 5.7 and 5.3 
days, respectively. The serum TSH concentration was 
undetectable 19 hours after ingestion and remained sup- 
pressed for 10 days after the overdose. Administration of 
two additional doses of charcoal, 4 hours apart on the 
second day after ingestion, did not significantly change 
the T, or T, half-life. The patient’s free T} and TSH 
returned to the normal range 2 weeks later. 

Serum T; levels may be elevated as early as 30 minutes 
after an acute overdose*!; Tą and rT, levels may be 
elevated after 1.5 hours,** and serum TSH level may be 
undetectable after 19 hours.*? 


DRUG INTERACTIONS 


In patients with endogenous thyrotoxicosis, there is a 
significant increase in serum free T; and Ts levels after 
intravenous heparin (5000-30,000 U) administration.“ 
This effect may be due to a hormonal shift from the 
cellular to the intravascular compartment when both 
cellular and intravascular hormonal binding sites are 
blocked by heparin. However, the metabolic significance 
of this is unknown. Certain drugs may interfere with the 
GI absorption of Ty, including sucralfate, cholestyramine 
resin, iron and calcium supplements, and aluminum 
hydroxide.** In addition, certain drugs that induce 
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cytochrome P-450 enzymes may enhance biliary excretion 
of T, (e.g., phenytoin, carbamazepine, and rifampin) 
and necessitate increased oral T, dosing. 


THYROID HORMONE TOXICOLOGY 


Thyroid hormones regulate normal growth and develop- 
ment and act to maintain normal metabolic homeostasis. 
Some of the principal effects of thyroid hormones are 
to stimulate metabolic activity and oxygen consumption 
of numerous peripheral tissues (e.g., heart, skeletal 
muscle, liver, kidney) and to enhance the effects of other 
hormones (e.g., catecholamines). Thyrotoxicosis is the 
state produced by an excess of thyroid hormone. 
Although thyrotoxicosis occurs largely as a result of 
hyperthyroidism, or an overactive thyroid gland, the 
condition may also occur from ingestion of excess thyroid 
hormone. 

Toxicity from excessive exposure to thyroid prepa- 
rations manifests as an exaggeration of the physiologic 
effects of thyroid hormone and results in a hyperadren- 
ergic state with primary effects on the GI, cardiovascular, 
and central nervous systems. 

Thyroid hormone intoxication may occur after 
accidental or intentional and acute or chronic exposure. 
Acute thyroid hormone overdose occurs most commonly 
in children and is generally benign; major morbidity or 
mortality occurs very rarely in this setting.?'!7°?9,% 
Chronic exposure to excessive doses of thyroid hormone 
is more commonly associated with more severe illness 
and may present with thyroid storm. Mortality, however, 
is still rare with chronic overdose. Accidental chronic 
overexposure occurs from medication error (by physician, 
pharmacists, nurses, or patients) or from continued 
administration with therapeutic intent in patients with 
decreased thyroid hormone dose requirements. 
Intentional chronic overingestion of thyroid hormone is 
often referred to as factitious thyrotoxicosis. Individuals 
with factitious thyrotoxicosis are often health care 
workers who ingest the hormone for weight reduction. 
“Hamburger thyrotoxicosis” is an unusual cause of 
exogenous thyrotoxicosis that follows the ingestion of 
ground beef contaminated with thyroid tissue.*° Cooking 
the contaminated beef does not inactivate iodothy- 
ronines. Although inclusion of the thyroid gland in meat 
product preparations is now banned in the United States, 
this entity should still be considered in the differential 
diagnosis of thyrotoxicosis presenting with elevated 
serum T; and Ty, especially in a cluster pattern. Acute 
toxicity from thyroid hormone may also occur during the 
initial stages of thyroid hormone replacement therapy in 
those with hypothyroidism (see “Adverse Effects”). 


CLINICAL MANIFESTATIONS 


Acute Overdose 


The temporal relation between acute overdose and the 
onset of signs and symptoms is delayed by hours to days. 


The latency is longer (3 to 7 days) after ingestion of T, 
because of the time it takes for peripheral conversion to 
Ts, the bioactive hormone. Clinical signs and symptoms 
after acute T; ingestion or desiccated thyroid (both Ts 
and T; present) may occur within a few hours but usually 
appear after 2 to 3 days. Adult patients primarily present 
with cardiovascular and central nervous system 
manifestations.'*'>.!®.*° Vomiting may be evident as soon 
as 2 hours after ingestion, tachycardia may be noted after 
2 to 6 hours, and fever has been reported after 
6 hours.!°!94° However, cardiovascular signs and 
symptoms usually do not become apparent until 16 hours 
to 4 days after ingestion, and neurologic manifestations 
may not occur until 2 to 6 days after ingestion. 

Cardiovascular effects include tachycardia, shortness 
of breath, palpitations, vasodilation, systolic hyperten- 
sion, and increased cardiac contractility. Hypotension, 
congestive heart failure, tachyarrhythmias, and cardio- 
vascular collapse may occur.!’ Common tachyarrhythmias 
include sinus tachycardia, atrial fibrillation, paroxysmal 
atrial tachycardia, and atrial flutter.” Electrocardio- 
graphic changes are nonspecific. 

Common neurologic effects are the result of sympathetic 
nervous system overactivity and include anxiety, agitation, 
restlessness, diaphoresis, hyperthermia, tachypnea, 
mydriasis, hyperactive bowel sounds, vomiting, diarrhea, 
and tremor.!7!® Other neurologic manifestations may 
include a lack of energy, confusion, acute psychosis, 
mutism, combativeness, slurred or unintelligible speech, 
hyperreflexia, seizures, and coma.!7§ 

Other effects have included acute abdominal pain, 
peptic ulcer disease, muscle weakness and pain, malaise, 
weight loss, and delayed onset laminar desquamation of 
palms and soles and alopecia areata.!” 

Laboratory abnormalities include leukocytosis, hyper- 
glycemia, hepatic aminotransferase abnormalities, and 
elevations of blood urea nitrogen, creatinine, and creatine 
phosphokinase (rhabdomyolysis). Fluid and electrolyte 
disturbances may include hypokalemic alkalosis and 
sodium and water retention.!” 

Acute thyroid hormone overdoses are well tolerated 
by children; there are no reported deaths due to acute 
toxicity in the literature. In one retrospective review of 
92 children (ages 6 years or younger) with acute T, 
ingestion, no significant symptoms developed in those 
who ingested doses up to 3.75 mg T, with GI decon- 
tamination and 2.0 mg T, without GI decontamination." 
In this study, clinical effects occurred in 8.7% and 
included irritability, hyperactivity, increased appetite, 
vomiting, diarrhea, fever, flushing, and rash. In this 
study, researchers concluded that ingestion of less than 
5.0 mg T, equivalent of thyroid hormone is not 
associated with significant toxicity. Other toxic effects 
reported in children include supraventricular tachycardia, 
extrasystoles, hypertension, diaphoresis, abdominal pain, 
lethargy, extremity jerking, and seizures, ”91?7922.24,42,4754 
Although children usually tolerate relatively large doses 
of thyroid hormone without major toxicity, significant 
toxicity may rarely occur. For instance, Kulig and 
colleagues reported on a 30-month-old boy who had two 
grand mal seizures 7 days after acute ingestion of an 
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estimated 18 mg of T,.2* GI decontamination was 
performed with 3.5 hours of ingestion. There is not 
consistently a close correlation between the severity and 
type of symptoms and the ingested amount or serum T, 
levels shortly after ingestion. Tenenbein and colleagues 
reported an overdose of 30 mg of T; in a child with no 
significant toxicity. The time course of signs and 
symptoms of toxicity is similar for both children and 
adults. 


Chronic Overdose 


As for acute overdose, signs and symptoms of chronic 
overdose primarily affect the cardiovascular and 
sympathetic and central nervous systems. Clinical effects 
may begin within a few days of the first dose.°*°° Unlike 
those following acute overdose, cardiovascular and 
neurologic effects tend to be more severe. For instance, 
there is a greater incidence of unstable arrhythmias (e.g., 
atrial and ventricular fibrillation), left ventricular heart 
failure, and serious neurologic effects (e.g., stupor, coma, 
aphasia, hemiparesis, and seizures).°*°?® When death 
occurs, it usually results from a lethal ventricular arrhyth- 
mia (e.g., ventricular fibrillation).*°° Other clinical 
effects noted with chronic excessive exposure include 
insomnia, heat intolerance, asthenia, sialorrhea, 
arthromyalgia, diarrhea, weight loss, fatigability, dyspnea 
on exertion, anxiousness, apprehension, hostility, rest- 
lessness, anorexia, jitteriness, depression, heat intolerance, 
warm moist palms, and generalized muscle weakness.” 

The natural history of signs and symptoms of chronic 
toxicity is illustrated in one series of six adult patients 
(ages 46-74 years) who were erroneously administered 
between 70 and 1200 mg of T, for 2 to 12 days.*° All 
patients developed tachycardia, fever, nervousness, 
insomnia, heat intolerance, asthenia, arthromyalgia, and 
diarrhea within 3 days of ingesting the first T, dose. 
Severe neurologic signs and symptoms occurred in all 
patients between day 7 and 10 after ingestion; coma 
developed in five patients, stupor in one patient, and 
aphasia with hemiparesis occurred in one patient. Left 
ventricular failure, atrial fibrillation, and ventricular 
fibrillation developed between days 8 and 11 in five 
patients. One patient developed diffuse ST-T wave 
changes on electrocardiogram on day 29. Intense laminar 
desquamation of the palms and soles developed between 
days 17 and 37 in five patients. One patient died; the 
other patients recovered completely. 


ADVERSE EVENTS 


The adverse drug effects associated with chronic thyroid 
hormone therapy include sinus tachycardia, nonsinus 
supraventricular tachycardias (e.g., atrial flutter and 
fibrillation), premature atrial contractions, coronary 
artery spasm, acute myocardial infarction, left ventricular 
hypertrophy, cardiac failure, reduced bone density and 
mass, thyroid storm, coma, and death.*°*!** Tachycardia 
is often out of proportion to fever. Adverse effects may 
also occur during acute exposure to thyroid hormones 





© 1070 


with therapeutic intent. Initiation of thyroid hormone 
replacement therapy in hypothyroid patients has been 
rarely associated with arrhythmias and death.** Thus, in 
patients older than 60 years and in those with known 
cardiac disease, thyroid hormone replacement is 
initiated at a lower daily dose of levothyroxine (e.g., 12.5 
to 25 ug/day) and increased slowly to avoid cardiac 
adverse effects. Idiosyncratic or allergic reactions may 
occur with animal-derived products such as desiccated 
thyroid and thyroglobulin. 


DIAGNOSIS 


There are no essential tests recommended after thyroid 
hormone exposure. However, serum Ty, T, and thyro- 
globulin levels may have some diagnostic and prognostic 
value. Elevated serum T; and T, levels help to confirm 
excessive ingestion of thyroid preparations. In children, 
a serum T, concentration greater than 75 ug/dL within 
7 hours after ingestion may be predictive of who will 
develop toxicity (e.g., fever, tachycardia, and agitation) 
12 to 48 hours after ingestion.® Despite this study, measure- 
ments of serum T, and T, do not always correlate with 
the severity of illness and need for therapy, particularly in 
those with chronic thyroid preparation overdose. With 
acute thyroid hormone overdose, the initial serum TSH 
may not be suppressed until pituitary thyrotrophs 
respond to thyroid hormone excess and circulating TSH 
is metabolically cleared. 

The serum T,/T3 ratio and thyroglobulin concen- 
tration may be helpful in distinguishing those patients 
with thyrotoxicosis factitia from those with endogenous 
causes of thyrotoxicosis.” The serum T,/Ts; ratio in 
patients taking exogenous, excessive doses of T; is higher 
than in patients with endogenous thyrotoxicosis, in 
whom there is a marked T, secretion. In patients with 
thyrotoxicosis from Graves’ disease, the mean T,/T; ratio 
is 28 (range, 11-57), whereas patients with thyrotoxicosis 
factitia have a mean ratio of 70 (range, 48-114). 
Ordinarily, small amounts of thyroglobulin are released 
into the serum during normal T; release from the 
thyroid gland. Thus, patients with thyrotoxicosis factitia 
have either low or undetectable serum thyroglobulin 
levels, as compared with those with endogenous 
thyrotoxicosis, in which thyroglobulin levels are normal 
or increased. Endogenous hyperthyroidism due to 
Graves’ disease or nodular thyroid disease can also be 
differentiated from thyroid hormone overdose by 
measuring thyroidal uptake of iodine-123 or technetium- 
99m. The uptake is increased in hyperthyroidism due to 
Graves’ disease or nodular thyroid disease, whereas it is 
suppressed with overdose. However, it should be under- 
stood that the uptake is also suppressed in hyperthyroidism 
associated with thyroiditis, metastatic thyroid cancer, and 
struma ovaril. 

The dynamic pattern of a patient’s serial thyroid 
function tests may provide evidence for diagnosis of 
exogenous T; ingestion. The serum T, concentration 
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will most likely far exceed that observed in endogenous 
causes of hyperthyroidism. The rapid fall in serum T, 
concentration indicates that T, toxicosis is a transient 
event rather than a sustained physiologic process. The 
serum T,/T; ratio will be expected to consistently be less 
than 20, which is less than that observed in conditions of 
endogenous hyperthyroidism associated with T, toxicosis. 
This ratio reflects the extreme elevation of serum Ts 
concentration and the decreased T, concentration with 
T suppression of TSH. 

An increased serum T/T: ratio may be observed in 
thyrotoxic states other than ingestion of excess amounts 
of T,. Patients receiving amiodarone therapy have 
elevated T,/Ts; ratios (mean, 57; range, 27-120), and it 
has been associated with increased serum thyroglobulin 
concentration (mean, 118 ng/dL; range, 17-460 ng/dL).°° 

In addition to thyroid function testing, routine 
laboratory analysis in patients who have taken excessive 
doses of thyroid hormones should include a complete 
blood count and measurement of serum electrolyte, 
blood urea nitrogen, creatinine, glucose, creatine 
phosphokinase (CPK), calcium concentrations, and 
pregnancy testing in women of childbearing age. Serum 
acetaminophen and salicylate concentrations should be 
performed in all intentional overdose patients. In 
patients with chest pain or cardiovascular toxicity, an 
electrocardiogram should be performed, and laboratory 
evaluation should include serial measurements of serum 
CPK and troponin concentrations. Other studies that may 
be helpful include head computed tomography, lumbar 
puncture, and toxicology studies of blood and urine. 


Differential Diagnosis 


The sympathomimetic effects of thyroid hormone 
overdose may present similarly to many other toxicologic 
and nontoxicologic entities (Box 67-1). Other toxic eti- 
ologies to consider include anticholinergic, neuroleptic- 
malignant, serotonin, and sedative-hypnotic withdrawal 
syndromes; and poisoning by hallucinogens, lithium, 
monoamine oxidase inhibitors, strychnine, sympatho- 
mimetics (e.g., cocaine, amphetamines, methylxanthines, 
cough and cold preparations, decongestants), salicylates, 
dinitrophenol and pentachlorophenol, and nicotine. 
Occasionally, thyrotoxicosis may be associated with 
ingestion of amiodarone, lithium, and excessive doses of 
iodine. Nontoxicologic conditions that should be 
considered in the differential diagnosis include endoge- 
nous thyrotoxicosis, traumatic head injury, intracranial 
hemorrhage, heatstroke, systemic infection, pheochro- 
mocytoma, hypoglycemia, malignant hyperthermia, and 
lethal catatonia. 

As mentioned, specific thyroid function laboratory 
testing helps differentiate endogenous thyrotoxicosis 
from exogenous thyrotoxicosis (overdose). In addition, 
the relatively short duration of symptoms and the absence 
of exophthalmos, pretibial myxedema, onycholysis of 
fingernails, thyroid bruit, and goiter are helpful in ruling 
out endogenous hyperthyroidism. 


BOX 67-1 


Hyperthyroidism 

e Endogenous hyperthyroidism due to Graves’ disease, 
multinodular goiter, solitary functioning adenoma, thyroiditis 

e Hyperthyroidism associated with drug use such as thyroid 
hormone preparations, amiodarone, iodide-containing 
compounds, interferon, lithium 

Acute disorders associated with sympathetic nervous system 
activation: infection, heatstroke, hemorrhage, trauma, 
pheochromocytoma, conditions associated with severe pain, and 
drug withdrawal states 

Toxic drug ingestion 
Amphetamine, cocaine, methylxanthines, and other 
sympathomimetic agents 
Cyclic antidepressants and monoamine oxidase inhibitors 
Salicylates 
Dinitrophenol and pentachlorophenol 
Nicotine overdose 
Central hallucinogens 
Lithium and other psychotropic agents 
Toxic syndromes (e.g., neuroleptic malignant syndrome and 
serotonin syndrome) 





MANAGEMENT 


Overview 


The treatment plan of patients who have ingested 
thyroid hormone is dependent on the intent of the 
exposure (suicidal or accidental), estimated dose ingested, 
time since ingestion, associated ingestion of other 
compounds, toxic effects present on presentation, and 
the patient’s age, comorbid conditions, and reliability 
(when considering outpatient treatment). As noted 
already, healthy adults and children may tolerate even 
relatively large doses of thyroid hormone without serious 
consequences, 781112525758 On the other hand, life- 
threatening toxicity can occur in elderly patients or 
those with underlying cardiac disease.**°° Indications 
for inpatient observation and treatment include (1) 
signs and symptoms of toxicity; (2) elderly age or the 
presence of underlying cardiopulmonary disease; (3) 
ingestion of more than 100 ug/kg of T; or 30 Ug/kg of 
Ts; (4) serum T; concentrations greater than 75 ug/dL 
and/or Ts; levels greater than 350 ng/dL; and (5) 
unreliable patients or caretakers. Patients with mild to 
moderate signs of toxicity can be admitted to a 
monitored floor bed, whereas those patients manifesting 
significant cardiovascular or neurologic signs and 
symptoms should be managed in an intensive care unit. 

Emergent medical assessment and GI decontamination 
are not recommended for every patient exposed to 
thyroid hormones. Most cases of accidental ingestion can 
be managed with home observation and telephone 
follow-up by health care professionals for a period of 
7 days. Gastrointestinal decontamination is unnecessary 
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for children younger than 12 years who accidentally 
ingest an estimated 2 mg or less of T, and may not be 
necessary for ingestions up to 5 mg.”™!! These patients 
may be observed at home pending the onset of 
symptoms. Although the absence of initial symptoms 
does not preclude the possibility for delayed significant 
toxicity (e.g., seizures),** prophylactic treatment with 
antithyroid agents (e.g., propranolol, PTU, and corti- 
costeroids) is not recommended in the absence of toxic 
effects.7!! 

Patients who have ingested thyroid hormone with 
suicidal intent should be emergently assessed in a 
hospital, receive GI decontamination, and be observed 
for signs and symptoms of thyroid hormone toxicity or 
coingestants. After GI decontamination and an 
emergency department observation period of several 
hours, it may be acceptable to transfer an otherwise 
healthy, asymptomatic patient who ingested thyroid 
hormone with suicidal intent to an inpatient psychiatric 
facility. This is provided that the receiving facility is 
knowledgeable of the delayed toxic effects that can occur 
from thyroid hormone, can monitor for these effects, 
and will transfer the patient back to an acute care facility 
should these effects occur. Otherwise, it is more prudent 
to admit these patients to the hospital for close 
observation for a period of 3 to 5 days. 


Decontamination 


GI decontamination is recommended after intentional 
or accidental thyroid hormone overdose (greater than 
5 mg T; equivalent), provided it can be initiated within a 
few hours of ingestion. Although it has not been well 
studied, single-dose administration of activated charcoal 
(1 g/kg orally or by nasogastric tube) is the preferred 
method of gastrointestinal decontamination. The bile 
acid sequestrant, cholestyramine, is an acceptable 
alternative agent for GI decontamination. Clinical 
studies have shown that cholestyramine significantly 
interferes with T, absorption from the GI tract and 
interrupts T, and T, enterohepatic circulation.° One 
in vitro study showed that 50 mg of cholestyramine resin 
is capable of irreversibly binding 3 mg of T,.°! The typical 
cholestyramine dose is 50 to 150 mg/kg/dose (adult, 
3-9 g), and this dose can be repeated every 6 to 
8 hours. Neither cathartic nor whole bowel irrigation has 
been formally studied as a decontamination method 
after thyroid hormone overdose. 


Supportive Care 


Supportive measures should include treatment of 
hyperthermia; correction and maintenance of fluid, 
electrolyte, and acid—base balance; and monitoring of 
cardiac rhythm and respiratory status. Intravenous fluid 
should be administered such that urine output is at least 
1 to 2 mL/kg/hr. Hyperthermia should be managed 
using standard measures. Case reports suggest that 
dantrolene may be effective adjunct therapy for 
endogenous thyrotoxicosis,°*®° but its efficacy remains to 
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be established in exogenous thyroid hormone toxicity. 
Dantrolene inhibits the effects of high circulating T, 
levels on calcium flux across the sarcoplasmic retic- 
ulum.®? Hypertension requiring medical treatment is 
rare and, if clinically indicated, should be managed as a 
hypertensive emergency. 


Specific Treatment Measures 


Specific treatment measures for exogenous thyroid 
storm include the administration of B-adrenergic antago- 
nists to suppress the signs and symptoms and 
administration of agents that block conversion of T, to 
Ts (active hormone) and block the release of thyroid 
hormone from the thyroid gland. 


B-ADRENERGIC ANTAGONISTS 

Agents in this class (e.g., propranolol and esmolol) 
rapidly reduce catecholamine-dependent signs and 
symptoms, such as tachycardia, supraventricular tachyar- 
rhythmias, hypertension, tremor, palpitation, tension, 
and psychomotor agitation. !415292128.3447.4954 Propran- 
olol, and possibly other B blockers, also partially inhibit 
the conversion of T, to Ts.°° The typical oral propranolol 
dose is 0.2 to 0.5 mg/kg/dose (adult, 10-40 mg) every 
4—6 hours; the dose should be adjusted according to the 
response, and large doses (240-280 mg/day) may be 
required in severely toxic patients. The intravenous 
propranolol dose is 0.1 mg/kg (adult, 2-10 mg) over 10 
minutes and may be repeated up to three times as 
clinically indicated. An esmolol infusion can be initiated 
by administering 0.5 mg/kg over 1 minute, then 
50 ug/kg/min for 4 minutes; if the response is 
inadequate, rebolus with 0.5 mg/kg and then 50 to 200 
Uug/kg/min for up to 48 hours. 


CALCIUM CHANNEL ANTAGONISTS 

Diltiazem appears to be an effective alternative therapy 
in controlling thyrotoxic symptoms in patients in whom 
B-blocker therapy may be contraindicated.°” The oral 
diltiazem dose is 1 to 3 mg/kg/dose (adult, 60-180 mg) 
every 6 to 8 hours. Diltiazem may be administered 
intravenously as a bolus injection (0.25 mg/kg), typically 
20 mg intravenously given initially followed by 5 to 
10 mg/hr. 


IODINATED RADIOCONTRAST AGENTS 

Oral iodinated radiocontrast agents (e.g., sodium 
ipodate and iopanoic acid) are potent inhibitors of 
peripheral T, bioconversion to T and appear to be 
effective adjunct treatment for patients with either 
exogenous® 47-6 or endogenous thyrotoxicosis.’~” 
After administration of these contrast agents, there is 
marked prolongation in serum T; half-life, with a con- 
current sharp increase in serum rT; level and a marked 
decrease in serum T; level.4?4”°? Although not important 
for exogenous thyroid hormone overdose, these agents 
also release large amounts of iodide with their 
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metabolism, which subsequently blocks the release of T, 
and T, from the thyroid. The typical sodium ipodate and 
iopanoic acid dose for adults is 3 g and that for children 
is 150 mg/kg/dose, and may be repeated for recurrence 
of symptoms. Sodium ipodate, 250 mg/kg/dose every 
3 days for 18 days followed by 500 mg/kg/dose every 
3 days for 21 days, has been successfully used to treat a 
patient with moderately severe neonatal Graves’ 
disease.” 


CORTICOSTEROIDS 

The major effect of corticosteroids, particularly dex- 
amethasone (2 mg every 6 hours for four doses), is to 
alter peripheral T, metabolism such that conversion 
from T; to T; is diminished and to rT; is enhanced.’*” In 
those with endogenous thyroid storm, relative adrenal 
insufficiency is often present, and corticosteroid admin- 
istration (hydrocortisone at 200 to 400 mg daily) is im- 
portant as part of treatment to reduce mortality. The 
presence of relative adrenal insufficiency in exogenous 
thyroid storm is unclear. 


PROPYLTHIOURACIL AND METHIMAZOLE 

The antithyroid thionamide drugs PTU and meth- 
imazole (MMI) inhibit the synthesis of both T; and Ts. 
These agents interrupt thyroid peroxidase—catalyzed 
inorganic iodide oxidation and thyroidal Ty secre- 
tion.” PTU and MMI have limited to no efficacy in the 
management of exogenous thyroid hormone toxicity 
(see below for toxicity from these agents). 


IODIDE 

Iodide acutely inhibits thyroid hormone biosynthesis and 
release, and, like the thionamides, has no proven clinical 
utility in the treatment of exogenous thyroid hormone 
exposure. 


Enhancement of Elimination 


Multiple doses of activated charcoal have been used and 
case reports suggest it does not appreciably alter serum 
thyroid hormone levels or improve clinical outcome.®** 
However, multiple doses of cholestyramine may be an 
effective means of decreasing the body’s exogenous 
hormone load by binding GI tract T4 and disrupting 
enterohepatic recirculation. Cholestyramine has been 
used successfully to treat iatrogenic thyrotoxicosis 
(Fig. 67-2) .°1.° 

Hemodialysis is ineffective because of the high 
protein binding and limited renal excretion of thyroid 
hormones. Exchange transfusion,*?** plasmapheresis,*°40-* 
and hemoperfusion*® have been used in the manage- 
ment of acute and nonacute thyroid hormone poisoning, 
but conclusive studies are lacking. Observations suggest 
that these extracorporeal techniques do not remove 
significant amount of thyroid hormones relative to 
the total ingestion and that their efficacy decreases 
with time. 
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FIGURE 67-2 The use of the bile acid sequestrant 
cholestyramine to lower serum thyroid hormones in iatrogenic 
hyperthyroidism. Two patients with iatrogenic hyperthyroidism 
were administered 4 g of cholestyramine four times a day. The 
alterations in serum total T,, free T, total T}, and thyroid- 
stimulating hormone (TSH) levels in the two subjects (e—e; a—a) 
and one control (m—m) (n = 3, values = mean + SE) are shown. The 
normal serum values are as follows: total T,, 51 to 142 nmol/L; free 
T, 10 to 36 pmol; total T}, 1.2 to 3.4 nmol/L; and TSH, 0.4 values 
for T, and T3 and the lower normal range values for TSH. (From 
Shakir KMM, Michaels RD, Hays JH, et al: The use of bile acid 
sequestrants to lower serum thyroid hormones in iatrogenic 
hyperthyroidism. Ann Intern Med 1993;118:113.) 


TOXICOLOGY OF THYROID 
ANTAGONISTS 


Thyroid antagonists are drugs that interfere with one or 
more steps in iodine metabolism, thyroid hormone 
synthesis, or hormone release by the thyroid gland. 
Drugs that prevent the secretion of thyroid hormones 
include iodides and lithium. The toxicity of iodine (see 
Chapter 96) and lithium (see Chapter 30) are discussed 
elsewhere. Amiodarone may produce both hyper- 
thyroidism and hypothyroidism; its toxicity is discussed 
in Chapter 63. The toxicity of the thionamides, PTU and 
MMI (Tapazol), is discussed here. Another thionamide 
available in Great Britain, carbimazole (Neo-Mercazole), 
is converted to MMI after absorption. 
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PTU and MMI inhibit organification of iodide and the 
coupling of iodotyrosines for hormonally active iodo- 
thyronines. PTU also partially inhibits the peripheral 
deiodination of T, to Ts. Both agents are readily 
absorbed from the GI tract within an hour, and inhi- 
bition of thyroid iodine organification begins within 20 
to 30 minutes.** The Vd for PTU is about 0.3 L/kg, and 
75% is protein bound. The Vd for MMI is 0.6 L/kg, and 
protein binding is minimal. The plasma elimination half- 
lives of PTU and MMI are 1 to 2 hours and 4 to 6 hours, 
respectively. Intrathyroidal accumulation of drug occurs. 
Both PTU and MMI cross the placental barrier and 
appear in human breast milk. 

There is a paucity of information regarding acute 
PTU or MMI overdose. Acute ingestion of an estimated 
5 to 13 g of PTU in a 12-year-old patient did not result 
in any clinically significant effects.°* A low incidence of 
adverse effects (3% to 7%) has been associated with 
therapeutic use of both PTU and MMI.!644+7985 Most 
toxic reactions to thionamides occur with a few weeks or 
months of beginning therapy. Adverse drug events 
associated with PTU use include skin rash (purpuric or 
urticarial), granulocytopenia, eosinophilia, lupus-like 
syndrome, acute hepatitis, cholestatic hepatotoxicity, 
hepatic necrosis, liver failure, and death. Diagnostic 
laboratory studies may reveal complete blood count and 
liver function test abnormalities, hepatocellular necrosis 
around the central veins with moderate to severe 
lymphocytes and neutrophils infiltration in the portal 
areas and lobules on liver biopsy, positive migration 
inhibition factor test to PTU, and PTU-induced peri- 
pheral lymphocyte transformation.*'®?8° PTU may 
traverse the placenta and cause neonatal hepatitis and 
lymphocyte sensitization.*° Management of PTU toxicity 
includes immediate discontinuation of the drug, sup- 
portive care, steroid therapy, and, in cases of fulminant 
liver failure, orthotopic liver transplantation.!©8°8!8788 

Adverse drug events associated with MMI use include 
agranulocytosis, pancytopenia, plasmocytosis, serum 
sickness, acute include hepatitis, cholestatic jaundice, 
granulomatous hepatitis, hepatocellular necrosis, and 
death.”°°°4 Diagnostic laboratory studies may reveal 
abnormalities in the complete blood count, liver function 
tests, liver biopsy, and bone marrow biopsy.8?90-94 
Management of MMI toxicity includes immediate 
discontinuation of the drug, supportive care, and, in 
cases of severe bone marrow toxicity, reverse isolation, 
antibiotics, dexamethasone, and granulocyte colony- 
stimulating factor therapy.®”.” 

Agranulocytosis from both agents has an overall 
incidence of about 1 in 500 patients. Like other adverse 
effects, agranulocytosis occurs with greatest incidence in 
the first few weeks of treatment. Agranulocytosis is 
usually heralded by fever and a sore throat. This adverse 
drug effect is reversible upon discontinuation of the 
offending thionamide. 

The treatment of thionamide overdose is entirely 
supportive. Previously euthyroid patients who ingest 
these agents are not expected to become hypothyroid, as 
because these agents have a relatively short duration of 
action (<24 hours). 
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6 3 Herbal, Traditional, and Alternative Medicines 


RICHARD L. KINGSTON, PHARMD æ CHRIS FOLEY, MD 


At a Glance... 


m Alternative medicines, which include herbal, traditional, and 
many other dietary supplements, are used or relied on by more 
than half of the world’s population. 

m Despite an inherently wide margin of safety, selected alternative 
medicines have been associated with significant adverse effects. 

m DSHEA, the law that regulates most commercially available 
alternative medicines, does not require manufacturers to 
undergo a premarket approval process for safety or efficacy. 
Despite this fact, relatively few serious adverse events involving 
most alternative medicines have been reported. 

m The most serious concerns with alternative medicines have 
been related to adulterated products, selected herbs often used 
in traditional applications, and misidentification and inad- 
vertent use of various botanicals. 

m The greatest challenge for the future will likely relate to 
identifying which herbs or other alternative medicines possess 
the potential to pharmacokinetically alter or otherwise adversely 
affect the use of mainstream pharmacologic interventions. 

m Absent a more stringent premarket approval process for safety, 
a national system of postmarket surveillance must be developed 
and embraced by regulators, manufacturers, health professionals, 
and the general public. 


HERBAL MEDICINE AND 
MISCELLANEOUS AGENTS 


Despite the continued development of medical and 
pharmacologic therapies for the treatment of illness, as 
many as 50% of people worldwide use alternative 
treatments, including herbal and traditional medicines.’ 
Even in industrial nations, where there is no dearth of 
pharmaceutical agents, many seek “natural” products for 
their ailments. In one of the few studies of its kind, 
Eisenberg and colleagues, investigating the prevalence of 
use of unconventional medicine in the United States, 
found that one third of a sample population had used at 


least one unconventional therapy in the prior year.” 


Highest use was found among those with relatively more 
education and higher incomes. Annual prevalence was 
3% for herbal medicines, 1% for homeopathy, and 
almost 1% for folk remedies. Reasons for using these 
therapies were extensive, including treatment of back 
pain, anxiety, headaches, cancer, and insomnia. In a 
similar pediatric study, 11% of children were found to 
have received one or more forms of alternative therapy 
since birth.’ Parents stated that they chose alternative 
medicines after hearing about them from a friend, 
because of a fear of drug side effects, because they were 
dissatisfied with conventional medicine, or because they 
received more personal attention from alternative 
medicine practitioners. In a study conducted in a 
New York emergency department near the Chinatown 
district, Pearl and associates found that 43% of patients 
had used a traditional Chinese therapy within 1 week of 
their emergency department visit.4 Fifty-eight percent of 
these had used at least one oral herbal preparation. 
Eleven patients reported using therapies that included 
unidentified tablets, nose drops, or topical preparations 
and animal preparations such as deer antler. Finally, 
although it may be of some epidemiologic importance 
that psychoactive plant materials such as jimsonweed, 
nutmeg, and morning glory seeds are often ingested as 
substances of abuse, most botanical and supplement use 
is generally benign. The major areas of concern will 
continue to be the potential for drug interactions when 
combined with conventional therapies and sorting out 
those substances, the dosing, and the routes of admin- 
istration that are of true therapeutic value. Despite the 
relative wide margin of safety with most herbal products, 
in those rare circumstances in which a product is adul- 
terated with unlabeled and unauthorized ingredients, 
there will be an opportunity for adverse consequences. 
The increasing interest in alternative medicines as 
well as their proven therapeutic value** led in 1992 to 
the establishment of the Office of Alternative Medicine 
at the National Institutes of Health and subsequently the 
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Office of Dietary Supplements. Through these organi- 
zations, investigators can obtain support for research 
designed to determine the range of benefit that alter- 
native medicines or dietary supplements offer, with the 
goal of “integrating validated alternative medical prac- 
tice with current conventional medical procedures. ”® 
Additional evidence of the public’s interest in alternative 
medicine was shown in a survey that found that 10% 
of American pharmacies carry herbal remedies.'? The 
potential routes of administration of alternative medicines 
include topical, rectal, and vaginal application as well as 
ingestion, injection, and inhalation." 

Nonetheless, alternative medicines, including herbs 
and other “dietary supplements,” have been associated 
with examples of toxicity. The U.S. Food and Drug 
Administration (FDA) is given responsibility for protecting 
the public from dietary, nutritional, and pharmaceutical 
hazards. Oftentimes, however, the FDA has fallen short 
in terms of its capacity to offer the appropriate amount 
of regulation enforcement. Some have argued that this 
happens because substances in the dietary supplement 
classification fall into an ambiguous category.'* When 
Congress passed the Dietary Supplement Health and 
Education Act (DSHEA), some felt that the FDA’s ability 
to regulate alternative medicines was further weakened.” 
Seven major features of this law are as follows: 


1. Dietary supplements can be marketed without any 
premarket efficacy studies. 

2. Companies bear the burden of insuring product 
safety before marketing and sale. FDA must prove 
that the product is unsafe in order to remove a 
product from market. 

3. Until recently, there were no guidelines for Good 
Manufacturing Procedures (GMPs) related to dietary 
supplements. New guidelines have since been 
promulgated by the FDA and will likely improve 
manufacturing accountability substantially. 

4. Although specific health claims have been strictly 
regulated, certain product claims are permitted. For 
example, products cannot be claimed to cure a 
disease, but the label can discuss how a supplement 
affects the body’s function. These are referred to as 
structure function claims and typically are more loosely 
defined than health claims. 

5. Structure function labeling statements do not 
require extensive supportive evidence. 

6. The FDA must be notified of proposed labeling, but 
no approval process is required. Accordingly, each 
label must contain a disclaimer related to any claims 
that states, “This statement has not been evaluated 
by the Food and Drug Administration. This product 
is not intended to diagnose, treat, cure, or prevent 
any disease.” 

7. Although there was a recommendation related to 
the establishment of a viable system of postmarket 
surveillance, none has been implemented. In the 
wake of reports of adverse consequences associated 
with ephedra, which resulted in its removal from the 
market, Congress has begun to consider options for 
mandatory adverse event reporting by manufacturers 
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of dietary supplements. Currently, dietary supple- 
ment manufacturers are not required to collect, 
document, and report to the FDA any reports of 
adverse consequences potentially associated with 
their products. 


Although there is a clear need for the full imple- 
mentation and enforcement of DSHEA as regards the 
manufacture, standardization, and postmarketing sur- 
veillance of dietary supplements, some of the risks and 
hazards claimed to be associated with this class of prod- 
uct are probably exaggerated. Despite their inherently 
wide margin of safety, monitoring for herb safety should 
remain a high priority, especially as pertains to inter- 
actions with mainstream pharmaceuticals, unexpected 
adverse effects during routine use, or potential contami- 
nation or adulteration issues. Although practitioners 
have been encouraged to report adverse effects directly 
to the FDA MedWatch system for both drugs and dietary 
supplements, it is believed that most events are 
underreported. Still, serious adverse reactions from 
alternative medications can and should be reported 
immediately to the FDA (telephone: 1-800-332-1088) ." 
The dietary supplement industry has been examining 
options for the establishment of a voluntary system of 
adverse event management and reporting. This may 
provide an alternative system of surveillance that 
practitioners can participate in and utilize when assessing 
herbal product safety. Whether or not the overall system 
of postmarket surveillance for herbs and dietary 
supplements is improved remains to be seen. 


Herbal Medicines 


An herbal medicine can be defined as a plant extract 
that is used in various forms of refinement to achieve a 
preventive or therapeutic effect. For example, crude 
extracts of mushrooms and other fungi are considered to 
be herbal medicines alongside much more definitive 
formulations of ginseng and hawthorn extract. There is 
no controversy that many of these medicines have potent 
pharmacologic action, nor that they may provide some 
very useful benefits.'*!° It is this same potency that often 
makes them responsible for inadvertent adverse effects 
as well as very useful alternatives to more toxic drugs. 

The use of herbs and medicinal plants spans history 
and has been universal, occurring in every culture on 
earth. For example, Egyptian writings chronicled the use 
of medicinal herbs more than 4000 years ago; at that 
time, for example, poppy extracts were used to quiet 
crying children. Ayurvedic medicine (literally, “knowledge 
of how to live”) emphasized the value of herbal med- 
icines in texts dating back to 2500 Bc. The Chinese 
Materia Medica lists about 5800 medicinal plants; about 
2500 medicinal herbs are listed in Indian medical texts, 
and at least 800 are used in tropical Africa. As a general 
rule, herbalists regularly use a repertoire of 150 to 200 
plants. Herbalists uncommonly prescribe animal parts, 
metals, and minerals. 

One of the most widely practiced and enduring herbal 
traditions has been that of Chinese herbal medicine. 


CHAPTER 68 


This form of herbal medicine has been traced back to 
about 2500 Bc. In Chinese culture, herbs are considered 
basic to the treatment of all illness, in conjunction with 
aids such as acupuncture or acupressure. Generally 
speaking, among all alternative medical practices, Chinese 
herbal medicine has become a form familiar to many 
practitioners as a result of its incorporation into traditional 
Chinese medicine and acupuncture as practiced in many 
Western countries. 

Herbs are prescribed in a number of different contexts. 
Standard formulas created by a trained herbalist or an 
individual with limited knowledge of herbal medicine 
are often used as an exclusive method of treatment by 
unlicensed practitioners. These typical prescriptions 
often may consist of 10 to 15 herbs.!” When herbs are 
used to make herbal remedies, any or all parts of the 
plant can be used. These include flowers, leaves, seeds, 
roots, sap and resins, fruit, bark, or bulbs. These herbs 
can be administered in a number of tea forms (decoc- 
tions or infusions); they can be eaten in isolation or with 
food. Common terminology for how herbal remedies 
may be applied includes the following": 


Infusion—herbs that are steeped in hot water, similar 
to tea 

Decoction—a technique that extracts more of the 
plant’s ingredients by soaking and then boiling the 
plant in water 

Tincture—an herb extract prepared by steeping the 
herb in a 25% solution of alcohol in water 

Syrup—an herb extract prepared in honey or sugar in 
order to make its taste less unpleasant 

Compress—a cloth pad soaked in a hot herbal extract 
and applied to a painful area 

Poultice—similar to a compress, except that the entire 
herb is applied rather than an extract 


Herbal Preparations and Adverse 
Effects 


Despite the fact that the Western press often sensa- 
tionalizes adverse reactions to certain specific herbals, 
systematic studies of poisoning due to herbal remedies 
are few. In a study conducted in China, 0.2% of all 
hospital admissions were the result of adverse reactions 
to Chinese herbal medicines.'” Another Chinese study 
reviewed 33 hospitalizations resulting from toxicity 
related to herbal medicine.!”!* The most common herb 
leading to toxic reactions was aconitine (accounting for 
61%). In nine patients, adverse effects were life 
threatening; one fatality was reported. These numbers 
are hardly daunting when compared with typical adverse 
events histories from many over-the-counter drugs. Even 
in the United States, the reporting of the adverse 
reactions to ephedra—notwithstanding its dangers— 
greatly exaggerated its risks when properly used. For 
example, the investigational review of ephedra with 
respect to clinical efficacy and side effects done by the 
RAND organization and prepared by the Southern 
California Evidence-based Practice Center concluded 
that scientific studies are necessary to assess the possible 
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association between consumption of ephedra-containing 
dietary supplements and serious adverse events. Given 
the rarity of such events, they suggested that a properly 
designed case-control study would be necessary before 
drawing any additional conclusions.'* Recently, Federal 
courts in Utah have agreed that the risk analysis relied on 
by the FDA to remove ephedra from the market needs to 
be reevaluated. Whether or not this will result in ephedra 
being returned to the supplement market remains to be 
seen, but it does suggest that data documenting its risk 
may not be as conclusive as previously believed. 

Another issue that complicates the monitoring for 
adverse effects relates to the ability to standardize herbal 
products for both potency and quality. Although sub- 
stantial strides have been made with the promulgation of 
GMPs for herbal products by the FDA, there are still 
challenges associated with ensuring potency and quality 
from product to product and brand to brand. 


DOSE 

Unlike the pharmaceutical industry, in which the 
quantity of active agent is consistent from pill to pill, 
quantities of active drug in a plant can be highly variable. 
Also, the content of active constituent is influenced by 
the particular species of plant, the growing conditions, 
the part of the plant, and its form when used (wet versus 
dry). Knowledgeable experts in the field of pharmacog- 
nosy have argued that this specific variability in diversity 
is actually desirable. Nonetheless, it can be problematic, 
particularly with respect to certain classes of substances 
such as those that might otherwise affect blood pressure, 
cardiac rhythm, level of consciousness, and so forth. 
Standards should be applied when possible, but these 
will likely never be uniformly achieved. 


ROUTE OF EXPOSURE 

Many herbs are applied topically, particularly those used 
to treat skin and musculoskeletal conditions. Although 
topical herbs occasionally produce systemic toxicity, their 
adverse effects are usually confined to development of 
contact dermatitis or phytodermatitis.*? There are 
several herbals that have been traditionally smoked as 
substitutes for tobacco, but these play very minor roles in 
the overall medicinal application. Most botanicals are 
taken orally in the forms of extracts, tinctures, teas, and 
so forth. Inhalation is generally restricted to very 
traditional or illicit uses that usually do not find their way 
into medical practice. However, when dealing with a 
culturally diverse population, one must always be 
knowledgeable of the potential for toxic or hallucinatory 
effects of these. Examples include yohimbine, lobelia, 
cannabis, and others.”° 


DURATION OF USE 

Many herbs with little to no toxicity after short-term use 
can produce adverse effects if they are ingested for a 
considerable time. For example, chronic use of 
pyrrolizidine alkaloids produces hepatic veno-occlusive 
disease, whereas short-term ingestion has no apparent 
hazards. Chronicity is also an important factor in the 
development of malignancies after use of carcinogenic 
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teas such as sassafras and comfrey.*!** As with any drug, 
botanicals must be used properly to maximize safety and 
efficacy. In an unsupervised environment with no 
professional oversight, botanicals with otherwise fairly 
safe therapeutic margins could become toxic over a 
period of time. The traditional benefits of comfrey, which 
contains pyrrolizidine alkaloids, include the management 
of inflammation, diarrhea, and gout. Generally, it should 
not be used for more than a few days. This is a good 
example of the potential for toxicity when individuals 
with poor professional advice seek to apply a botanical 
over a longer period of time. 


PREEXISTING DISEASE 

As the study by Eisenberg and colleagues illustrates,* 
herbal remedies are often sought as alternative treat- 
ments for illness or disease. Therefore, those using them 
may have preexisting disease that modulates the effect of 
that agent. For example, there are any number of 
botanicals that reportedly have or theoretically can affect 
the kinetics of warfarin. This is a good example of the 
necessity for professional supervision when a botanical 
is consumed with an anticoagulant therapeutic agent. 
However, that is not to say that botanicals might not be 
otherwise applied in a setting that involves anti- 
coagulation. Pharmacists and physicians skilled in the 
chemistry of botanicals are necessary to help with the 
sorting-out process. Increasingly, it is becoming evident 
that there may be value in the application of functional 
foods, nutraceuticals, and botanicals in the context of 
prescription drug use. As a matter of fact, there are cases 
in which the simple application of a nutraceutical 
(defined as a naturally occurring dietary, microbiologic, 
mineral, or botanical substance exhibiting an inherently 
wide margin of safety when administered in doses or 
quantities that possess either functional or therapeutic 
value) may actually allow the more liberal use of a drug. 
Combining coenzyme Q with statin drugs appears to 
be advantageous. The knowledgeable application of 
probiotics will likely greatly reduce some of the side 
effects on the lower gastrointestinal (GI) tract from any 
number of antibiotics. There are numerous other 
examples for which the application of botanicals or 
nutraceuticals is not only desirable but perhaps will 
eventually become a standard of care as companions to 
certain drugs. 


IMPROPER IDENTIFICATION 

In circumstances in which crude herbs or other 
botanicals are harvested or used by individuals, there is a 
possibility of misidentification. Although trained 
herbalists can confidently prescribe herbs, an untrained 
or poorly trained herbalist sometimes misidentifies an 
herb and prescribes it, with disastrous consequences. For 
example, comfrey is similar to foxglove in appearance. 
Ingestion of foxglove, from which digitalis is derived, 
could lead to severe cardiac disturbances. The same risk 
for misidentification can occur when names are con- 
fused. Cohosh, a common herb used as a sedative and 
anti-inflammatory agent, generally refers to Cimicifuga 
racemosa (black cohosh) or Caulophyllum thalctroides (blue 
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cohosh). However, in other regions, cohosh refers to the 
toxic baneberry.”! 


HERB PREPARATION 

How an herb is prepared has the most important 
influence on both the pharmacologic and toxicologic 
actions of the herb. Again, it is highly unlikely that an 
untrained herbalist might prescribe the wrong part of a 
plant when a standardized preparation that uses the 
appropriate part is available. The bark of the elder has 
considerable therapeutic value, but its stem is extremely 
toxic, containing cyanogenic alkaloids.” Equally important, 
an herb may be administered according to its dry weight 
rather than wet weight. Because the dried product almost 
always has a higher concentration of active agent than 
the fresh form, inadvertent overdose can occur. As the 
application of botanicals comes under the supervision of 
trained professionals, it becomes less likely that these types 
of errors will be made. In addition, with standardization 
and commercialization of products, individual preparation 
of remedies from crude botanicals will occur less and less. 
However, it will certainly still be possible for crude herbs 
or other botanicals to be provided directly to consumers 
or through an unlicensed practitioner. 


CONTAMINATION 
Herbs can become contaminated by toxins or toxicants 
through a number of means. The herbs sold by 
herbalists, as well as those that are picked in the wild, can 
be contaminated by agents including metals if they are 
grown in regions with contaminated soil, particularly if 
the plant is capable of incorporating the toxin. Teas 
prepared from herbs have been reported to contain lead, 
cadmium, mercury, copper, zinc, fluoride, and arsenic.** 
Another means by which contamination can occur is 
by using plant products from improper sources. For 
example, commercial plant seeds may be used to 
prepare an herbal remedy. However, these seeds often 
contain pesticides or fungicides designed to lengthen 
their shelf life. If these seeds are ingested, serious toxicity 
can result. Finally, because herbs are often processed 
into tablets, capsules, and other pharmaceutical forms 
(commonly referred to as Chinese proprietary medicine), 
accidental or intentional adulteration by pharmaceutical 
agents can occur. Table 68-1 summarizes the clinical 
toxicity of popular herbs. 


Herbal Teas 


The preparation of teas is the most common use of 
herbal medicines. The illnesses associated with the use of 
herb teas can be placed into system categories of GI 
(including hepatic), hematologic, autonomic, neurologic, 
cardiac, allergic, and carcinogenic. 


GASTROINTESTINAL 

GI upset is the most common adverse effect associated 
with the use of herb teas. Although this is generally mild, 
severe vomiting and diarrhea can be produced by 
ingestion of poke root (Phytolacca americana), buckthorn 
(Hippophae rhamnoides), and senna (Cassia augustifolia). 
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Clinical Toxicity of Selected Herbs 


COMMON NAME 


BOTANIC NAME 


Aconite (monkshood, Aconitum spp 


THERAPEUTIC USES 


Sedative, analgesic, antihypertensive 


wolfsbane) 
Aloe Aloe spp Burns, skin diseases 
Betel nut Areca catechu Mood elevation 
Bloodroot Sanguinaria canadensis Emetic, cathartic, eczema 
Chaparral Larrea tridentata Aging, free radical scavenging 
(greasewood) 
Compound Q Trichosanthes kirilowi — Antihelminthic, cathartic 
Dandelion Taraxacum officinale Diuretic, heartburn remedy 


Figwort (xuan shen) 


Scrophularia spp 


Anti-inflammatory, antibacterial 


Ginseng Panax quinquefolium Antihypertensive, aphrodisiac, stimulant, 
mood elevation, digestive aid 
Goldenseal Hydrastis canadensis Digestive aid, mucolytic, anti-infective 
Hellebore Veratrum spp Antihypertensive 
Hyssop Hyssopus officinalis Asthma, mucolytic 
Juniper Juniperus communis Hallucinogen 
Kava kava Piper methysticum Sedative 
Kombucha Stimulant 
Licorice Glycyrrhiza spp Indigestion 
Lily-of-the-valley Convallaria spp Cardiotonic 
Linn Salix caprea Purgative 
Lobelia (Indian Lobelia spp Stimulant 
tobacco) 
Ma Huang Ephedra sinica Stimulant 
Mandrake Mandragora Hallucinogen 
officinarum 


Mormon tea 


Ephedra nevadensis 


Stimulant, asthma, antipyretic 


Nutmeg Myristica fragrans Hallucinogen, abortifacient 
Oleander Nerium oleander Cardiac stimulant 

Passion flower Passiflora caerulea Hallucinogen 

Periwinkle Vinca spp Anti-inflammatory, diabetes 
Pokeweed Phytolacca spp Arthritis, chronic pain 
Sabah Sauropus androgynus Weight loss, vision 

Sage Salvia spp CNS stimulant 

Snakeroot Rauwolfia serpentina Sedative, antihypertensive 
Squill Urginea maritima Arthritis, cardiac stimulant 
Thorn apple Datura stramonium Hallucinations 

Tonka bean Dipteryx odoratum Anticoagulant 


Valerian root 
Wild (squirting) 


Valeriana spp 
Ecbalium elaterium 


Sedative 
Constipation, anti-inflammatory, 


cucumber rheumatic disease 
Wormwood Artemisia spp Stimulant, hallucinogen 
(mugwort) 
Yohimbine Coryanthe yohimbe Aphrodisiac, stimulant 


POTENTIAL TOXICITY 


Cardiac arrhythmias 


Nephritis, GI upset 
Bronchoconstriction, oral cancers 

GI upset, vertigo, visual disturbances 
Hepatitis 


Diarrhea, hypoglycemia, CNS toxicity 
Anaphylaxis 

Cardiac stimulation 

Ginseng abuse syndrome 


Uterine, cardiac stimulation; GI upset, 
leukopenia 

Vomiting, bradycardia, hypotension 

Seizures 

GI upset, seizures, renal injury, 
hypotension, bradycardia 

Inebriation 

Metabolic acidosis, hepatotoxicity, death 

Mineralocorticoid effects 

GI (nausea, vomiting), cardiac 
arrhythmias 

Hemolysis with glucose-6-phosphate 
dehydrogenase deficiency 

Nicotine intoxication 


Sympathetic crisis, especially with 
monoamine oxidase inhibitors 
Anticholinergic syndrome 


Hypertension, sympathomimetic 
Hallucinations, GI upset 

Cardiac arrhythmias 
Hallucinations, seizures, hypotension 
Alopecia, seizures, hepatotoxicity 
GI upset, seizures, death 
Pulmonary injury 

Seizures 

Bradycardia, coma 

Seizures, arrhythmias, death 
Anticholinergic 

Bleeding diathesis 

Sedation, obtundation 

Airway obstruction 


Hallucinations, seizures, uterine 
stimulation 
Hypertension, sympathetic crisis 


CNS, central nervous system; GI, gastrointestinal. 





The term herbal hepatitis has been coined to describe 
the relatively frequent occurrence of herb-associated 
liver injury. For example, fatal hepatitis has been 
associated with ingestion of wild germander (Teucrium 
chamaedrys) .** Use of “chaparral” teas was associated with 
development of hepatitis (leading to the need for liver 
transplantation in one patient). This tea, which is 
derived from the ground leaves of the creosote bush 
(Larrea tridentata), has been promoted as an antioxidant, 
a blood purifier, and an inhibitor of aging.*?”° Another 
reported outbreak of hepatitis was associated with the 
use of Chinese herbs?’; in this case, the responsible toxin 


was not identified. As training and public awareness have 
increased, fewer of these problems have occurred. The 
herbs mentioned above are not used nearly as much as 
they were 20 years ago. Many pharmaceutical companies 
have taken the lead in producing highly standardized 
forms of botanicals. This has helped a great deal with 
respect to purity, labeling, and minimizing side effects. 


HEMATOLOGIC 

Herbs may contain alkaloids that are toxic to red blood 
cells. Among these are salicylate-containing agents such 
as willow bark; these can lead to hemolysis if ingested by 
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an individual with glucose-6-phosphate dehydrogenase 
deficiency. Other herbs contain Coumadin-like agents, 
including ‘Tonka beans (Coumarouna oppositifolia), melilot 
(Melilotus officinalis), and woodruff (Galium odoratum); 
excess consumption can produce a coagulopathy.** This 
is no different from what can occur when certain drugs 
are taken injudiciously. However, oftentimes there is no 
package insert to the botanical regardless of its quality. 
This emphasizes the role of trained professionals in the 
application of these substances. 


AUTONOMIC 

Herbs that affect the autonomic nervous system include 
those containing the anticholinergic drugs atropine, 
scopolamine, and hyoscyamine.** These include mandrake 
(Mandragora officinarum), thorn apple (Datura spp), 
lobelia (Lobelia inflata), burdock root (Arctium lappa), and 
jimson root (Datura stramonium). Other agents acting 
on the autonomic nervous system include sympathomi- 
metics, such as Mormon tea (Ephedra nevadensis), which 
contains ephedrine; snakeroot tea (Rauwolfia serpentina), 
which contains reserpine; and yohimbe bark (Corynanthe 
yohimbe) , which contains yohimbine, a central nervous sys- 
tem Qxadrenergic antagonist. 


NEUROLOGIC 

A large number of herbal teas contain psychoactive 
substances that are the basis of their use (e.g., those 
containing caffeine). Although many, such as kava kava 
or chamomile, possess valuable and desirable therapeutic 
effects, excess dosing can produce toxicity. Teas asso- 
ciated with central nervous system toxicity include kava 
kava (Piper methysticum), jimson root (Datura spp), and 
nutmeg (Myristica fragrans) .*>”’ 


CARDIAC 

Herbal teas associated with cardiotoxicity include those 
prepared from squill (Urginea maritima), lily-of-the-valley 
(Convallaria majalis), and oleander (Thevetia and Nerium 
spp). Some cardiac glycosides (e.g., those in oleander) 
produce toxic manifestations that resemble digitalis poi- 
soning and that, like digitalis, respond to the adminis- 
tration of digoxin antibody fragments (Digibind).*° 


ALLERGIC 

Chamomile (from Chamomilla spp) is a popular sedative. 
However, it is closely related to the ragweed and chrysan- 
themum families. Exposure to this tea can therefore 
produce a variety of reactions, although they are 
uncommon. 


CARCINOGENIC 

Sassafras is a popular tea that was once prescribed for a 
number of therapeutic effects. However, its active prin- 
cipal, safrole, is a recognized hepatic carcinogen. As a re- 
sult, safrole has been banned from use by the FDA.*! At 
this point, it is exceptional to find sassafras sold as an herb. 


PYRROLIZIDINE TOXICITY 
Many herbal teas contain pyrrolizidine alkaloids. These 
are a group of about 200 distinct substances found widely 
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among plants.** The teas, such as comfrey, are prescribed 
as sedatives and as treatment for amenorrhea. However, 
since the first description of Senecio species disease (hepatic 
veno-occlusive syndrome) in 1920, small outbreaks of 
pyrrolizidine-associated hepatic disease have occasionally 
occurred. These alkaloids are highly hepatotoxic and, in 
some cases, carcinogenic.*® 

The hallmark of pyrrolizidine intoxication is the 
development of veno-occlusive disease, a hepatic disorder 
that is similar but not identical to the Budd-Chiari 
syndrome. The mechanism of pyrrolizidine toxicity 
appears to be formation of toxic pyrroles by cytochrome 
P-450 enzymes; these pyrroles alkylate nucleophilic 
groups on cell macromolecules.** Pyrrolizidine alkaloids 
can be transmitted across the placenta; in one case in 
which a woman ingested an herbal tea during her 
pregnancy, her newborn developed fatal hepatic veno- 
occlusive disease.” Because of their well-characterized 
toxicity, which can occur after ingestion of as little as 
85 mg of pyrrolizidine alkaloid, pyrrolizidine-containing 
teas are not nearly as widely available in herbal and 
health food stores as they were 20 years ago.** The herbs 
most commonly associated with hepatic veno-occlusive 
disease are Heliotropium, Crotalaria, Senecio, and Symphytum 
species. Other herbs containing pyrrolizidine are listed 
in Table 68-2. Plant roots can contain 10 times more 
alkaloid than the leaf. Other toxicities associated with 
pyrrolizidine alkaloids include disturbances of GI, 
pancreatic, and renal function. Interestingly, inadvertent 
exposure to pyrrolizidine agents can also occur through 
their contamination of dietary staples. For example, as a 
result of contaminated grain, epidemics of hepatic veno- 
occlusive disease occurred in both Afghanistan and India 
in 1976, affecting more than 2000 persons and causing 
more than 30 deaths.*?** Epidemiologically, consumption 
of pyrrolizidine-containing plants is widespread in 
Africa, South and Central America, and Jamaica.** 
Jamaican bush tea, a popular drink, is largely prepared 
with Crotalaria species, making veno-occlusive disease 
endemic on this island.** Pyrrolizidine poisoning has also 
been blamed for major cases of livestock loss in the 
Pacific Northwest.*?*# 

The clinical presentation of hepatic veno-occlusive 
disease begins with severe abdominal pain and vomiting. 
Physical examination reveals hepatomegaly, abdominal 
distention, and ascites. In children, the clinical picture 
can mimic Reye’s syndrome.** On biopsy, characteristic 
histopathology consists of perivenular congestion, 


Pyrrolizidine-Containing Teas 





COMMON NAME BOTANIC NAME 


Coltsfoot Tussilago farfara 
Comfrey Symphytum officinale 
Gordolobo Senecio longilobus 
Groundsel Senecio vulgaris 
Mate Ilex paraguayensis 
Tansy ragwort Senecio jacobea 
T'u-san-chi Gynura segetum 
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sinusoidal dilation, and occlusion of terminal venules by 
connective tissue. This is also the pattern seen in the 
Budd-Chiari syndrome, but course and outcome in 
Budd-Chiari syndrome are much more severe and life 
threatening without treatment. 

The diagnosis of pyrrolizidine hepatotoxicity is made 
on the basis of history, clinical evidence of veno-occlusive 
disease, and pathognomonic histopathology. This dis- 
order is restricted to those areas in which the traditional 
use of pyrrolizidine teas is commonplace. Treatment is 
supportive. 


Clinical Toxicity of Specific Herbs 


ARISTOLOCHIA SPECIES BOTANICALS 

Chinese-herb nephropathy (CHN) was observed among 
women after the intake of weight-reducing pills containing 
a Chinese herb labeled as Stephania tetrandra.°® Phyto- 
chemical analyses of the herb revealed the presence of 
aristolochic acids instead of tetrandrine.®” Aristolochia 
Jangchi (guang fangji) had been substituted for the 
Stephania tetrandra, leading to aristolochic acid exposure 
and nephropathy. Aristolochic acids are known for their 
nephrotoxic effects in rodents as well as for their car- 
cinogenic and mutagenic properties.” Exposure in 
humans that resulted in nephropathy has been reported 
when contamination of herbal products with the 
Aristolochia species botanicals has occurred. The FDA 
took action in 2001 to ban all products containing any 
Aristolochia species so as to avoid exposure to aristolochic 
acids. Subsequent to the identification of nephrotoxic 
effects leading to kidney failure in humans, a study 
conducted in Belgium reported 18 cases of urothelial 
carcinoma among 39 patients with end-stage renal 
failure associated with Aristolochia toxins.*” 


GINSENG 
Ginseng is a Chinese word meaning “the essence of man. 
This herb has been used for centuries to treat a broad 
range of illnesses.?! From the botanic genus Panax, 
ginseng is promoted as a respiratory, digestive, and 
central nervous system stimulant; a cure for fatigue; a 
treatment for ulcers; and a cholesterol-lowering agent. 
Ginseng’s most active principals are alkaloids known as 
saponins (also referred to as panaxosides or ginsenosides). 
Scientific investigations have shown that these agents can 
release histamine; block calcium mobilization in smooth 
muscle, producing hypotension; stimulate O.-adrenergic 
receptors; stimulate erythropoiesis; increase adrenocor- 
ticotropic hormone, antidiuretic hormone, and cortisol 
secretion; raise sperm count; increase glucose utilization; 
increase levels of circulating immunoglobulins; and 
inhibit the cells of tumor cells cultivated in vitro.‘ 
Therapeutically, ginseng has been prescribed for the 
treatment of shock, hypertension, hyperlipidemia, diabetes 
mellitus, depression, cough, headaches, and fever. 
Excessive use of ginseng (more than 3 g daily) is 
associated with a ginseng abuse syndrome consisting of 
diarrhea, anxiety, insomnia, nonspecific dermatitis, 
depression, amenorrhea, and hypertension.”! However, 
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as we have learned more and more about this beneficial 
botanical, it is rarely used in these doses. The wide 
therapeutic margin makes toxicity unlikely. Treatment of 
this transient, self-limited condition is supportive. 


ACONITE 

Aconites are among the most popular yet toxic herbs. At 
one time, execution of criminals was performed by the 
administration of aconite decoctions. The Aconitum 
genus includes many species, the most common being 
Aconitum napellus, popularly referred to as monkshood, 
wolfsbane, or friar’s cap. Aconite is found in Chinese 
decoctions or soups, including Fu Zi, Wu Tao, Cao Wu, 
Chuan Wu, Ts’ao Wu, Futxu, Xue Shang Yi Zhi Gao, 
Shi-I, Fu Zi, and Sen Fu. Herbalists generally prescribe 
aconite for treatment of musculoskeletal complaints, 
angina, and congestive heart failure and as a sedative. 
The active principals of aconite have been shown to have 
pharmacologic properties that include stimulation of 
adrenocorticotropic hormone secretion.*! 

With the GI tract, nervous system, and heart as target 
organs, aconites, when taken in overdose, produce a 
distinctive clinical picture. GI effects occur initially, con- 
sisting of nausea, vomiting, and hypersalivation. These 
are followed by neurologic effects, including paresthesias, 
blurred vision, skeletal muscle weakness or frank paralysis,” 
coma, and seizures. Cardiac disturbances, which can be 
fatal,*°** include bradycardia, hypotension, ectopy, 
cardiac conduction disturbances (prolonged QRS or QT 
interval), and intractable ventricular tachyarrhythmias. 

Treatment of aconite poisoning consists of stabilization 
of the airway, aggressive treatment of cardiac dis- 
turbances, and early GI decontamination. Subsequent 
treatment is supportive because there are no known 
antidotes and no identified mechanism for enhanced 
elimination of the toxin. 


NUTMEG 
The mood-elevating, aphrodisiac, narcotic, and hallu- 
cinogenic effects of nutmeg have been exploited for 
centuries. This spice remains popular, particularly as a 
hallucinogen. Prepared from the fruit of the evergreen 
tree Myristica fragrans, nutmeg is an easily obtained spice. 
The nutmeg seed contains a number of alkaloids, 
including myristicin, eugenol, isoeugenol, methyleugenol, 
methylisoeugenol, safrole, geraniol, borneal, and elemicin. 
Among these, myristicin is the most psychoactive com- 
pound. Myristicin is metabolized to the hallucinogen 3- 
methoxy-4,5-methylenedioxyamphetamine (MMDA), a 
substance closely related to methylenedioxymetham- 
phetamine (MDMA, “Ecstasy”). Another alkaloid in nut- 
meg, elemicin, is metabolized to a hallucinogen. 
Ingestion of 5 to 30 g of nutmeg produces symptoms 
promptly, with GI upset predominating. Within 3 hours, 
hallucinogenic effects appear, consisting of vivid visual 
hallucinations. The duration of this action can be as long 
as 2 to 3 days. Chronic abuse of this potent hallucinogen 
is limited by the GI disturbances it produces. Treatment 
of acute nutmeg intoxication consists of reducing environ- 
mental stimuli and attempting to calm the patient. 
Benzodiazepines may be valuable as adjunctive therapy. 
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KOMBUCHA MUSHROOM 

Kombucha is a plant that has recently gained popularity 
as a “fountain of youth.” It has been promoted as a 
treatment for cancer, hypertension, fatigue, declining 
T-cell counts, arthritis, wrinkles, constipation, and gray 
hair. Prescribed and marketed by naturopathic healers in 
the United States, kombucha is often cultivated at home 
and passed on to friends.* Not a true mushroom, the 
plant is a yeast-bacterial aggregate surrounded by a 
membrane. Use of this mushroom has been blamed for 
sporadic cases of hepatotoxicity and severe metabolic 
acidosis, which was fatal in one case.**° The toxic 
principals have not been identified; toxicity may result 
from kombucha contamination by other yeasts or bacteria. 


SABAH 

Marketed in the United States under the name “Defat,” 
this vegetable has been associated with an epidemic of 
pulmonary disease in Taiwan. One report described 44 
individuals, primarily women, who developed respiratory 
distress, insomnia, and obstructive pulmonary disease 
after consumption of the Sabah vegetable (Sauropus 
androgynus).*’ This vegetable, which is a regular part of 
the diet in many parts of the world, was being ingested in 
large daily quantities as a means of improving vision, 
reducing lipids, and treating constipation and hemor- 
rhoids, or as a weight loss measure. An epidemiologic 
investigation was undertaken after repeated reports to 
the Taiwan Poison Center of illness related to ingestion 
of this vegetable. Victims were primarily females who had 
been taking the vegetable whole or in juice form. The 
average duration of consumption before the appearance 
of disease was 35 days. Initial symptoms consisted of 
insomnia and excitation, followed by difficulty in 
breathing, cough, and chest tightness. In many cases, 
illness developed after consumption of the vegetable 
had ceased. In a patient who underwent a lung biopsy, 
histopathology suggested bronchiolitis obliterans with 
organizing pneumonia. Four fatalities occurred. By 
December 1, 1995, 169 cases of Sabah-associated illness 
had been reported. An exact cause has yet to be 
determined.’ 


Chinese Patent (Proprietary) Medicines 


In addition to herbs being prescribed and sold in their 
unadulterated form, herbs are often combined to form 
Chinese patent medicines. Chinese patent medicines, 
unlike Chinese herbal medicines, are mass-produced in 
a fashion similar to pharmaceutical manufacture. 

The potential problems with these medicines are 
several. First, Chinese proprietary medicines are often 
sold in unlabeled or poorly labeled packages. Second, 
they typically contain a combination of products such 
that a distinctive clinical syndrome may not be present 
after intoxication. Jin Bu Huan tablets, prescribed for 
muscle spasm, pain, and insomnia, were associated with 
the poisoning of three children when they were dis- 
covered to contain an herb not usually a part of them.” 
In a later report, hepatitis was also associated with Jin Bu 
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Huan.!? Third, combining herbs from various sources 
poses a greater probability of product contamination. 
Fourth, because of sometimes relatively poor quality 
control in production, proprietary medicines can be 
entirely mislabeled, containing a product completely 
different from what is stated. Finally, these products 
can be adulterated with pharmaceutical agents. Several 
cases of intoxication have been attributed to these 
preparations.”? For example, Gan Mao Tong Pian, a 
remedy prescribed for viral illness, produced aplastic 
anemia in a child as a result of its adulteration by 
phenylbutazone.°? One Chinese proprietary product, 
Chui-Fong-Tou-Gen-Wan, has been found to contain agents 
including phenacetin, phenylbutazone, mercuric sulfide, 
lead, cadmium, and arsenic.!”185051 In one study, eight of 
nine Chinese patent medicines tested were found to be 
contaminated with arsenic and mercury.”! In a 5-year 
study of hospital admissions resulting from use of 
Chinese proprietary medicines, Chan and colleagues 
identified 71 patients, of whom 42 were found to have 
elevated serum concentrations of aspirin or acetamino- 
phen. Products containing acetaminophen included 
Superior Yinchiao, Chieh, Tu Pien, Yinchiao Chieh Tu 
Pien, Ganyanquing Pian, and Suxiaao Shangfeng. 


TRADITIONAL (“FOLK”) MEDICINE 


A folk remedy can be defined as an unrefined product that 
is taken for medicinal purposes. Unlike herbal medicines, 
folk remedies are regularly derived from animals, plants, 
or minerals. The use of folk medicines has a strong 
component of religious ritual (e.g., shamanism). Folk 
treatments may consist of physical modalities (e.g., 
“coining” or “cupping”), widely practiced in Asian 
cultures, as well as religious practices.°? The use of so- 
called ethnomedical therapies is most prevalent among 
minority groups, especially among families who have 
either recently emigrated or who have a family member 
who has inherited knowledge about folk remedies. In 
many cases, the basis of therapies is an unorthodox belief 
about disease processes (e.g., the humoral [hot-—cold] 
theory).°* However, folk medicines are also used to treat 
well-defined Western diseases. These diseases may be 
referred to by archaic names such as rheumatism 
(musculoskeletal inflammation), dropsy (congestive 
heart failure), or consumption (tuberculosis). Folk 
medicines are also sought by those under the care of 
physicians because of frustration with the inability of 
Western medicine to cure a disease or because of the 
understandable desire to use natural remedies rather 
than pharmaceutical agents. With increasing frequency, 
these traditional medicines can be purchased in the 
United States. For example, in Hispanic populations, 
local botanicas usually provide religious objects as well as 
folk remedies.** 

A list of folk medicines associated with clinical toxicity 
is found in Table 68-3. For example, the remedy alcanfor 
contains 20% camphor, sufficient to produce toxic 
manifestations.” Several folk remedies used in the 
treatment of GI disturbances contain lead. In some cases, 
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Common Folk Medicines by Cultural Origin 


NAME CONTENTS 


Hispanic 


Siete jarabes 
cocillana, honey 
Witch hazel, ethanol 
Maguey (Agave spp) 


Agua maravilla 
Jarabe maguey 


Alcanfor Camphor 

Azarcon Lead 

Greta Lead 

Azogue Elemental mercury 
lpecacuanha Ipecac 

Southeast Asian 

Paylooah Lead 

Indian and Ayurvedic 

Surma Lead 

Deshi Dawa Lead 


GI, gastrointestinal. 


Almond, castor oil, tolu, wild cherry licorice, 


POTENTIAL TOXICITY 


GI upset, catharsis, electrolyte disturbances 


Ethanol toxicity 

GI upset 

Camphor toxicity 
Lead intoxication 
Lead intoxication 
Mercury intoxication 
Vomiting, myopathy 


Lead intoxication 


Lead intoxication 
Lead intoxication 





use of these agents can produce lead-induced abdominal 
pain (lead colic), resulting in further use and more 
severe lead poisoning. 

Identifying the ingredients in folk remedies is often 
assisted by knowledge of the cultural origins of the 
disease being treated. For example, empacho, one of the 
most common illnesses among Hispanic cultures, is 
treated by various means, including massages with olive 
oil (or other type of oil or grease), laxatives, conven- 
tonal stomach remedies (e.g., bismuth subsalicylate 
[Pepto-Bismol]), chamomile tea, and antacids, as well as 
the folk remedies greta and azarcon (both of which 
contain up to 90% lead). Other lead-containing folk 
medicines are listed in Table 68-3. 

Pachter and associates described other potential 
toxicities from traditional medicines.** For example, 
azogue, which contains elemental mercury, is generally 
used as a talisman. However, if it is dispersed about the 
room to ward off evil spirits, inhalation of toxic mercury 
vapors could occur. 


Ayurvedic Medicine 


Ayurveda is a traditional system of medicine practiced 
primarily in Asian countries (Tibet, Burma, Pakistan, Sri 
Lanka, India, Bangladesh). Practitioners of Ayurvedic 
medicine not only rely on herbal remedies but also 
sometimes prescribe animal products, metals, and 
minerals as well. Increasingly, Ayurvedic remedies are 
being used in Western areas, including Europe and 
North America. Also, in becoming a commercial 
industry, Ayurvedic medicine has begun to include large- 
scale distribution of these herbals. 

Because Ayurvedic medicine includes therapy with 
metals and minerals, inadvertent metal intoxication is 
the most significant potential occurrence. Ayurvedic 
medicines are typically sold in an “ash” powder form, 
packaged in capsules, and produced by the repeated 


pyrolysis of the metal. Zinc, iron, lead, tin, mercury, and 
silver are among the metals that may be contained in 
an Ayurvedic “tonic.” As such, both consumers and 
manufacturers of these products are at risk for metal 
intoxication. Lead intoxication has been reported with 
the use of these medicines.5®57 


ALTERNATIVE MEDICINES 


Practices that can be placed in this category include 
homeopathy, naturopathy (the science of applying 
natural substances that enable the body to heal itself 
and maintain natural homeostasis), nutritional supple- 
mentation for medicinal purposes, and novel therapies, 
such as hyperoxygenation and oligotherapy (the 
administration of trace elements to improve health).’ 


Homeopathy 


Homeopathy is a popular alternative therapy that 
advocates the use of toxic substances in small amounts. It 
is extremely popular in Europe, Latin America, and Asia 
and has been used by an estimated 1% of the American 
population.’ The concept was introduced by Samuel 
Hahnemann in the late 18th century. Treatments in 
homeopathic medicine are based on three principles: 
“like cures like,” “efficacy improves with increasing 
dilution,” and “treatments need to be individualized.”°’ 
Under these rules, a toxin, when administered in small 
doses, can have therapeutic value. Such a theory is not a 
great departure from Western medicine because it is the 
basis of desensitization therapy for allergies. However, 
the theory that the smaller the dose of medicine, the 
more effective, has not been well documented in 
scientific study. Homeopathy also requires that therapy 
be individualized; therefore, in principle, homeopathic 
medications should not be shared with another person. 
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Homeopathic medicines are generally toxins derived 
from plants, animals, or minerals. Common agents include 
strychnine, ipecac, arsenic, mercury, podophyllin, and 
sulfur. Preparations of accepted therapeutic value are 
recorded in the U.S. Homeopathic Pharmacopoeia, 
published by the American Institute of Homeopathy.” 
Homeopathic products often are packages of capsules or 
tablets with the ingredients listed by their Latin names. 
Scientifically rigorous studies have suggested efficacy of 
some of these medicines.””8 

Homeopathic tinctures are generally made by adding 
l part of a toxin to 20 parts of alcohol. This tincture is 
diluted as needed to 1:1000, 1:10,000, and even further 
dilutions. A homeopathic product may therefore contain 
on its label a symbol of 1x (1:10 dilution), 2x (1:100 
dilution), 3x, and so forth. Another dilution technique is 
the centidecimal (“c” or “cH”), in which | part of active 
substance is diluted in 99 parts of an alcohol mixture.”® 
Therefore, a substance labeled 30C has had the active 
substance diluted 1:100 in a water/alcohol solution 30 
times, yielding a final concentration of 1 x 10®°.8 

Because of the minute quantities of toxin, ingestion of 
homeopathic medications should rarely produce 
toxicity, even if as many as 100 tablets are ingested. 
Important exceptions to this rule would be if the product 
were homemade, thereby potentially having dilutions 
less than planned, or in the potential case of an allergic 
reaction, which could occur after exposure to small 
quantities of the active agent. Reports have described 
homeopathic products adulterated with active agents.° 


Nutrition Supplements 


In addition to using herbal and alternative medications, 
the public commonly takes substances that are promoted 
as nutrition supplements, designed to improve health or 
treat disease. Additionally, the concept of adding or 
supplementing with so-called “native molecules,” now 
known as natural medicines, seems to be gaining validity. 
Ames postulates that individuals can be “tuned up” 
metabolically with the strategic use of nutraceuticals 
based on an understanding of their individual metabolic 
genetics.’ By adding orthomolecular amounts of 
specific vitamins, amino acids, minerals, and other 
cofactors, the K,, of specific metabolic reactions can be 
normalized in individuals who might otherwise have 
metabolic defects as a result of genes or aging. The 
validation of this concept may have a significant impact 
regarding the value of using higher doses of specific 
nutraceuticals in restoring or maintaining optimal 
human health.” 

In the past, the use of nutritional supplements for 
these purposes has been widespread and in some 
instances less responsible. For example, an examination 
of advertisements in 12 health and bodybuilding 
magazines disclosed 311 supplements, containing 235 
unique ingredients. Most common among these were 
amino acids, followed by herbs, vitamins, minerals, 
and steroids.” The toxicity of vitamins is discussed in 
Chapter 69. The few specific nutritional supplements 
that have been reported to have clinical toxicity are 
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discussed next. Based on the volume of use, there is 
remarkably little toxicity reported other than the specific 
cases outlined below. 


y-HYDROXYBUTYRATE 

y-Hydroxybutyrate (GHB) is a health food supplement 
that became popular in 1990 after its promotion as a 
bodybuilding and diet aid. Shortly after widespread use 
began, cases of a toxic syndrome related to its ingestion 
were reported. Dyer described a series of 16 cases of 
GHB toxicity reported to the San Francisco Regional 
Poison Center; manifestations included coma and 
seizures.°! Other signs of toxicity were confusion, 
agitation, hallucinations, and bradycardia. These effects 
occurred after ingestions of as little as 1 to 4 tsp of GHB 
(sold as a white powder). Shortly after similar reports 
throughout the country, individual states banned the 
product.®' GHB is now sold as a controlled substance as 
the drug Xyrem. It now has an FDA-approved indication 
for the management of narcolepsy. Other indications 
may follow. This is a good example of a natural molecule 
that does possess a much more narrow therapeutic 
margin and therefore should not be considered a 
nutraceutical. 


L-TRYPTOPHAN 

L-Iryptophan is an essential amino acid. As a precursor 
to the neurotransmitter serotonin, it has been touted as 
an effective treatment for ailments including insomnia, 
depression, and premenstrual syndrome. Its use, 
however, has been associated with at least two syndromes 
of intoxication. 

An epidemic of multisystem disease occurred in the 
fall of 1989, when patients who had been ingesting 
L-tryptophan developed eosinophilia and severe myalgia. 
During the course of 6 to 9 months, an estimated 5000 
to 10,000 developed this syndrome, and more than 36 
fatalities occurred. Eighty-four percent of victims were 
female. Prominent symptoms were peripheral eosinophilia 
(with eosinophil counts > 1000/mm‘°), severe diffuse 
myalgias, and dermatologic changes resembling sclero- 
derma. Termed the eosinophilia-myalgia syndrome (EMS), 
this disease had other features that included pulmonary 
disturbances (dyspnea, cough, pulmonary infiltrates, 
and pulmonary hypertension, which occurred in about 
60%), peripheral neuropathy, alopecia, edema, coronary 
artery spasm, and cardiac arrhythmias.*** The illness 
bore a striking resemblance to the unexplained “toxic 
oil” epidemic that occurred in Spain in 1981.4863 When it 
was found that all cases of EMS could be traced to L- 
tryptophan synthesized by a single manufacturer, analysis 
revealed that owing to changes in the manufacturing 
method, the tryptophan was contaminated with an 
impurity, 1,1’-ethylidenebis [L-tryptophan]. There is 
still controversy about whether the true cause of EMS was 
discovered. Nonetheless, after the FDA’s ban of 
tryptophan-containing products, the disease quickly and 
almost completely disappeared. This important mass 
poisoning has been extensively reviewed by others.°*:°*°9 

Adverse effects have also occurred with the simul- 
taneous use of tryptophan and antidepressants of the 


CHAPTER 68 


monoamine oxidase (MAO) inhibitor or serotonin 
reuptake inhibitor classes. In the case of MAO inhibitors, 
tryptophan was once recommended as adjunctive therapy 
for those who had a poor response to MAO therapy.” 
However, after this combination began being used more 
consistently, reports began to describe hypertensive 
crises, myoclonus, and delirium after their combined 
use.’! This syndrome, now referred to as a serotoninergic 
syndrome (see Chapter 10A), appears to result from 
excess stimulation of central nervous system serotonin 
receptors and can include other features such as 
myoclonus, hyperreflexia, diaphoresis, priapism, and 
tremor. At its extreme, the serotoninergic syndrome can 
produce seizures, coma, and death. In addition to MAO 
inhibitors, the newer serotonin reuptake inhibitors (e.g., 
fluoxetine, paroxetine, and sertraline) have the potential 
to produce this syndrome after ingestion of tryptophan, 
although there has not been a sudden increase in reports 
of these cases. Tryptophan has been reintroduced to the 
market as an amino acid supplement following a great 
deal of diligence in improving its manufacturing. Thus 
far, there have been no new cases of EMS, nor a rise in 
the incidence of so-called serotoninergic syndrome since 
it has become more readily available. 


CALCIUM SUPPLEMENTS 

Use of calcium supplements has increased considerably 
during the past decade as the diminishing calcium intake 
of Americans is documented and the relationship between 
deficient calcium intake and osteoporosis, particularly in 
women, is recognized. Some calcium supplements that 
are derived from bone meal are reported to contain lead. 


Hyperoxygenation Therapy 


Hyperoxygen therapy is being increasingly promoted as 
a health aid. It has become particularly popular as an 
alternative treatment for AIDS. Acting in a fashion similar 
to white blood cells in their destruction of microbial agents, 
ingestion of oxygen-liberating agents is thought to 
augment host defense mechanisms. Hydrogen peroxide 
is the most common agent used for hyperoxygenation 
therapy. Hydrogen peroxide used for this purpose is 
generally sold in a 25% to 50% concentration, in 
contrast to the 3% to 5% concentration of household 
hydrogen peroxide. The user is directed to ingest several 
drops daily. Because the agent is refrigerated, the 
potential for inadvertent ingestion is increased.” 

Toxicity from hyperoxygen therapy has been reported 
after ingestion of excess amounts. The two major 
consequences of this ingestion are corrosive injury of the 
GI tract and excess liberation of oxygen, resulting in the 
formation of gas emboli. One milliliter of a concentrated 
hydrogen peroxide solution can liberate about 115 mL 
of oxygen; ingestion of 2 ounces of 35% hydrogen 
peroxide could release 6.9 L of oxygen in the stomach.” 
Several researchers have described life-threatening or 
fatal gas emboli after ingestion of concentrated 
hydrogen peroxide.’*”4 

Treatment of concentrated hydrogen peroxide therapy 
includes supportive care, assessment of the esophagus 
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and stomach for corrosive injury, and anticipation of air 
emboli. Diluting agents should not be administered 
because of their potential to enhance oxygen liberation. 


Other Therapies 


The promotion of tonics, extracts, and elixirs has a 
consistent ability to entice consumers. Their list is 
constantly changing. In rare circumstances, these 
alternative medicines prove to have therapeutic value. In 
most cases, they have no beneficial action but also no 
toxicity. These agents can occasionally be highly toxic, 
however. For example, laetrile was promoted in the early 
1980s as an alternative treatment for cancer. Prepared 
from crushed apricot pits, this agent contained high 
concentrations of amygdalin, a cyanogenic alkaloid. 
Although it was not proved to have therapeutic value, 
laetrile did result in cases of cyanide intoxication after 
overdose.” 

Other therapies, including ingestion of shark cartilage, 
boiled urchin, and algae, continue to be promoted 
without clear, scientifically proven benefit. 
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ALLISON A. MULLER, BS, PHARMD Æ FRED M. HENRETIG, MD 


At a Glance... 


m The most crucial specific intervention for vitamin A poisoning is 
immediate discontinuation of vitamin A; this measure alone 
suffices in most cases. 

m Prompt withdrawal of vitamin D supplements and imple- 
mentation of a diet low in calcium and vitamin D are sufficient 
therapy for mild to moderate cases of vitamin D poisoning. 

m |t probably is prudent to caution against the use of high-dose 
vitamin C therapy for patients with known nephrolithiasis, 
G6PD deficiency, iron overload conditions, pregnancy, and 
perhaps for women taking oral contraceptives. 


INTRODUCTION AND RELEVANT 
HISTORY 


The vitamins are a defined group of essential organic 
micronutrients that are required in the human diet for 
optimal nutrition and to prevent specific deficiency 
syndromes.!? This requirement is due to either a 
complete inability to synthesize these nutrients de novo 
or an inadequate rate of synthesis to maintain optimal 
health. Medical uses for the vitamins include the 
prevention or treatment of deficiency states and the 
treatment of rare vitamin-responsive inborn errors of 
metabolism. 

A less accepted current usage of vitamins has been 
routine high-dose consumption by healthy adults. This 
practice has gained popularity with the lay public and 
some health care workers in an effort to enhance 
appearance, longevity, or athletic performance or to 
prevent or ameliorate nondeficiency-specific disease 
states. The clinically significant vitamin exposures occur 
most often under these circumstances of intentional 
chronic overdose. The water-soluble vitamins typically 
are excreted renally when ingested in excess, although 
very large doses taken chronically have resulted in 
adverse effects. The fat-soluble vitamins are stored in 
tissues, and excessive consumption is thus more likely to 
result in toxicity. Accidental overdose of pediatric 
multivitamin preparations by children also occurs 
frequently, although this is rarely a cause for significant 
concern aside from co-ingested iron in combination 
products. Serious iron toxicity is rare even in this con- 
text. Occasionally, vitamins are chosen as an inten- 
tional acute overdose agent. An unfortunately not un- 
common scenario is the acute overdose by a young 
pregnant woman of her prescribed prenatal vitamin and 
mineral supplement. In this context, with a typical 
elemental iron content of 62.5 mg per tablet, serious 
iron poisoning may occur, although toxicity related to 


co-ingested vitamins is again rarely of significance (see 
also Chapter 72). 

The medical use of vitamins can be traced to the 1753 
discovery by British naval surgeon James Lind of the 
protection from scurvy afforded to sailors by the addition 
of fresh citrus fruits to their diets during long voyages.! 
Ascorbic acid (vitamin C) was, of course, subsequently 
identified as the antiscorbutic factor and became the first 
of the 13 named vitamins. Vitamins are currently classified 
as water soluble (nine vitamins: ascorbate, thiamine, 
riboflavin, niacin, pyridoxine, biotin, pantothenic acid, 
folate, and cyanocobalamin) or fat soluble (four 
vitamins: A, D, E, and K). Several of the vitamins exist in 
nature or in vivo as different but closely related chemical 
compounds or precursors and are referred to as vitamers. 
Many vitamins require processing in vivo to become 
biologically active. The water-soluble vitamins or their 
derivatives function primarily as coenzymes for apoen- 
zymes. An example is pyridoxine (when converted to 
pyridoxal phosphate) as coenzyme to the glutamic acid 
decarboxylase apoenzyme, forming a holoenzyme that 
synthesizes y-aminobutyric acid from glutamic acid. The 
fat-soluble vitamins A and D interact with specific intra- 
cellular receptors and have hormonal or prohormonal 
effects.* 

Amounts of vitamins necessary daily to protect 
normal, healthy persons from vitamin deficiency states 
range from micrograms to milligrams and are designated 
the minimum daily requirements (MDRs). Currently in the 
United States, recommendations on daily intake are 
expressed as reference daily intakes (RDIs) for vitamins 
and minerals (Table 69-1). These replace the U.S. recom- 
mended daily allowance (RDA) and are based on 
average RDI values for the U.S. population over the age 
of 4 years.** Megadose usage typically involves self- 
administration of doses 20 to 660 times these recom- 





Reference Daily Intakes (RDIs)? 


VITAMIN RDI 

A 5000 IU 
C 60 mg 
D 400 IU 
E 30 IU 
Be 2 mg 
B12 6 ug 
Thiamine 1.5 mg 
Riboflavin 1.7 mg 
Niacin 20 mg 
Folic acid 0.4 mg 


IU, international units. 
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mended amounts. In the United States, efforts to 
regulate vitamin usage have had a complex and 
politically charged history. Currently, the U.S. Food and 
Drug Administration (FDA) has the authority to regulate 
the labeling of vitamin and mineral supplements. 
Currently, the FDA does not regulate the nutrient 
content of vitamin supplements, except those intended 
for use by children less than 12 years of age and by 
pregnant or lactating women, despite the well-recognized 
hazards of megadose vitamin usage.’ 

A number of vitamin-responsive metabolic disorders 
have been described, involving at least eight of the nine 
water-soluble vitamins and vitamin D.'*° Classic examples 
include pyridoxine-dependent infantile convulsions, 
pernicious anemia, and vitamin D-sensitive rickets. 
Pyridoxine dependency was first described in the early 
1950s,! and the same era witnessed the observation that 
the dementia associated with pellagra (niacin deficiency) 
was similar in some ways to that of schizophrenia.*° Early 
studies in the psychiatric literature suggested beneficial 
results in treating schizophrenia with massive doses of 
niacin, prompting further extension of this concept to 
other vitamins and to other illnesses.*° 

Pauling’s 1970 monograph Vitamin C and the Common 
Cold’ helped popularize the use of megadoses of vitamins 
for prevention and treatment of a number of illnesses 
ranging from viral infections to cancer. The increased 
interest in personal fitness and preventive health of the 
1970s provided fertile ground for the expansion of this 
concept of vitamin megadosing. By the 1980s, more than 
70% of Americans believed that vitamins could prevent 
fatigue, and 21% believed that diseases such as cancer 
and arthritis were caused by vitamin deficiency.*® A 1987 
survey found that half of adult Americans took 
occasional vitamin supplements, and more than 20% 
took vitamins daily.” The popularity of vitamin supple- 
ments is a reflection of broad media coverage of studies 
detailing the roles of vitamins in preventing and treating 
cancer, cardiovascular disease, ocular disorders, 
respiratory disorders, and osteoporosis.'°'* Nutritional 
authorities caution that insufficient scientific evidence 
exists to support the megadosing of dietary antioxidants 
to prevent chronic illnesses such as cardiovascular 
disease or cancer.!? It has been recommended that all 
adults take one multivitamin daily, since most people do 
not obtain a sufficient amount of all vitamins from 
dietary consumption alone." 


FAT-SOLUBLE VITAMINS 


In general, toxic effects of vitamins are most often 
related to overdosing of the fat-soluble vitamins and have 
been observed particularly with excessive ingestion of 
vitamins A and D (Table 69-2). Adverse effects ascribed 
to vitamins E and K have been uncommon and noted 
primarily with parenteral use. In view of the prominent 
place afforded to vitamin A toxicity in reported medical 
literature, this vitamin is reviewed in some detail relative 
to the other vitamins covered in this chapter. 


CAMS, NUTRITIONALS, AND PERFORMANCE ENHANCERS 


Vitamin A 
INTRODUCTION AND RELEVANT HISTORY 


Vitamin A has a long and fascinating history. As early as 
1500 BC, night blindness that could be remedied by the 
topical application of roasted liver was described in 
Egypt, and Hippocrates later recommended the inges- 
tion of cow liver as a cure.!° In 1865, ophthalmia brasi- 
liana, an eye disorder of poorly nourished slaves, was 
described. Further linkage of keratomalacia to nutri- 
tional deficiency was provided in the 1880s with des- 
criptions of night blindness among Russian Orthodox 
Catholics who fasted during Lent and particularly with 
the description of corneal sloughing in breast-fed infants 
of fasting mothers.!° Perhaps the oldest and largest 
recorded experience with vitamin toxicity is associated 
with both acute and chronic exposure to excess vitamin 
A. The 19th-century Arctic explorer Elisha Kane 
described a syndrome of severe headache, vomiting, 
drowsiness, and irritability occurring a few hours after 
the ingestion of polar bear liver.'° This syndrome is 
recognized today as being quite likely due to acute 
hypervitaminosis A-induced pseudotumor cerebri. 
Modern authors continue to describe similar phenom- 
ena, for example, the 1984 report of a 25-year-old Sri 
Lankan woman who developed pseudotumor and 
markedly elevated serum vitamin A levels 1 week after 
consuming a meal of shark liver (see Toxicology) .!” 


STRUCTURE 

The vitamin A family consists of several related com- 
pounds, with their respective stereoisomers, which exhibit 
the vitamin’s biologic effects. Retinol, also referred to as 
vitamin Aj, is the alcohol form, which is found primarily 
as an ester in the liver of many animals and saltwater fish 
(Fig. 69-1). Retinal, which is the vitamin A aldehyde, 
functions as the chromophore of the retina when it 
combines with the protein opsin to form rhodopsin. B- 
Carotene, or provitamin A, is a dimer of retinal that 
occurs in many pigmented plants. Retinoic acid, the 
carboxylic acid of retinol, is believed to be the relevant 
vitamer at the cellular level for most functions of vitamin 
A other than in the visual cycle. 

Vitamin A is classically quantified by bioassay in rats, 
although purified preparations may also be determined 
spectrophotometrically.!? The “retinol equivalent” is 
equal to 1 ug of all-transretinol (3.3 IU) or 6 ug of 
dietary B-carotene (10 IU). 


PHARMACOLOGY AND PATHOPHYSIOLOGY 

Vitamin A is believed to act through hormone-like 
activity on intracellular receptors, in addition to the well- 
understood specific effect of one of its vitamers, retinal, 
as the chromophore in the visual light-sensing cells. 
Vitamin A is essential in the visual cycle, in the 
maintenance of the functional and structural integrity of 
epithelium in mucus-secreting or keratinizing tissues, in 
bone growth, and in reproduction and embryologic 
development. It has an important role in enhancing 
immune function and reducing sequelae of some 
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Vitamin Toxicity Overview 


VITAMIN TOXIC DOSE 


A Acute: 
75,000-100,000 IU (P) 
>1 million IU (A) 
Chronic: 
18,000 IU/day (P) 
20,000-50,000 IU/day (A) 


Teratogenic: 
>10,000 IU/day 
D 1600-2000 IU/day (P) 
60,000 IU/day (A) 


Teratogenic: 
(?) 2000-4000 IU/day 
Probably variable, with idiosyncratic 


hypersensitivity 
E (?) 400-3000 IU/day 
K (?) (Occurs with therapeutic IV dose) 
Pyridoxine 117-500 mg/day 
Niacin 3.0-4.5 mg/day 
Thiamine Acute: (?) (rare, occurs with therapeutic IV dose) 
Chronic: 5 mg/day 
€ (?), probably > 4 g/day 


PRINCIPAL TOXIC EFFECTS 


Initial: CNS; increased ICP with headache, irritability, lethargy, 
ophthalmoplegia, papilledema 

Later: hair loss, peeling skin, hepatomegaly 

CNS: increased ICP, pseudotumor cerebri 

Mucocutaneous: dry, scaly, peeling skin; hair loss, brittle nails; 
cheilitis, stomatitis, gingivitis 

Hepatic: early-hepatomegaly, anorexia, vomiting, +/— abnormal 
LFTs; late-hepatic fibrosis, ascites, cirrhosis, esophageal varices 

Skeletal: bone pain, cortical hyperostoses; premature epiphyseal 
closure (P) 

Reproductive: teratogenic effects on face, ears; occasional CNS, 
cardiac (less so than with isotretinoin) 

Metabolic: hypercalcemia 

Renal: hypercalciuria, nephrocalcinosis 

CV: metastatic calcifications in heart, vessels 

CV: infantile hypercalcemia, supravalvular aortic stenosis syndrome 


CNS: headache, weakness 

GI: nausea, cramps, diarrhea 

Heme: increased effect of anticogulants 

Anaphylactoid reaction 

Heme: hemolysis, jaundice in newborns (especially with G6PD 
deficiency) 

Peripheral sensory neuropathy 

Cutaneous: flushing, pruritus 

GI: cholestatic jaundice, hepatitis 

Heme: thrombocytopenia 

CV: atrial fibrillation 

Misc: gout, myopathy 

Anaphylactic reaction 

Misc: headache, irritability, tachycardia 

GI: nausea, cramping, diarrhea 

Renal: nephrolithiasis (especially in predisposed patients) 

Heme: hemolysis with G6PD deficiency 

Misc: rebound scurvy after withdrawal 


A, adult; CNS, central nervous system; CV, cardiovascular; GI, gastrointestinal; G6PD, glucose-6-phosphate dehydrogenase; Heme, hematologic; ICP, 
intracranial pressure; LFTs, liver function tests; Misc, miscellaneous; P, pediatric. 





infections (e.g., measles in young children!) and may 
play a significant role in anticarcinogenesis. Several 
synthetic analogs of vitamin A have been developed as 
pharmaceutical agents for dermatologic applications. 

In the visual system, both rods and cones utilize 11-czs- 
retinal as the chromophore. In the photoreceptor cells 
of the rods, especially sensitive to low-intensity light, this 
vitamer combines with the membrane protein opsin to 
form rhodopsin, which is the light-absorbing holoreceptor. 
The cones, which are the color-sensitive photoreceptor 
cells, are of three types, each having a separate protein 
that when combined with 11-cisretinal responds 
optimally to red, green, or blue wavelengths of light. The 
visual cycle involves an interaction of the photon-activated 
rhodopsin with a G protein and interconversions of 1 1-cis- 
retinal to several stereoisomers. 1° 

The basal mucus-secreting cells of many epithelia 
depend on vitamin A for normal structure and mucus 
secretion. These influences appear to be mediated 
primarily by retinoic acid, via changes in nuclear 


transcription. Retinoic acid receptors have been 
described that belong to a receptor “superfamily” that 
includes receptors for calcitriol as well as thyroid and 
steroid hormones.!° 

Possible anticarcinogenic effects of vitamin A have 
been attributed to its ability to induce differentiation of 
malignant cells and to function in the synthesis of cell- 
surface glycoproteins and glycolipids that may play an 
important role in cell adherence and communication. 
Splenic lymphocyte proliferation and killer cell cytotoxic 
activity is impaired in vitamin A deficiency. Therefore, 
differentiation of these immune cells may play a role in 
the vitamin’s beneficial effect on immunity and 
resistance to infection.”° 

The primary food sources for vitamin A are liver, dairy 
products, egg yolk, and fish (providing retinol or retinol 
esters) and yellow and green vegetables (providing 
B-carotene).! In the average American diet, about 50% 
of the vitamin intake comes from animal-based products 
and 50% from vegetable sources. Absorption and 
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CAMS, NUTRITIONALS, AND PERFORMANCE ENHANCERS 
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FIGURE 69-1 Fat-soluble (A) and water-soluble (B) vitamins reported to have toxic effects in humans. 


utilization of the vitamin is complex and varies with the 
source. Most animal-derived vitamin A is consumed in 
the form of retinol esters, typically retinyl palmitate, and 
when vitamin A is ingested in usual dietary amounts, 
absorption is virtually complete. These esters are 
hydrolyzed in the intestinal lumen and brush border and 
then taken up by the intestinal cells bound to a cellular 
retinol-binding protein (CRBP). There they are re- 
esterified and incorporated into chylomicrons for 
transport to the liver, where they are stored. Hepatic 
vitamin A storage capacity is considerable (average 
content of retinyl esters is 100 to 300 ug/g), with reserves 
sufficient to withstand several months of a vitamin A-free 
diet before the plasma concentration decreases 
markedly or deficiency symptoms appear. The liver 
normally releases vitamin A after hydrolysis to retinol, 
95% of which is bound to an o,-globulin, the retinol- 
binding protein (RBP). When the liver becomes 
saturated with vitamin A as a result of excessive ingestion 
or hepatic disease or both, retinyl esters may appear in 
the blood, eventually accounting for as much as 65% of 
the total circulating retinoids. Circulating retinol is 
carried to cells of various target organs, where it is taken 
up by a membrane-bound protein very similar to CRBP, 
re-esterified, then hydrolyzed and delivered to the 
appropriate intracellular sites by a cytosolic CRBP. The 


fate of ingested carotenoids is slightly different.!°?' Only 
about one third of the carotene content of a meal is 
absorbed. Some f-carotene is cleaved in the intestinal 
mucosa and esterified and transported to the liver via the 
lymphatics, while some is absorbed intact. When 
carotenoids are present in large amounts in the diet, 
they may cause an elevated blood carotene level (normal 
range, 50 to 200 Ug/dL), associated with a benign and 
reversible yellowish (or “golden suntan”) discoloration 
of the skin (but not the sclera, as occurs in jaundice). In 
most cases, excessive consumption of carotene does not 
lead to hypervitaminosis A, presumably because only 
limited conversion to retinol occurs. However, this 
occasionally occurs, as it did in a 20-year-old Japanese 
woman whose diet consisted mainly of pumpkin for 
2 years. She subsequently developed vitamin A poisoning 
with hepatotoxicity, confirmed via liver needle biopsy.** 
In addition to hepatic storage and tissue uptake, some 
retinol is glucuronidated. Other water-soluble metabolites 
are also excreted, with no retinol normally found 
unchanged in the urine.’ 


SPECIAL POPULATIONS 

In adults, vitamin A deficiency is usually related to 
chronic illnesses associated with fat malabsorption such 
as inflammatory bowel disease, biliary or pancreatic 


insufficiency, and cirrhosis. Children suffering from 
general malnutrition are especially susceptible, and it is 
believed that vitamin A deficiency is responsible for 
more than 250,000 cases per year worldwide of irre- 
versible pediatric blindness, in addition to greatly 
enhanced mortality from infectious diseases, especially 
measles.'°!® Features characteristic of vitamin A 
deficiency include night blindness and keratomalacia 
progressing to permanent blindness, keratinization and 
drying of the skin with follicular hyperkeratosis, 
increased incidence of respiratory infections, urinary 
calculi due to associated changes in the urinary tract 
epithelium, diarrhea, and occasional impairment of 
hearing, taste, and smell.!° 


TOXICOLOGY 

With excessive vitamin A intake, hepatic storage capacity 
is exceeded, and the previously noted normal pattern of 
almost all circulating vitamin A existing as retinol bound 
to RBP is altered, with an increasing proportion of 
plasma retinoids being present as retinyl esters loosely 
associated with lipoproteins. Clinical case reports of 
vitamin A toxicity typically involve normal or only slight 
elevation of retinol (normal range, 30 to 70 ug/dL), with 
markedly elevated retinyl esters (normal, <7 ug/dL, or 
5% to 8% of plasma retinol).**** In more advanced cases 
of hypervitaminosis A, one may find an elevation of 
retinol to more than 100 ug/dL, and some authors 
suggest that excess circulating free retinol (e.g., a molar 
ratio of retinol to RBP of greater than 1) is important to 
clinical toxicity.” However, most reviews suggest that 
retinyl esters, which exhibit surfactant properties, are 
more likely responsible for toxic effects.** Retinyl 
esters—and perhaps free retinol—probably cause 
cellular toxicity via altered membrane lipoprotein 
phenomena. The precise mechanism of the increased 
intracranial pressure that is so characteristic of vitamin A 
toxicity is unclear, but it may relate to such altered 
membrane function in the choroid plexus.*° As hepatic 
stores of vitamin A become saturated, another charac- 
teristic feature, hepatotoxicity, is observed when marked 
accumulation of retinyl esters and lipid develops in the 
perisinusoidal fat storage cells (Ito cells in the space of 
Disse). This process may stimulate transformation of 
these cells to fibroblasts**; clinically, progression is 
observed to sinusoidal fibrosis, portal fibrosis, central 
vein sclerosis, and eventually cirrhosis. 

Toxicity may occur as the result of either acute or 
chronic overdose.** In children, single doses of 75,000 to 
100,000 IU are necessary to produce toxicity, whereas in 
adults the range is usually in excess of | million IU. 
Chronic exposures of 18,000 to 60,000 IU/day in infants 
and children, and 50,000 to 100,000 IU/day in adults will 
result in toxicity. One adult patient has been reported 
with hepatotoxicity resulting from habitual daily 
ingestion of 20,000 IU.” Clinical manifestations of 
chronic toxicity may vary in terms of total dosage and 
duration of exposure; most case reports observe periods 
of excessive intake of months to years, although infants 
treated with 18,000 IU/day became symptomatic within 
6 weeks.” Persons with underlying liver disease, or who 
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develop acute hepatitis, are at increased risk. For acute 
intoxication, most reported cases are due to the 
ingestion of liver with high vitamin A content (e.g., bear, 
seal, or fish livers), with iatrogenic cases representing 
another sizable group. With chronic exposures, the most 
common cause is excessive intake via self-medication or 
food faddism in adults, or overzealous vitamin treatment 
of children by their parents.!°.747829 


CLINICAL MANIFESTATIONS 

Classically, vitamin A intoxication is stratified by age of 
patient and chronicity of exposure, although there is 
considerable overlap of symptomatology. The target 
body areas most typically affected are the central nervous 
system (CNS), liver, bone, and skin and mucous 
membranes. 

Accounts of acute vitamin A toxicity are relatively un- 
common, but typical early features are primarily neuro- 
logic. These include irritability, tiredness with intense 
sleep desire progressing to somnolence, increased 
intracranial pressure that may manifest as a bulging 
fontanelle in infants or signs of acute pseudotumor 
cerebri in older children and adults, anorexia, and 
vomiting.” Within a few days, cheilitis, hair loss and skin 
peeling, hepatomegaly, and epistaxis or miscellaneous 
hemorrhages may ensue. Laboratory abnormalities may 
include increased serum retinyl esters (and retinol in 
severe cases), hypercalcemia, and slight changes in liver 
function tests. An illustrative case report was provided by 
Misbah and colleagues.'? A 25-year-old Sri Lankan 
woman ingested a meal of cooked shark liver and 
presented after several days of headache, vomiting, and 
diplopia. The examination was notable for bilateral 
florid papilledema, enlarged blind spots, and bilateral 
partial abducens palsies. Routine serum chemistry, liver 
function, and hematology values were normal, but total 
serum vitamin A level (retinol versus retinyl esters not 
specified) was elevated at 177 ug/dL. She recovered over 
an 8-week period, becoming asymptomatic with only 
residual but receding papilledema. 

Far more common is the occurrence of chronic 
vitamin A toxicity, which tends to involve all four of the 
major target organ systems. The CNS and ophthalmologic 
effects include headache, fatigue but difficulty sleeping, 
visual disturbances, anorexia and weight loss, and signs 
of increased intracranial pressure with bulging 
fontanelles in infancy and pseudotumor cerebri in older 
children and adults. Changes of the integument and 
mucous membranes, including dry, pruritic, scaly, and 
peeling skin; hair loss; and brittle nails; and cheilitis, 
stomatitis, and gingivitis are regular and often early 
signs. Involvement of the liver is manifested as 
hepatosplenomegaly, nausea, abdominal pain, ascites, 
esophageal varices, and cirrhosis. Liver function tests 
may be abnormal, but patients with severe hepatic 
involvement and ascites and without jaundice have been 
reported, as have patients with minimally altered or 
normal liver function tests, although prothrombin time 
may be increased owing to hypoprothrombinemia.*?°*89 
A vicious cycle may be conceptualized wherein early 
vitamin A hepatotoxicity results in decreased liver 
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storage capacity or RBP synthesis or both; continued 
chronic excessive ingestion results in escalating release 
of retinyl esters, and in some cases unbound retinol, with 
resultant systemic toxicity. The skeletal system is also 
frequently affected, particularly in children with growing 
long bones. Bone pain and tenderness is often noted, 
and children may manifest painful swelling of overlying 
soft tissues.”? Radiographic findings may include areas of 
osteoporosis or hypermineralization, periosteal calcifi- 
cations and cortical hyperostosis of the cranium, 
clavicles, long bones, and metatarsals, as well as cup- 
shaped deformity of the metaphyses.”®*’! Permanent 
deformity and growth retardation may occur in children 
owing to partial or complete premature epiphyseal closure. 
Associated laboratory abnormalities of hypercalcemia 
and increased alkaline phosphatase are noted on 
occasion; these may represent effects of stimulation of 
osteoclastic resorption or inhibition of osteoblastic 
activity or both.*! 

Another area of concern related to vitamin A and its 
derivatives involves potential teratogenic effects. 
Isotretinoin, 13-cisretinoic acid, has been used widely in 
the United States and Europe as a systemic agent for the 
treatment of nodulocystic acne vulgaris. A specific 
embryopathy has been well characterized for this agent, 
with a calculated relative risk of 26.5%.°* Typical 
malformations include those related to four main 
structural areas: the brain, head and face, heart and 
great vessels, and thymus. These include hydrocephalus 
with or without areas of cerebral agenesis or hypoplasia; 
micrognathia, cleft palate, microtia with or without 
anotia; transposition of the great vessels, Fallot’s 
tetralogy, or truncus arteriosus; and thymic hypoplasia or 
aplasia. Further studies have found that the crucial 
exposure period occurs during the first trimester 
(especially the second to fifth postconceptional weeks), 
and that the prevalence of malformations averages 85% 
for involvement of the brain, 70% for the ears, and 50% 
for the cardiovascular system.°? Although used with 
caution in pregnant women, topical tretinoin has not 
been shown to achieve sufficient serum levels to cause 
teratogenic effects in humans to date.’ Acitretin is an 
oral retinoid used for the treatment of severe or 
refractory psoriasis. This drug is contraindicated not only 
in pregnant women but also in women who are planning 
to become pregnant sooner than 2 years following 
discontinuation of the drug. Those women who used an 
older oral retinoid for psoriasis, etretinate, are advised by 
some physicians to avoid pregnancy indefinitely, as it may 
take 2 years, or longer, for the drug to be eliminated. 
Congenital malformations noted after high-dose 
maternal vitamin A therapy have also been reported; 
these tend to primarily involve facial and otic defects, 
with less frequent neurologic and cardiac involve- 
ment.”*°4 An attempt to calculate relative risks for 
vitamin A prenatal exposure has been reported from 
data collected on more than 20,000 pregnant women in 
the United States as part of a large prospective cohort 
study of congenital malformations.” These researchers 
compared outcomes in women taking supplements of 
more than 10,000 IU/day with those taking less than 
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5,000 IU/day and found a relative risk for cranial—neural 
crest defects of 4.8 (95% CI 2.2 to 10.5). They concluded 
that doses of supplemental vitamin A in excess of 10,000 
IU/day pose a significant risk of teratogenicity. 


DIAGNOSIS 

Recognizing the characteristic clinical syndromes of 
acute or chronic hypervitaminosis A, along with finding 
a history of exposure, are the most important steps in 
diagnosis. As noted above, routine serum chemistries 
and liver function tests may be normal or only minimally 
elevated. Some patients manifest hypercalcemia or hypo- 
prothrombinemia. Characteristic radiographic findings 
have been described and may be present in patients with 
chronic toxicity. Patients may be symptomatic at a time 
when serum vitamin A levels are normal. However, a 
retinol serum level exceeding 100 ug/dL is highly 
suggestive of toxicity, as is an elevated proportion 
of retinyl esters (more than 5% to 8% of total, or over 
7 ug/dL), if specific tests are available. Characteristic 
liver pathology and an elevated liver vitamin A content 
may be found on biopsy in occult cases. 


MANAGEMENT 

The most crucial specific intervention is immediate 
discontinuation of vitamin A; this measure alone suffices 
in most cases. Most symptoms resolve over several weeks 
to months. Routine principles of gastrointestinal 
decontamination are probably appropriate in the 
uncommon situation of a patient seen soon after an 
acute overdose exceeding 75,000 to 100,000 IU in 
children or 1 million IU in adults. Patients with severe 
hepatotoxicity obviously require significant supportive 
care. Vitamin K may be of value for patients with 
hypoprothrombinemia. Associated increased intracranial 
pressure may occasionally require intervention depending 
on duration and severity. Neurologic consultation is 
probably advised prior to instituting a regimen that 
might include repeated lumbar punctures; diuretics 
(e.g., furosemide, initial IV dose 0.5 to 1 mg/kg up to 
40 mg); mannitol (initial IV dose 0.25 g/kg); aceta- 
zolamide (5 mg/kg, up to 250 mg PO or IV every 6 hr); 
and/or steroids (e.g., prednisone 0.5 to 1.0 mg/kg up to 
40 mg PO per day) as necessary. Hypercalcemia may also 
require specific treatment, although initial management 
with intravenous normal saline to enhance hydration 
usually suffices.*! If hypercalcemia is severe or persistent, 
additional treatment may be warranted. Adjuvant 
therapy has included diuretics such as furosemide to 
enhance renal calcium excretion. Corticosteroids (e.g., 
prednisone in doses of 0.5 mg/kg/day, up to 20 mg/day) 
may also lower serum calcium by increasing renal 
excretion as well as decreasing intestinal calcium 
absorption and bone resorption.*° 


Vitamin D 
INTRODUCTION 


Vitamin D is another fat-soluble vitamin that produces a 
classic toxic syndrome following excessive ingestion. 
Vitamin D shares with vitamin A the properties of a 


hormone. However, in some respects it is not truly a 
vitamin because, for most persons living in tropical or 
temperate geographic zones, cutaneous photobiosyn- 
thesis of the nutrient is sufficient to supply optimal 
nutritional needs.?”** 


PHARMACOLOGY 

Vitamin D congeners are secosterol (split sterol) deriva- 
tives of the cholesterol precursor 7-dehydrocholesterol.*’ 
Vitamin D (cholecalciferol) is formed when this 
precursor absorbs ultraviolet light in the skin and splits 
the C9-C10 bond in the B ring of the sterol skeleton. 
Preformed vitamin D congeners with biologic equiva- 
lency to endogenous skin-derived vitamin Dz may be 
absorbed from the diet, especially fish liver oils. Vitamin 
D, from all sources enters the circulation bound to a 
specific 0&,-globulin, the vitamin D-—binding protein, and 
is transported to the liver where it undergoes 
hydroxylation to 25-hydroxyvitamin D, [25(OH)Ds]. 
The production of 25(OH) Ds is influenced by feedback 
inhibition but is not tightly controlled, and levels of this 
congener rise dramatically in states of excess vitamin D 
exposure (normal range, 5 to 80 ng/mL). At physiologic 
levels, 25(OH)Ds is not thought to exhibit significant 
biologic activity, but it appears to be active at very 
elevated concentrations and may be responsible for 
much of the toxicity associated with hypervitaminosis D. 
The 25(OH)Dz is transported to the kidneys bound to 
the vitamin D-binding protein, where under the influ- 
ence of parathyroid hormone, it is further hydroxy- 
lated to 1,25(OH)., Ds, also known as calcitriol. 

The synthesis of calcitriol is closely regulated by 
fluctuations in serum calcium. Hypocalcemia stimulates 
parathyroid hormone secretion and thus the synthesis of 
calcitriol, which is believed to be the significant biologi- 
cally active congener at physiologic levels. Calcitriol is 
carried to target organs—particularly the intestine and 
bone—by the vitamin D-binding protein. (Normal 
serum concentration of total calcitriol ranges from 16 to 
65 pg/mL.) Free calcitriol is taken up by cells and 
exhibits its hormone-like effect by complexing with a 
specific nuclear receptor, a member of the same receptor 
superfamily that includes receptors for retinol, steroids, 
and thyroid hormone. The calcitriol-receptor complex 
activates transcription of genes for the synthesis of an 
intestinal calcium-binding protein and bone osteocalcin, 
which increase intestinal calcium absorption and bone 
resorption, respectively, and result in increased serum 
calcium. Thus, vitamin D plays a central role in calcium 
homeostasis. Receptors for calcitriol have been identified 
in several other tissues, but their function is less well 
understood. 

Daily requirements for vitamin D range from 200 to 
400 IU (5 to 10 ug) per day.* In latitudes where and 
during seasons when sunlight intensity is limited, this 
MDR must be met by dietary intake, which was difficult 
to achieve in the era before widespread fortification of 
milk and bread products. The classic nutritional vitamin 
D deficiency state manifests as rickets in infants and 
growing children and as osteomalacia in adults. Several 
disorders in synthesis or response to calcitriol may 
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require treatment with supraphysiologic doses of vitamin 
D analogs (e.g., vitamin D-resistant and vitamin 
D-dependent rickets and renal osteodystrophy). ‘Today, 
most persons in the United States receive adequate 
vitamin D through their diet, unless they suffer from a 
primary intestinal malabsorption syndrome or from 
hepatic or biliary dysfunction. Rickets and osteomalacia 
have also been observed in patients on chronic anti- 
convulsant therapy with phenobarbital or phenytoin, al- 
though the mechanism is not well understood. 


TOXICOLOGY 

Hypervitaminosis D has been recognized for decades,*° 
principally in persons treated with pharmacologic doses 
for diseases unrelated to vitamin D deficiency but 
thought likely to benefit from such treatment, such as 
rheumatoid arthritis. Occasional acute vitamin D expo- 
sures may occur from ingestion of vitamin D—containing 
rodenticides or massive ingestions of multivitamins. 
Chronic vitamin D consumption in excess of even four 
times the RDI may be hazardous to young infants; adults 
may experience toxicity at doses of 60,000 IU/day for 
weeks to months. Large numbers of infants were 
oversupplemented in England during World War II, 
typically with daily intakes of 2000 to 4000 IU/day. A 
number of such children developed hypercalcemia, a 
nonfamilial congenital syndrome related to maternal 
hypervitaminosis D, and abnormal fetal or infantile 
vitamin D sensitivity was also described with cerebral, 
cardiovascular, and renal anomalies, particularly supra- 
valvular aortic stenosis.*’ Vieth and colleagues reported 
cases of vitamin D poisoning within a family follow- 
ing the mixing of crystalline vitamin D, into their table 
sugar. The toxicity of excess vitamin D is thought to be 
due primarily to its exaggerated physiologic effects, 
resulting in hypercalcemia, hypercalciuria, and meta- 
Static soft tissue calcification. 


CLINICAL MANIFESTATIONS 

Classically described clinical effects include initial symp- 
toms of systemic hypercalcemia, including weakness, 
headache, fatigue, nausea, and vomiting. Subsequently, 
manifestations of soft tissue calcification may occur, 
including hypertension, polyuria, and polydipsia related 
to nephrocalcinosis, which may progress to uremia, as 
well as signs referable to calcifications in myocardium, 
vessels, muscle, lung, and skin; death may result. An 
outbreak of hypervitaminosis D due to overfortification 
of milk (up to 200,000 IU per quart) by a dairy in 
Massachusetts in 1988 to 1991 has allowed for case- 
control studies that have reinforced the association of 
these effects with excess vitamin D exposure.*!* 


DIAGNOSIS AND TREATMENT 

The clinical findings and exposure history may be 
characteristic. Observed laboratory abnormalities in- 
clude hypercalcemia with variable phosphate levels, 
decreased renal function with albuminuria and anemia, 
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and elevated levels of 25(OH)Ds, and free calcitriol. 
(Total calcitriol is usually normal or only slightly 
elevated.**) Radiographic findings may include ectopic 
calcifications in kidneys, heart, and vessels as well as 
skeletal changes of periosteal thickening. 

Prompt withdrawal of vitamin D supplements and 
implementation of a diet low in calcium and vitamin D 
are sufficient therapy for mild to moderate cases. In the 
acute overdose situation, as of a vitamin D—based 
rodenticide, appropriate gastrointestinal decontami- 
nation is warranted. Patients with persistent hyper- 
calcemia may benefit from further measures as detailed 
above for vitamin A toxicity. Renal failure may require 
dialysis for a period of time. The induction of hepatic 
enzymes with glutethimide to facilitate degradative 
metabolism of vitamin D has been reported successful in 
one case.** Other case series have suggested a benefit in 
treating hypercalcemia and hypercalciuria with the 
biphosphonates, clodronate,* and pamidronate.*©*7 


Vitamin E 
INTRODUCTION 


Although vitamin E was isolated in 1936, its role in human 
nutrition is still controversial, and there is currently little 
unequivocal evidence that a specific deficiency state 
exists for it in otherwise normal full-term infants, in 
children, or in adults.!° In premature babies, persons 
with severe fat malabsorption, and those with the rare 
genetic disease abetalipoproteinemia, vitamin E seems to 
protect against hemolytic anemia, although other 
nutrients may play a role. In animals, particularly 
rodents, vitamin E appears vital for normal reproduction 
and neuromuscular function. o-Tocopherol (see Fig. 69- 
1) is believed to be the most important vitamer and 
displays the most biologic activity in most bioassays. The 
vitamin has come under intense scrutiny in recent years 
because of its known antioxidant properties and the 
publicity surrounding studies evaluating its possibly 
protective effect from atherosclerosis and carcino- 
genesis.!0.1! 


TOXICOLOGY 

Case series of persons taking large doses of vitamin E 
(400 IU to more than 3000 IU) have reported a variety of 
symptoms, including fatigue, headache, muscle weakness, 
nausea, intestinal cramps, and diarrhea.*® In addition, 
vitamin E may antagonize vitamin K, with resulting in- 
creased clotting time and effect of oral anticoagulants.*** 
However, most large controlled studies (typical dose, 400 
to 800 IU) have failed to find significant differences in 
the incidence of adverse effects between treated cases 
and controls.'!°? Of historical interest was the tragic 
epidemic of morbidity (pulmonary deterioration, 
hepatic and renal failure, and thrombocytopenia) and 
38 deaths in premature infants treated in the winter of 
1983-1984 with an intravenous preparation of vitamin E 
(E-Ferol). This syndrome was subsequently determined 
to be due to the carrier, a mixture of polysorbate 80 and 
polysorbate 20 (oleate and laurate esters of sorbitol 
condensed with ethylene oxide).°! 
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Vitamin K 
PHARMACOLOGY 


Vitamin K activity is found in two natural sources: a plant- 
derived form (phytonadione, vitamin K,) and the form 
synthesized by intestinal bacteria (menaquinone, vitamin 
K,).!° Both are utilized as essential cofactors in the hepatic 
biosynthesis of blood coagulation factors II, VII, IX, and X. 
Other vitamin K-dependent proteins include the 
anticoagulant proteins C and S, as well as bone osteocalcin. 
Deficiency of vitamin K results in a hemorrhagic diathesis. 
A coumarin embryopathy has been described for skeletal 
abnormalities that may represent the effects of fetal 
vitamin K deficiency on osteocalcin synthesis. 


TOXICOLOGY 

Chronic ingestion of excess vitamin K is unusual because 
it is not available in the typical multivitamin supplements 
subject to abuse.” Large amounts may inhibit the 
desired effects of anticoagulant medications.*® Water- 
soluble congeners (menadiones) given to newborns for 
hemorrhagic disease prophylaxis, particularly if there is 
glucose-6-phosphate dehydrogenase (G6PD) deficiency, 
may cause hemolysis and jaundice; phytonadione is 
rarely associated with this effect.*°***° Intravenous 
administration of phytonadione may result in an anaphy- 
lactoid reaction of flushing, chest pain, hypotension, and 
death; it is unclear whether this is due to the vitamin 
itself or the vehicle. Concern has been raised about a 
potential association between the routine use of 
prophylactic vitamin K in healthy newborns and 
increased risk of subsequent childhood cancer; however, 
careful controlled studies have failed to substantiate this 
association, and authorities continue to recommend this 
use of vitamin K.°? 


WATER-SOLUBLE VITAMINS 


Significant toxicity is well established for chronic 
excessive consumption of pyridoxine and niacin (see 
Table 69-2). Adverse effects have also been ascribed to 
thiamine and ascorbate and are briefly reviewed. 


Pyridoxine 
INTRODUCTION 


The pyridoxamine congeners are utilized by mammals 
after hepatic conversion to the active form, pyridoxal 
phosphate, which in turn is an important coenzyme in 
numerous metabolic reactions of amino acids.’ Pyri- 
doxine is supplied by meats, whole grains, soybeans, and 
various vegetables. A deficiency state has been observed 
with mucocutaneous manifestations (seborrhea-like 
lesions and stomatitis) and seizures due to diminished Y- 
aminobutyrate (GABA) production. This role of pyri- 
doxine as a cofactor in GABA synthesis underlies its use 
as an antidote in the treatment of isoniazid overdose and 
hydrazine-mushroom poisoning (see Chapter 23), as well 
as its previously noted use in pyridoxine dependency, an 
inherited disorder of pyridoxine metabolism resulting in 


neonatal seizures. Pyridoxine has found similar use 
in the treatment of xanthurenic aciduria and homo- 
cystinuria. 


TOXICOLOGY 

Pyridoxine toxicity is most likely to occur with chronic 
ingestion in excess of 500 mg/day, often taken for self- 
treatment of premenstrual syndrome or as a body- 
building adjunct. Toxic effects have been reported with 
consumption of average total doses as low as 117 mg/day 
for 3 years.°* The toxic syndrome manifests as a striking 
sensory axonal neuropathy, typically without weakness or 
CNS involvement.” Patients have an unsteady gait and 
difficulty in handling small objects. Neurologic findings 
include ataxia, severely impaired position and vibration 
sense, and less dramatic effects on light touch, pain 
sensation, and temperature. Diminished deep tendon 
reflexes and Lhermitte’s sign (neck pain and tingling 
that shoots down the spine to the legs and feet after neck 
flexion) are also present. Dose response characteristics 
were studied in five healthy volunteers administered 1 
or 3 g/day and closely followed for clinical symptoms 
and sural nerve electrophysiology.*® Subjects receiving 
higher doses became symptomatic earlier, and symp- 
toms persisted for 2 to 3 weeks after discontinuation of 
pyridoxine, a phenomenon termed coasting by the 
authors. An infant exposed to pyridoxine in utero 
(maternal dose 50 mg/day) was born with amelia of one 
leg.” At least one patient has been reported who 
developed motor weakness after 5 years of 10 g/day 
consumption. An unusual episode of acute toxicity 
occurred in two patients who received an iatrogenic 
parenteral, massive (exceeding 100 g) pyridoxine over- 
dose during treatment of Gyromitra mushroom poisoning.”” 
These patients manifested weakness, lethargy, nystagmus, 
and respiratory depression in addition to severe sensory 
neuropathy. At follow-up 4 years after exposure, one of 
these patients had persistent profound sensory loss, 
although the motor abnormalities had disappeared.®” 
Chronic pyridoxine intake at doses as low as 25 mg/day 
have been reported to antagonize the antiparkinsonian 
effect of L-dopa, and similar antagonisms have been 
observed for barbiturates and phenytoin. The treat- 
ment of pyridoxine toxicity consists of its withdrawal, 
which usually results in gradual recovery,’* although 
some patients may have long-term or permanent sequelae. 


Niacin 

INTRODUCTION AND RELEVANT HISTORY 

Niacin has been long recognized as the antipellagra factor 
missing in diets based largely on corn.”? The vitamin exists 
as nicotinic acid (niacin) and nicotinamide (niacinamide) 
(see Fig. 69-1), with equivalent biologic vitamin activity 
but different pharmacologic effects. In both forms, 
niacin is converted to either nicotinamide adenine 
dinucleotide (NAD) or its phosphate (NADP), which are 
vital coenzymes for a variety of enzymes involved in 
oxidation-reduction reactions necessary for tissue 
aerobic metabolism. Tryptophan may also be utilized in 
the biosynthesis of NAD, and diets rich in tryptophan 
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will offset low niacin intake in preventing deficiency. 
Pellagra is rare in the United States today, where dietary 
intake of animal protein tends to be high, but is 
classically manifested by cutaneous, gastrointestinal, and 
neurologic abnormalities. This clinical syndrome is often 
recalled with a mnemonic, the “three Ds”: dermatitis, 
diarrhea, and dementia.®® Typical clinical findings 
include desquamating skin rash; sialorrhea, stomatitis, 
and diarrhea; and headache, depression, memory loss, 
hallucinations and dementia, and motor and sensory 
changes. 

Niacin toxicity has been primarily associated with the 
chronic therapeutic use of large doses of nicotinic acid 
as a lipid-lowering agent, although an epidemic has 
been reported in 17 persons after an acute “overdose” of 
pumpernickel bagels.**°! A 56-year-old man, attempt- 
ing to treat his schizophrenia with high doses of niacin 
(19,500 mg), developed severe, persistent hypotension 
requiring intensive care management and dopamine.” 
Clinical effects predominate in the skin and gastro- 
intestinal tract. Cutaneous manifestations of flushing 
and pruritus are common and classically have been 
attributed to histamine release*® although more recent 
work suggests that prostaglandin Ey, is responsible and 
that pretreatment with prostaglandin inhibitors such as 
aspirin ameliorate this effect.°? Hyperkeratosis and 
acanthosis nigricans have also been described in chronic 
users. Gastrointestinal effects include those that are 
likely mediated by prostaglandin, such as exacerbation of 
peptic ulcer disease, and hepatotoxicity, which may 
range from mild cholestatic jaundice to severe hepatitis 
with fulminant hepatic failure.®™®’ Hepatitis is typically 
associated with dosages ranging from 3 to 4.5 g/day for 
1 to 18 months, although a patient has been reported to 
have developed hepatic dysfunction after 10 years of 
treatment without apparent prior side effects.°* Recent 
studies suggest that time-release forms of niacin are 
more hepatotoxic.°*°* Occasional additional findings 
include thrombocytopenia,™ increased serum uric acid 
and gouty arthritis, glucose intolerance,°! skeletal muscle 
myopathy,” and increased incidence of atrial fibrillation 
and other arrhythmias.*°°' In most cases, all these effects 
have regressed with discontinuation of the niacin. 


Thiamine 


INTRODUCTION AND RELEVANT HISTORY 

Thiamine was the first identified of the B-complex 
vitamins. Its history is traced back to the 19th-century 
Japanese navy; it was shown that adding fish, meat, and 
vegetables to the sailors’ poor diet of polished rice 
reduced the incidence of beriberi.” Today thiamine 
deficiency is still common in Western societies among 
chronic alcoholics and is observed in patients with other 
malnourished states including AIDS, cancer, hyper- 
emesis gravidarum, and eating disorders. It is also 
endemic among breast-fed infants in developing 
countries where rice consumption is high. Thiamine 
deficiency is classically associated with neurologic and 
cardiovascular abnormalities and includes the neurologic 
syndromes of alcoholic neuritis, Wernicke’s encephalopa- 
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thy, and Korsakoff’s psychosis and the cardio- 
vascular effects of peripheral vasodilation, biventricular 
heart failure, and peripheral edema. Thiamine pyrophos- 
phate, the biologically active form of the vitamin, is a 
vital coenzyme in numerous metabolic pathways 
involving carbohydrate metabolism. It has been observed 
that rapid infusion of hypertonic glucose solutions to 
treat endogenous hypoglycemia may precipitate both 
neurologic and cardiac deterioration in thiamine-deficient 
patients, and concomitant thiamine administration is 
recommended.” 


53,67,68 


TOXICOLOGY 

Oral absorption of thiamine is relatively limited, and 
large doses (e.g., 100 mg, or almost 100 times the RDI) 
are usually administered intravenously for the emer- 
gency treatment of suspected thiamine deficiency. In this 
context, a few severe anaphylactic reactions have been 
described,’ while in a series of more than 1000 IV 
thiamine treatments given to 989 consecutive patients 
over a 6-month period only one patient with generalized 
pruritus was considered to have a possible precursor of 
anaphylaxis (less than 0.1%) and 11 patients with 
localized burning at the infusion site.”? Of note, any 
patient with a history of thiamine reaction (number not 
stated) was excluded. The incidence of local reactions 
may be decreased if thiamine is administered slowly via 
relatively larger veins.” While thiamine is no longer 
used commonly in chronic therapeutic regimens, there 
are reports from the 1940s of headache, irritability, 
insomnia, tachycardia, and weakness said to resemble 
hyperthyroidism with doses as low as 5 mg/day for 4 to 
5 weeks. °!:70 


Vitamin C (Ascorbic Acid) 
INTRODUCTION AND RELEVANT HISTORY 


Scurvy, the vitamin C deficiency state, has been 
recognized as a disease since the Middle Ages, and its 
relation to diets lacking fresh fruit and vegetables has 
been understood since the 16th to 18th centuries.®? The 
human (along with other primates, guinea pigs, and 
Indian fruit bats) is one of the few mammals unable to 
synthesize vitamin C from glucose. This vitamin functions 
as an important cofactor for numerous hydroxylation 
and amidation reactions and has antioxidant properties. 
It is vital to normal synthesis of collagen, proteoglycans, 
and other components of the intercellular matrix, and 
therefore the structural integrity of tooth, bone, and 
capillary endothelium.®® Scurvy is rarely encountered 
today, but occasional cases are still reported in 
malnourished persons, especially shut-ins and those 
espousing exaggerated food faddism.’1 One of the 
authors recalls from his medical school days a patient 
who developed scurvy by eating only at a fast-food 
restaurant. He felt this food would be free from 
contaminants, since it had been sold to millions of 
customers. Cutaneous findings include perifollicular 
hemorrhages, hyperkeratotic papules, petechiae, ecchy- 
moses, and poor wound healing.53” Additional effects 
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include bone pain with subperiosteal hemorrhage, 
gingivitis and loosening of the teeth, and anemia. 


TOXICOLOGY 

The antioxidant (or free radical scavenger) effects of 
vitamin C effects have prompted widespread and largely 
unsupervised experimentation with megadose treatment 
(e.g., in excess of 1 g/day).*8°°°! Numerous adverse 
effects have been ascribed to such usage, although with 
little controlled study.’? These effects may include 
diarrhea and urinary calculi from oxalates or cysteine.” 
Rebound scurvy has been seen in persons abruptly 
discontinuing long-term high-dose therapy and also 
occurs in infants of mothers taking such doses.**°° 
Concern has been raised about increased blood estradiol 
levels noted in women taking oral contraceptive pills and 
high-dose vitamin C, as well as about this vitamin’s 
potential to increase iron absorption in patients with 
iron overload states such as hemolytic anemia and 
hemochromatosis.*** In contrast, most recent reviews 
have found that dosages of up to 4 g/day are actually 
unlikely to result in significant toxicity in otherwise 
healthy persons.*?°°4 In particular, a prospective cohort 
study on over 45,000 men aged 40 to 75 years compared 
those taking 1500 mg/day or more with those taking less 
than 250 mg/day, and found no increased incidence of 
kidney stones in the high-dose patients.” Withdrawal of 
vitamin C (with surveillance for rebound scorbutic 
effects) and supportive care should suffice for treatment 
of presumed toxicity. It is probably prudent to caution 
against the use of high-dose vitamin C therapy for 
patients with known nephrolithiasis, G6PD deficiency, 
iron overload conditions, pregnancy, and perhaps for 
women taking oral contraceptives. 
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Performance Enhancers (Steroids, Creatine, 


DHEA) 


DUNG THAI, MD, PHD m CHRISTINE A. HALLER, MD 


At a Glance... 


m Use of anabolic steroids, steroid precursors, and other 
performance enhancers violates antidoping policies of the IOC 
and most collegiate and professional athletic associations; 
creatine supplementation is permitted. 

m Anabolic steroids are structural relatives of testosterone and 
have virilizing effects in females, cause gynecomastia and 
testicular atrophy in males, and produce short stature in children. 

m Organ system effects of anabolic steroids include hepato- 
toxicity, left ventricular (LV) hypertrophy, unfavorable blood lipid 
profiles, polycythemia, infertility, and aggression. 

m Steroid precursors such as androstenedione and DHEA are sold 
as dietary supplements because they are produced “naturally” 
in the body. 

m Steroid precursors do not increase strength or lean muscle mass 
in healthy users. 

m Short-term creatine supplementation is generally well tolerated 
but may produce muscle cramping and diarrhea; cases of 
compartment syndrome, rhabdomyolysis, and renal failure have 
been described. 


Use of performance-enhancing drugs and supplements 
among amateur and professional athletes is widespread. 
Because the majority of drugs with performance- 
enhancing effects are banned by the International 
Olympic Committee (IOC) and other sports organizations, 
athletes may use oral sports supplements containing 
steroid precursors, amino acids, creatine, and herbal 
stimulants to gain a competitive edge and circumvent 
antidoping policies. Many of these commonly used 
substances have little or no proven benefits for improving 
athletic performance, and safety data are lacking. In 
addition, because these supplements are inadequately 
regulated, athletes may unknowingly ingest and test 
positive for a banned substance because of adulteration 
or improper labeling of the supplement. Some com- 
monly used and potentially harmful performance 
enhancers including anabolic steroids, steroid precursors, 
and creatine are the focus of this chapter (Table 70-1). 
Sympathomimetics, erythropoietin, human growth 
hormone, and amino acid or protein supplements also 
are used by athletes but are not discussed here. 


ANABOLIC STEROIDS 


Anabolic steroids (ASs) are a class of synthetic molecules 
that are structurally related to testosterone and exert 
anabolic (i.e., muscle building) properties. ASs are most 
commonly prescribed by clinicians to treat disease- 
related wasting and disorders of testosterone deficiency. 


They are abused by athletes seeking greater physical 
strength, ability, or appearance. Unfortunately, these 
steroids are not purely anabolic and, in fact, possess 
androgenic properties as well. Their androgenic 
qualities influence a number of different organ systems 
including the reproductive, cardiovascular, hematologic, 
central nervous, and hepatobiliary systems. The effects 
are most pronounced in athletes who tend to take 
suprapharmacologic doses. 

Testosterone was first isolated, synthesized, and 
characterized in Europe in 1935.! Modern use as athletic 
performance enhancers began with Russian power-lifters 
in the early 1950s and peaked in the 1970s with the 
athletic programs in Germany. ASs have been banned by 
the IOC since 1964, yet their use is still widespread. In 
1990, the Anabolic Steroids Control Act was enacted, 
putting ASs on Schedule III of the Controlled Substance 
Act and making them illegal without a prescription.’ 
Despite these restrictions, use among athletes and 
teenagers continues. The Monitoring the Future (MTF) 
study, which has tracked anabolic steroid use among 8th, 
10th, and 12th graders in the United States since 1989, 
reported that use of these substances was between 2.2% 
and 2.8% in 2000.° The majority of users were males. A 
2001 National Collegiate Athletic Association (NCAA) 
study of substance use among college student-athletes 
revealed that anabolic steroid abuse had increased since 
1997 and that the main reason for use was to improve 
athletic performance or appearance.* 


Structure 


All ASs currently available are structural analogs of 
testosterone. The core structure contains four fused 
rings with potential for modification in the A, B, or C 
rings as well as at carbon 17 (Fig. 70-1). Each structural 
modification imparts unique properties to the steroid 
derivative such as enhanced oral bioavailability, improved 
pharmacokinetics, or altered anabolic-to-androgenic 
activity. When testosterone is administered orally or by 
parenteral injection, the native molecule is rapidly 
degraded by the liver and does not achieve significant 
levels in the systemic circulation. For this reason, a 
number of formulations and structural derivatives have 
been prepared. 

Testosterone is delivered as an injectable, transdermal 
patch, dermal gel, or micronized oral preparation. 
Wilson has presented an excellent review of the various 
formulations and structural properties,”° which are 
described below. 


1. Esterification of the 17-B hydroxyl group increases 
the lipophilicity of the steroid molecule and slows 
its release into the circulation. The ester must 
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Summary of Potential Adverse Effects of Common Performance Enhancers 


ORGAN SYSTEM AND 
SPECIFIC HEALTH 


CONCERNS ANABOLIC STEROIDS 


Cardiovascular Hypertension, LVH, CHF, 
decreased HDL cholesterol 
Increased LFT, cholestatic 


jaundice, peliosis hepatis 


Gastrointestinal/liver 


Musculoskeletal Increased muscle strength 
and mass 

Mood lability, euphoria, increased 
libido, withdrawal symptoms 

Amenorrhea, testicular atrophy, 
decreased or morphologically 
abnormal sperm, feminization 
in men, masculinization in 
women 

Polycythemia 

None known 


Neurologic/psychiatric 


Reproductive/pregnancy/ 
lactation 


Hematologic 
Renal 


Mutagenic/carcinogenic 
Pediatric/adolescent 


Heptoma, hepatocellular carcinoma 
Precocious puberty, early closure of 
epiphyseal plates 


STEROID HORMONE 


PRECURSORS CREATINE 


Decreased HDL None known 


None known Diarrhea, gastromitestinal, pain, concern 


for suppression of hepatic creatine 


synthesis 
No different from Osmotic cell swelling, muscle cramping, 
placebo rhabdomyolysis 


None known None known; rare reports of seizures 


Effects on testicular creatine 
production unknown 


Transient rise in 
testosterone or 
estradiol 


None known 

Elevated serum and urinary creatinine; 
long-term effects on GFR unknown 

None known 

Theoretical concerns about effects on 
developing kidneys and immature 
musculature 


None known 
None known 


None known 
None known 


CHF, congestive heart failure; GFR, glomerular filtration tate; HDL, high-density lipoprotein; LFT, liver function test; LVH, left ventricular hypertrophy. 








FIGURE 70-1 Core structure of anabolic steroids. 


undergo hydrolysis before the steroid can act at its 
target receptor. Except for the undecenoate, 
these steroid esters are injectable. 

2. Alkylation of the 17- position renders the steroid 
resistant to hepatic degradation. These derivatives 
are orally active. 

3. Alteration of the A, B, or C rings slows metabolism, 
increases or decreases affinity for the androgen 
receptor, or imparts resistance to aromatization. 


The pharmacologic and toxicologic effects of the 
various steroid analogs can be predicted based on its 
chemical alteration. The 17-œ alkylated androgens are 
more resistant to portal hepatic metabolism but are also 
more hepatotoxic. Fluoxymesterone, 19-nortestosterone, 
and 1l-methyl-substituted steroids are not aromatized at 
the A ring to form estrogen-like compounds. Conse- 
quently, they lack the feminizing properties of testos- 
terone. A final example is 7o-methyl-19-nortestosterone, 
which is a poor substrate for 50-reductase and possesses 
minimal activity in prostate tissue. 


Pharmacology’ 


The biosynthesis of testosterone from cholesterol is a 
multistep process involving enzymes in both the adrenal 
glands and the testis or ovaries. Cholesterol undergoes 
side chain cleavage and A-ring oxidation to form preg- 
nenolone, which has two potential pathways to testos- 
terone (Fig. 70-2). The pathway shown in bold arrows 
represents the predominant pathway and includes 
dehydroepiandrosterone (DHEA) as an intermediate. 
Alternatively, progesterone can be converted to androstene- 
dione via 17-hydroxyprogesterone. Androstenedione and 
testosterone are reversibly interconverted. 

Testosterone can be metabolized to active and inactive 
metabolites by extraglandular tissue. It can be reduced at 
the 5-& position to dihydrotestosterone, which influences 
male sexual development and virilization. Testosterone is 
also a substrate for adipose tissue aromatase, which 
synthesizes estrogens. These estrogens are responsible 
for testosterone’s feminizing properties. The major 
inactive urinary metabolites include etiocholanolone 
and androsterone, which exist as free steroids or water- 
soluble conjugates. 


PHARMACOLOGIC AGENTS 


A list of the most commonly abused ASs is shown in Box 
70-1. They are all classified as class III agents by the DEA 
and are banned by the IOC. 

Several different dosing regimens are utilized to 
enhance the anabolic effects, to minimize side effects, 
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and to avoid detection of steroids in urine and blood.® 
“Stacking steroids” involves using two agents at once. 
This may include injectable forms taken with oral agents, 
or short-acting forms taken with long-acting agents. 
“Stacking the pyramid” is a regimen similar to “stacking 
steroids” except that doses of ASs are progressively 
escalated until halfway through the cycle at which point 
doses are then decreased to zero. Cycles last from 6 to 12 
weeks. Another regimen termed cycling involves alter- 
nating between periods of use and nonuse. Periods vary 
between 6 and 14 weeks. It is not known whether con- 
tinuous or intermittent regimens exert greater adverse 
effects on the body. 
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FIGURE 70-2 Biosynthesis of androgens 
and estrogens. 
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Toxicology 
ANABOLIC EFFECTS 


The anabolic properties of androgens in women and 
hypogonadal men are undisputed. East German sports 
programs reported impressive performances by their 
female athletes during the clandestine doping experi- 
ments of the 1970s and 1980s.’ Testosterone replace- 
ment has also been shown to increase lean body mass in 
hypogonadal HIV patients.’ 

Despite these positive results in women and 
hypogonadal males, there was long-standing controversy 
regarding the anabolic potential of androgens in 
eugonadal males. Much of the debate arose because only 
slight and transient positive nitrogen balance was 
observed after modest doses of androgens were given. In 
addition, athletic performance did not improve when 
testosterone or other ASs were added to a training 
regimen. Critics argued that many of the studies were 
not standardized in terms of steroid dosing or training 
regimens, lacked proper controls, were unblinded, and 
relied on case studies or small study populations.'° When 
suprapharmacologic doses of steroids were used to assess 
upper-body weight-lifting tasks in highly trained athletes, 
a statistically significant increase in muscle mass and 
strength was seen relative to placebo.'! Bhasin and 
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associates were able to demonstrate increases in fat-free 
mass and muscle size and strength in normal men on 
supraphysiologic doses of testosterone. !* 


VIRILIZING EFFECTS 
All currently available ASs possess some androgenic 
properties. These virilizing properties are most apparent 
in women and children, whose testosterone levels 
increase several-fold from baseline. Elevations of up to 
30-fold from normal have been reported in women self- 
administering testosterone and ASs.'° Masculinization is 
one of the first effects seen in female athletes given 
ASs.'+!° Deepening of the voice, clitoral hypertrophy, 
amenorrhea, hirsutism, and decreased body fat are 
reported in a majority of female athletes. In addition, 
approximately half these women experience acne, male 
pattern balding, and change in breast size. Deepening of 
the voice and clitoral hypertrophy are often irreversible 
after prolonged therapy. The other signs and symptoms 
may regress when the androgens are withdrawn. 
Children taking ASs experience precocious puberty in 
the form of acne, early growth of pubic hair, penile 
enlargement, and frequent erections. ASs can also stunt 
the growth of children and adolescents. A 1956 study by 
Sobel and colleagues on the use of methyltestosterone as 
a growth stimulant in children noted profound dis- 
crepancy between height age and bone age.'®° Keele and 
Worley conducted a double-blind, placebo-controlled 
study on the effects of oxymetholone on growth in 
children and found that 12 months of treatment caused 
a mean increase in height relative to placebo without 
significant differences in bone age.!’ Thus, while short- 
term accelerated growth of bone is seen during early 
administration of ASs, long-term use leads to early 
closure of the epiphyseal plates and decreased stature 
compared with predicted height. Stunted growth is 
irreversible and is seen mainly with oxandrolone. 


FEMINIZATION 

Under physiologic conditions, a small percentage of 
naturally produced testosterone is metabolized to 
estradiol. The enzyme responsible for this reaction is 
aromatase and is found predominantly in adipose tissue. 
Male athletes administered parenteral testosterone 
esters in supraphysiologic doses have elevated plasma 
estradiol levels.! Consequently, they can develop 
gynecomastia and increased fatty deposition. The 
occurrence of gynecomastia is unpredictable but is more 
commonly observed in children or in adult males taking 
high doses of androgen. Feminization in male athletes is 
a phenomenon observed with steroids susceptible to 
aromatization (i.e., Cj) steroids with a A‘, 3-keto 
configuration). Poor substrates for aromatase such as 
19-nortestosterone and fluoxymesterone do not cause 
these side effects. Treatment of gynecomastia includes 
antiestrogens such as tamoxifen and clomiphene."” 


REPRODUCTIVE SYSTEM EFFECTS 

High doses of ASs are known to interrupt the 
hypothalamic-pituitary-gonadal axis in healthy men and 
women. ASs suppress gonadotropin (leutinizing hormone 
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[LH] and follicle-stimulating hormone [FSH])_ pro- 
duction, which normally acts on gonadal tissue to 
produce estrogen, progesterone, and testosterone. As 
mentioned above, women taking high-dose steroids 
frequently report irregular menses or amenorrhea. The 
hormonal perturbations resulting from ASs in healthy 
male athletes have been extensively studied.*° Testicular 
atrophy, decreased sperm count, and increase in 
morphologically abnormal sperm paralleled reduction 
in serum FSH and LH.*!** The resulting infertility often 
remains long after the androgens are stopped but is 
reversible. Treatment with recombinant human chorionic 
gonadotropin can expedite return of normal sperm 
count and morphology.” 


ERYTHROPOIESIS 

Discrepancies in hemoglobin concentration between 
adult males and females appear to be related to 
differences in testosterone levels. Stimulation of 
erythropoiesis is a common effect of testosterone and 
other ASs. For this reason, ASs have had some therapeutic 
use in treating anemia. ASs in healthy athletes without 
anemia can cause profound polycythemia. Urhausen and 
coworkers** compared hemoglobin and hematocrit values 
in former and current male AS users and found 
significantly higher values in current users. Leukocyte and 
platelet counts were also increased. The average increase 
in hemoglobin concentration with pharmacologic doses 
of testosterone esters is 1 g/dL in men and 4.3 g/dL in 
women. Like many other effects of anabolic steroid use, 
erythropoiesis is reversible if the drug is discontinued. 


HEPATOTOXICITY 

ASs alkylated at the 17-œ position are orally bioavailable 
and resist portal hepatic metabolism. These 17-4 
derivatives are also more hepatotoxic and are associated 
with elevated liver enzymes, peliosis hepatis, cholestatic 
jaundice, and hepatic neoplasms. Dickerman and col- 
leagues observed that the incidence of hepatotoxicity 
may be overestimated if measured in terms of elevation in 
aspartate aminotransferase (AST) and alanine amino- 
transferase (ALT) in male resistance trainers.*> Resistance 
training alone can cause elevations of AST and ALT, which 
are released from skeletal muscle. For this reason, the 
authors advocate measuring \-glutamyl transferase (GGT) 
levels to assess specific hepatic damage along with creatine 
phosphokinase (CPK) levels to assess skeletal muscular 
damage. Despite these claims, Urhausen and coworkers 
have shown that plasma AST and ALT levels are higher in 
bodybuilders taking ASs than in body builders not taking 
these drugs.” GGT and bilirubin in the two groups were 
not above the normal reference range. In fact, GGT was 
lower in current abusers. The authors also point out that 
AST/ALT ratios are less than 1, which is more consistent 
with a hepatic rather than a skeletal muscular source of 
AST and ALT. Transaminase concentrations normalized 
after cessation of steroid use. 


Cholestatic Jaundice 
Numerous reports of cholestatic jaundice suggest that 
its development is dependent on the dose and duration 
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of exposure to 17-o substituted steroids. This condition 
is more common when high doses are used or in the 
presence of preexisting liver disease.*°*” The doses and 
regimens of ASs used in the setting of sports 
enhancement likely pose potential risk of cholestatic 
liver disease. Jaundice, anorexia, malaise, and nausea 
develop in a minority of individuals. The liver is often 
cholestatic without frank inflammation. While some 
individuals have isolated elevations in AST, ALT, and 
bilirubin, rarely do they experience liver failure or 
necrosis as a result of 17-a@ steroid use. The cholestasis 
resolves when the drugs are discontinued. 


Peliosis Hepatis 

Peliosis hepatitis is a rare condition characterized by 
multiple small hemorrhagic cysts randomly distributed 
throughout the liver. Several cases associated with 
anabolic steroid use have been reported including one 
young athlete who was a long-term intermittent steroid 
user.” Fibrosis and portal hypertension as well as life- 
threatening hemorrhagic rupture of the cysts may occur. 
The cysts may recede when ASs are stopped. 


Hepatic Adenomas and Carcinomas 

Benign adenomas and malignant hepatocellular 
carcinoma have been reported in users of 17- alkyl 
steroids.*? Evidence for a strong cause-effect relation- 
ship comes from reports of hepatic adenoma regression 
upon discontinuation of the 17-a substituted steroid.*? A 
more serious consequence of abuse of these androgens is 
hepatocellular carcinoma.*! Athletes who use higher 
doses of oral androgens for long periods of time are 
particularly susceptible. The average time interval 
between initiation of oral ASs and detection of hepato- 
cellular carcinoma is approximately 6 years. ‘These highly 
vascularized tumors also can rupture, causing serious 
bleeding. Interestingly, the hepatocellular carcinoma 
associated with 17-a alkylated steroid abuse tends 
not to metastasize and regresses after withdrawal of 
medication.*” 


CARDIOVASCULAR EFFECTS 
The cardiovascular effects of ASs are numerous and 
include alterations of serum lipid profiles, change in LV 
dimension, and increase in diastolic blood pressure. 
Studies examining serum cholesterol profiles in AS 
abusers have revealed a marked decline in high-density 
lipoprotein (HDL), which is not dose-dependent.*° 
Serum low-density lipoprotein (LDL) and cholesterol 
effects were less consistent. While some studies have 
demonstrated statistically significant elevations of LDL 
levels, others have shown no LDL increases in AS users as 
compared with nonusers. Several case reports have 
described myocardial infarction and sudden cardiac 
death in young bodybuilders taking ASs.***° 

Ass have been reported to increase blood pressure in 
athletes. Comparison of blood pressure in weight-lifting 
AS users and nonusers revealed that resting and 
exertional systolic and diastolic values were higher in AS 
users.°° However, after adjusting for biceps size, the 
authors concluded that differences in blood pressure 
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may be an artifact of larger arm circumference in AS 
subjects. In a double-blind, crossover study of ASs in five 
body builders given nandrolone or placebo, diastolic 
blood pressures were higher during nandrolone 
treatment.®” Values returned to baseline 6 weeks after 
cessation of AS use. Systolic blood pressures were not 
altered. Effects of ASs on blood pressure are thus not 
clear-cut. 

Echocardiographic evaluations of LV size and 
function in elite body builders using ASs have yielded 
mixed results. Two studies showed increased LV wall and 
ventricular septal thickening associated with decreased 
ventricular compliance in weight lifters using versus not 
using ASs.°*°" Greater LV mass and septal thickness were 
demonstrated in the same users on-versus-off AS dos- 
ing cycles. De Piccoli and associates*® assessed LV 
morphology and function in AS-abusing bodybuilders, 
non-AS-abusing body builders, and sedentary individuals 
and found that AS could induce LV enlargement and 
thickening, leading to decreased diastolic compliance. 
Echocardiographic findings in sedentary controls and 
nonusers were similar. In contrast, a study by Salke and 
colleagues*! concluded that weight lifting alone could 
cause myocardial hypertrophy and that AS does not 
potentiate this effect. In all of the above studies, there 
was no demonstrable impairment of LV function. 

The risk of congestive heart failure may be increased 
in AS abusers because of the well-documented fluid- 
retaining properties of these androgens.** Niemenen 
and associates*? reported two cases of male steroid- 
abusing weight trainers who exhibited signs and 
symptoms of congestive heart failure. These patients had 
echocardiographic evidence of LV hypertrophy and 
diastolic dysfunction both of which reversed with 
cessation of AS use. In individuals with myocardial 
changes from weight training and AS use, the added 
effect of fluid retention may be the determinant in 
exacerbating congestive heart failure. Despite these 
reports, the occurrence of heart failure in a population 
of healthy young AS-abusing athletes is rare. 


PSYCHOLOGICAL EFFECTS 

Behavioral effects of ASs include direct psychoactive effects 
such as psychosis and aggression as well as withdrawal- 
related symptoms such as depression. Because andro- 
gens play an important role in the development of secon- 
dary sexual characteristics, it is no surprise that many 
abusers who take supraphysiologic doses report in- 
creased libido. Other effects include euphoria, increased 
energy, and greater confidence as well as aggression, 
irritability, and mood lability. A phenomenon known as 
“steroid rage” has been described and may be 
responsible for criminal acts carried out by AS abusers, 
who prior to taking these drugs, did not have criminal 
records.** Several examples of manic behavior are also 
reported. Pope and Katz* conducted a controlled study 
of 88 athletes using ASs and 68 control athletes and 
found that 23% of steroid users reported mania, hypo- 
mania, or depression versus 6% of controls. Another 
study comparing aggression and mood changes in AS- 
abusing and nonabusing male weight lifters found 
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that supraphysiologic testosterone concentrations were 
associated with aggressive tendencies. *® 

Symptoms associated with withdrawal from steroids 
include depression, insomnia, anorexia, decreased 
libido, and fatigue. Kashkin and Kleber*’ compared the 
delayed depressive syndrome resulting from a fall in 
serum steroids to that observed in withdrawing cocaine- 
dependent individuals. Along with the above symptoms, 
the loss of physical prowess and muscular physique may 
have profound psychological effects on the steroid user. 
Dramatic changes in body image and performance often 
drive these athletes to resume use of ASs. 


STEROID PRECURSORS 


Androstenedione and DHEA are two important steroid 
precursors that are widely used and readily available in 
health food stores and pharmacies and via the Internet. 
Under the 1994 Dietary Supplement and Health 
Education Act, these agents can be sold over-the-counter 
because they occur “naturally” in the body. However, use 
of these supplements is currently banned by the IOC and 
several other athletic associations. Despite these bans, 
androstenedione and DHEA sales are on the rise. 
Androstenedione became popular after major league 
baseball player Mark McGwire admitted to taking it 
during the 1998 baseball season when he broke the 
major league home run record. DHEA has been touted 
as a “fountain-of-youth” remedy and has also been 
embraced by athletes as a “natural” precursor to 
testosterone. 


Structure and Pharmacology 


Androstenedione and DHEA are androgen precursors, 
that is, intermediates in the synthesis pathway of 
testosterone from cholesterol (see Figure 70-2). Strictly 
speaking, they are androgenic steroids and have not been 
proven to be anabolic steroids, and therefore they remain 
available as over-the-counter supplements instead of 
Schedule III Controlled Substances. 

Androstenedione is produced by the adrenal glands 
and gonads and can be converted to either estrone or 
testosterone. It is currently marketed as a “natural” 
alternative to ASs, with claims that it increases serum 
testosterone levels and enhances muscle growth when 
combined with resistance training. In healthy women, a 
100-mg dose of androstenedione resulted in a six- to 
sevenfold increase in serum testosterone levels.*8 
Variable results were reported in healthy males taking 
androstenedione 100 to 300 mg/day. Statistically 
significant increases in serum testosterone levels were 
achieved within the first week of treatment at 200 to 
300 mg/day relative to placebo,*? but levels returned to 
baseline at 12 weeks of treatment.*? Estradiol levels were 
significantly elevated at all doses. In addition, statistically 
significant decreases in HDL cholesterol were observed 
at 2, 5, and 8 weeks after initiation of androstenedione 
along with resistance training. Investigators have failed 
to demonstrate skeletal muscle adaptation to resistance 
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training or favorable changes in lean body mass when 
androstenedione is taken at recommended doses.*?” 

DHEA is produced by the adrenal glands and is the 
most abundant steroid hormone in the blood. DHEA has 
been similarly studied to evaluate its role in altering 
serum testosterone levels and resistance training in 
healthy young males.°! While DHEA supplementation 
does produce a rise in serum androstenedione, it does 
not affect serum testosterone or estrogen levels. In 
addition, DHEA does not increase strength or lean body 
mass in men compared with placebo treatment. 
Interestingly, a dose of 1600 mg/day (recommended 
dose, 30 to 90 mg/day) has been shown to reduce serum 
LDL and body fat in five healthy men with no reported 
side effects.°* However, a similar evaluation of 1600 mg/ 
day DHEA in eight healthy men did not demonstrate 
LDL or body fat alterations.®* 


CREATINE 


Oral creatine supplementation has become a popular 
practice among athletes of all ages, and creatine is 
probably the best-studied sports supplement. Surveys on 
creatine use report that 28% of collegiate athletes use 
this supplement regularly, and creatine use has been 
reported by athletes as young as 10 years of age.** Typical 
use of creatine involves a loading period of 20 g/day for 
5 days, followed by a maintenance dose of 2 to 5 g/day,” 
although continued high-dose use is not uncommon. 


Structure and Pharmacology 


Creatine is a nitrogenous amino-acid derivative that is 
ingested at the rate of 1 to 2 g/day in diets that include 
fish and meat (Fig. 70-3). An equal amount of creatine is 
synthesized endogenously in the liver, kidney, and 
pancreas. Creatine is found in numerous body tissues 
including skeletal muscle, heart, brain, and testes. It is 
entirely excreted by the kidneys after conversion to 
creatinine, and creatine supplementation can cause a 
small dose-dependent rise in serum creatinine.”® 
Creatine has a single physiologic role (i.e., reversible 
equilibrium with phosphocreatine in generation of ATP 
during skeletal muscle contraction under anaerobic 
conditions). This reaction generates adenosine triphos- 
phate (ATP) for 10 to 20 seconds. Creatine supplementa- 
tion is claimed to enhance athletic performance by raising 
phosphocreatine muscle stores and increasing the dura- 
tion of burst-exercise capacity. 

Limited human pharmacologic data suggest that 
creatine exhibits saturable kinetics.°” Both the volume of 
distribution and clearance decrease with increasing oral 
dose, possibly owing to limitations in skeletal muscle 
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uptake and storage of creatine. With loading doses of 
20 g/day, maximal intramuscular creatine levels appear 
to be achieved in about 2 days.” Continued high-dose 
creatine intake may be of no benefit beyond this time. 
Creatine levels remain elevated for as long as 1 month 
after supplementation owing to slow turnover of creatine 
to creatinine.*® 

A recent meta-analysis” of 96 published investigations 
concluded that creatine supplementation improves lean 
body mass and upper-body and repetitive-bout tasks 
lasting less than 30 seconds, such as stationary cycling 
sprints and weight lifting repetitions, but does not 
improve longer duration exercises such as running and 
swimming. Effect sizes were greater for loading than for 
maintenance creatine supplementation regimens, and 
there were no gender differences in effects of creatine. 
Creatine supplementation has also been demonstrated, 
in limited human studies, to improve the symptoms and 
slow the progression of certain neuromuscular diseases 
including muscular dystrophy, amyotrophic lateral 
sclerosis, and gyrate atrophy.” 


Toxicology 


Concerns about the safety of creatine supplementation 
have arisen from anecdotal case reports of dehydration, 
muscle cramping, rhabdomyolysis, and acute renal 
failure, as well as theoretical concerns about long-term 
use and effects on children and adolescents. One case of 
interstitial nephritis has been described in a 20-year-old 
male creatine user.°! Creatine supplementation was also 
implicated in a case of relapsing nephrotic syndrome in 
a 25-year-old man.** Acute quadriceps compartment 
syndrome and rhabdomyolysis, necessitating bilateral 
thigh fasciotomy, was reported in a 24-year-old previously 
healthy male taking creatine 25 g/day for 1 year.®° 
Published studies indicate that short-term creatine use 
(<28 days) at recommended doses is not associated with 
significant adverse effects such as gastrointestinal, renal, 
or muscle dysfunction, although these were all 
performance studies involving fewer than 12 subjects.” 
Studies on side effects are limited, but one survey of 
NCAA Division I male baseball and football players who 
voluntarily took creatine revealed that of 52 athletes 16 
(31%) reported having diarrhea, 13 (25%) experienced 
muscle cramps, and 7 (13%) complained of dehy- 
dration.® Rapid weight gain (within 24 hours of dosing) 
has been observed in several studies and is believed to be 
related to osmotic fluid retention in the muscle cell, 
which may account for reports of dehydration. Creatine 
has been shown to increase muscle compartment 
pressure both at rest and under exercise conditions.°° No 
large-scale safety studies have been conducted on the 
long-term effects of chronic creatine supplementation. 


Diagnosis 


Adverse effects related to performance enhancers may 
go unrecognized because patients are reluctant to admit 
use of banned substances. Nonetheless, there are clinical 
signs and symptoms that suggest performance-enhancing 
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drug and supplement use that could potentially be 
confirmed by serum and urine testing. 

Evidence of masculinization in females, feminization 
in males, or short stature in young athletes suggests 
anabolic steroid use. Infertility, polycythemia, and 
abnormal liver function tests in athletes and body 
builders are other clinical clues of steroid use. 

A thorough review of steroid drug testing is beyond 
the scope of this chapter, but basic principles of AS 
detection may be relevant for toxicologic diagnosis.° 
Testing for AS abuse has been controversial since its 
institution by the IOC in the early 1980s. Currently, the 
most widely used method for detecting ASs involves 
quantitative measurement of the parent compound or its 
metabolite in urine by gas chromatography (GC-MS). 
For compounds that are not naturally present in the 
body, such as nandrolone, diagnosis is straightforward. 
The detection of nandrolone or its metabolite in the 
urine of athletes strongly suggests that they have taken 
these ASs. 

Testing for testosterone is more complicated because 
it is produced physiologically. For this reason, a urinary 
ratio of testosterone (T) to its 17-æ epimer epitestos- 
terone (E) is determined. T and E are produced in the 
body in relatively equivalent amounts and do not 
interconvert. Among healthy subjects not using ASs, the 
urinary ratio of T to E is approximately 1:1. Individuals 
who take T show a rise in their urinary T-to-E ratio. The 
IOC considers a result greater than 6:1 to be indicative of 
exogenous T use.® False-negative results can be obtained 
by coadministering E or using a short-acting T pre- 
paration that leaves the body quickly enough that the 
ratio falls below 6:1.° Other methods for detecting 
T have also been developed that evaluate ‘T-to-E ratio 
over time, J-to-LH ratio, and T metabolite to other T 
metabolite ratios. Because these tests are time con- 
suming and expensive, they are rarely utilized. 

Androstenedione and DHEA supplementation cannot 
be confirmed by drug testing because these substances 
are produced endogenously. Occasionally, these pro- 
ducts contain trace steroid contaminants, such as 19-nor- 
adrostenedione, that cause positive urine test results for 
metabolites of banned steroids such as nandrolone.”” 

Creatine can be measured in serum and urine, but such 
testing has little clinical utility. Creatine supplementation 
can increase serum creatinine in the absence of renal 
dysfunction owing to increased metabolic production 
and potential cross-reactivity of creatine with some 
creatinine assays. 


Management 


Treatment of adverse effects of performance-enhancing 
products is primarily supportive. Significant toxicity 
resulting from acute overdoses of oral steroids, 
androstenedione, DHEA, and creatine has not been 
described. No specific antidotes exist, and there is no 
role for enhanced elimination techniques in such cases. 
Because of reports of compartment syndrome and 
rhabdomyolysis with creatine, complaints of muscle pain 
or cramping by athletes warrant medical examination. 
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Rhabdomyolysis should be managed with aggressive 
hydration and alkalinization of the urine. Severe, 
persistent pain of the lower extremities may necessitate 
measurements of muscle compartment pressures. 


Persons reporting long-term use of ASs may require 


evaluation of cardiac and hepatic function, including 
echocardiography and serum liver function tests. Athletes 
and body builders who report use of performance 
enhancers should be informed of the potential health 
risks associated with the use of such products, as well as 
the possibility of testing positive for banned substances. 
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/ 1 Mercury: Heavy Metals and Inorganic Agents 


CARL R. BAUM, MD 


At a Glance... 


m Mercury exists in three forms: elemental, inorganic, and 
organic. Each of these forms produces a unique profile of 
toxicity. However, interconversion among the three forms of 
mercury can occur in situ, producing overlap in the spectrum 
of clinical manifestations associated with each. 

m Mercury is ubiquitous; blood concentrations in the general US 
population are typically 1-5 ug/L. 

m Exposure to toxic amounts of mercury can occur from a number 
of sources including occupation, diet, polluted air, and 
complementary/alternative remedies. 

m The primary target organs of mercury toxicity are the brain, 
lungs and kidney. 

m Mercury exposure is assessed through its measurement in blood 
and/or urine. 

m The primary treatment of mercury intoxication is to end 
exposure; having a relatively short elimination half-life, mercury 
is readily excreted in urine or bile. In rare cases, chelation 
therapy may be warranted to treat severe intoxication. 
Dimercaprol and succimer are the most effective chelating 
agents for mercury intoxication. 


Mercury, a heavy metal, exists in the environment in 
three major forms: elemental, inorganic, and organic.! 
As with most toxic heavy metals, human poisonings have 
been associated with mercury for centuries. In the 1800s, 
there were many reports in which chronic occupational 
exposure to elemental mercury fumes caused a 
dementia-like syndrome among hat felters. This central 
nervous system toxicity led to the coining of the phrase 
“mad as a hatter.”'* Individuals who attempt to vacuum 
spilled liquid mercury, or to extract gold or silver from 
alloys, risk acute inhalation exposure to the vaporized 
elemental mercury.” The approved use of mercury- 
containing medicinals in the form of antisyphilitic agents, 
diuretics, cathartics, topical salves, teething compounds, 
and diaper powders has, fortunately, been eliminated 
in the United States. Historically, however, these com- 
pounds were responsible for numerous outbreaks of 


mercurialism. The most widely known outbreaks were 
in children exposed to products containing calomel 
(mercurous chloride, an inorganic form). In the 1940s 
and 1950s, it became known that these products caused 
acrodynia, or so-called “pink disease.” The manifesta- 
tions of acrodynia include pain and erythema of the palms 
and soles, irritability, insomnia, anorexia, diaphoresis, 
photophobia, and skin rash.’ Human exposure to 
methylmercury, the most common environmental form 
of organic mercury, has resulted in massive environmental 
disasters. One such massive exposure occurred in the 
1950s in Japan, where effluent from an industrial plant 
contaminated Minamata Bay and led to more than 1000 
deaths among area residents who consumed methyl- 
mercury-contaminated seafood.'° Other mass exposures 
have been associated with grain contaminated with 
methyl- and ethylmercury.!!!” 

Sources of mercury are numerous. Mercury-containing 
minerals such as cinnabar (HgS) exist in the earth’s 
crust, and erosion, volcanic eruptions, and natural 
degassing release mercury into the environment. Mining 
(cinnabar is the major ore), smelting, and fossil fuel 
combustion represent non-natural sources. Independent 
of the initial source (natural or industrial), mercury 
undergoes extensive transformation once it is released 
into the environment.!* For example, aquatic microor- 
ganisms transform inorganic mercury via methylation 
into methylmercury, which accumulates in sea animals. 
Consumption of methylmercury-contaminated seafood 
is the major source of nonoccupational mercury 
exposure in humans. In addition, certain environmental 
conditions oxidize elemental mercury to divalent inor- 
ganic mercury; conversely, in vivo reduction reactions 
may convert inorganic mercury to the elemental form.'!° 

Mercury is used in the production of chloralkali (caustic 
soda), batteries, and measuring devices (thermometers, 
barometers, and sphygmomanometers) (Fig. 71-1), and 
it is used as a fungicide in the agricultural industry. 
Indoor latex paint once contained a mercury-containing 
antimildew agent, but federal law prohibited further 
production (but not sales) in the United States after 
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FIGURE 71-1 A Princo mercurial barometer. (Courtesy of Robert 
E. White Instruments, Inc., Boston, MA.) 


August 1990.'* Various medicinal and antiseptic agents, 
as well as dental amalgams, contain mercury.'? Box 71-1 
lists many sources and uses of mercury. 

The occupational and environmental use of mercurial 
agents is regulated, and guidelines exist to limit expo- 
sure to these products. The Environmental Protection 
Agency includes mercury on its list of hazardous air 
pollutants and regulates its emission from industrial 
plants. Also, threshold limit values, permissible exposure 
limits, and short-term exposure limits have been 
established for various forms of mercury.'® 


PHARMACOLOGY 


The chemical symbol for mercury, Hg, is derived from 
the Greek word hydrargyros, or “water silver.”!® This 
description is appropriate because mercury is the only 
metal that is liquid at room temperature. The three 
forms of mercury (elemental, inorganic, and organic) 
have different biologic and toxicologic properties. In 
general, however, mercury forms covalent bonds to sulfide 
groups; thus, it interferes with the function of sulfhydryl 
enzymes, disrupting many important metabolic cellular 
functions. !° 


Elemental Mercury 


Elemental mercury (Hg?) is liquid at room temperature. 
Commonly known as quicksilver, elemental mercury 


BOX 71-1 


Elemental 


Barometers 
Batteries 
Bronzing 
Calibration 
instruments 
Chloralkali 
production 
Dental amalgams 
Electroplating 
Fingerprinting 
products 
Fluorescent, 
mercury lamps 
Infrared detectors 
Jewelry industry 
Manometers 
Neon lamps 
Paints 
Paper pulp 
production 
Photography 
Thermometers 


Inorganic 


Acetaldehyde 
production 
Antisyphilitic agents 
Chemical laboratory 
workers 
Cosmetics 
Disinfectants 
Embalming 
preparations 
Explosives 
Fur hat processing 
Ink manufacturing 
Mercury vapor 
lamps 
Mirror silvering 
Perfume industry 
Photography 
Spermicidal jellies 
Tattooing inks 
Taxidermy products 
Vinyl chloride 
production 


Organic 
Antiseptics 
Bactericidal agents 
Embalming agents 
Farming industry 
Fungicides 
Germicidal agents 
Insecticidal 
products 
Laundry/diaper 
products 
Paper 
manufacturing 
Pathology/histology 
products 
Seed preservatives 
Wood preservatives 


Semiconductor 
cells 

Silver and gold 
production 


Wood preservatives 





transforms at room temperature from the liquid to an 
easily inhaled vapor; consequently, the lung is the major 
target organ of acute exposure. Elemental mercury is 
lipid soluble and, once inhaled, passes rapidly through 
the alveoli into the bloodstream and red blood cells. 
Once absorbed, most of the elemental mercury is 
oxidized to the inorganic divalent, or mercuric, form 
(Hg**) through the action of catalase enzymes; after 
intense inhalation exposures, therefore, symptoms and 
signs of subacute or chronic inorganic mercurialism 
predominate.! Although nonexcreted elemental mercury 
may accumulate to some degree in the kidney, it does not 
usually produce renal damage. The mercuric ion is not 
lipid soluble and does not readily cross the blood-brain 
barrier; however, a small but potentially significant 
amount of nonoxidized elemental mercury persists and 
penetrates readily into the central nervous system, where 
significant toxicity does occur. Most of the circulating 
mercuric ion is excreted in feces, urine, and, to a small 
degree, saliva. The intact gastrointestinal tract absorbs 
elemental mercury poorly, and ingestions of the metal 
from, for example, a thermometer are generally 
nontoxic.!8 


Inorganic Mercury 


Historically, inorganic forms of mercury in topical medi- 
cines, cathartic agents, and diuretics were important 
sources of human poisonings; however, most of these 


CHAPTER 71 


agents have been banned in the United States. Of 
interest, mercury-containing creams and soaps (used for 
skin lightening), although banned in the United States, 
continue to be manufactured and distributed in some 
European countries and have been discovered in areas in 
which their use is banned.!” Currently, the occupational 
inhalation of elemental mercury with in vivo conversion 
to inorganic mercury is probably the most common 
source of inorganic mercury poisoning.'® Inorganic 
mercury exists primarily as a salt of divalent (mercuric) 
and monovalent (mercurous) forms. The bichloride 
(HgCl,) form of inorganic mercury, corrosive sublimate, 
is one of the most common of these salts, and as its name 
suggests, is directly toxic to the mucosa.'° This corrosive 
property constitutes the major initial toxicity associated 
with acute exposure to inorganic mercury. The 
gastrointestinal tract absorbs approximately 2% to 15% 
of an ingested dose, which accumulates in the kidney 
and causes renal cell damage.'! Cutaneous absorption of 
inorganic mercurials also occurs, and chronic exposure 
to topical inorganic mercurials may lead to significant 
toxicity. 

Plasma proteins transport absorbed inorganic mercury 
(red blood cell:plasma ratio, 1:2.5) to the kidneys, where 
it undergoes glomerular filtration, tubular secretion and 
reabsorption, and eventual elimination.'!° However, 
because renal excretion is inefficient, mercury accumu- 
lates unless it binds to a chelating agent. Although 
inorganic mercury’s lipid solubility is poor, chronic 
exposure leads to gradual accumulation of the mercuric 
ions in the cerebellar and cerebral cortices of the brain, 
and to eventual central nervous system disease.!® 
Mercuric ions do not readily cross the placenta, and 
fetotoxicity, if it occurs, is rare.!° 


Organic Mercury 


Organic mercurials are used extensively in agriculture 
as fungicides and seed dressings. Organic mercury exists 
in three major forms: aryl (phenylmercuric acetate), 
long-chain, and short-chain alkyl (methyl- and ethyl-) 
compounds. These forms are grouped according to 
absorption, distribution, and elimination into two classes: 
the aryl and long-chain organic mercurials, once 
absorbed, are converted rapidly to inorganic forms, and 
their toxicity is similar to that of inorganic mercury; the 
alkyl mercurials, methyl- and ethylmercury, are quite 
stable after absorption, with only a small amount of the 
parent compound converted to the mercuric form. 
Organic methylmercury is the most widely distributed 
and toxic form of organic mercury in the environment 
and is responsible for most of the mass toxic exposures. 
The gastrointestinal tract absorbs 90% to 95% of 
ingested alkyl forms, which rapidly penetrate red blood 
cells; this results in a large red blood cell:plasma ratio. 
Organic mercury binds avidly to and inactivates sulfhydryl- 
group enzymes.'!° Because of its lipid solubility, alkyl 
mercury is distributed throughout the entire body, accu- 
mulating in the brain, kidney, liver, hair, and skin; toxic 
effects are evident primarily in the brain. Methylmercury 
also passes readily through the placenta and is of major 
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concern in pregnant women because of its profound 
fetotoxicity.!° Methylmercury is acetylated or conjugated 
to cysteine or glutathione in the liver, and is then excreted 
in the bile. The Macetyl-homocysteine-methylmercury 
metabolite undergoes enterohepatic recirculation and is 
excreted ultimately in the feces (approximately 90%) 
and in the urine.” 


CLINICAL PRESENTATION 


The manner in which patients present with mercury 
poisoning depends on the form of mercury, the duration 
and intensity of the exposure, and certain conditions of 
the patient. Inhalation of elemental mercury vapor and 
ingestion of inorganic mercurial compounds may lead to 
acute toxicity, while exposure to organic mercury 
generally causes chronic toxicity. 


Elemental Mercury 


Exposure to high concentrations of vaporized elemental 
mercury may cause acute pulmonary symptoms. Initial 
symptoms consist of fever, chills, shortness of breath, and 
a metallic taste in the mouth—all consistent with metal 
fume fever. Other symptoms and signs include stomatitis, 
lethargy, confusion, vomiting, and colitis. These clinical 
findings usually abate within 1 week; however, in some 
instances, they worsen and progress to pulmonary 
edema, respiratory failure, and death.>” Young children 
are particularly susceptible to the acute pulmonary 
effects of elemental mercury vapor. Following exposure, 
usually from the melting of metals or vacuuming of 
elemental mercury in the home, the child may develop 
severe pulmonary disease, including alveolar dilation, 
interstitial emphysema, and pneumatocele, pneumoth- 
orax, and pneumomediastinum formation. Small airway 
obstruction from cellular desquamation may occur, and 
pulmonary fibrosis, granuloma formation, and respiratory 
failure often ensue.®’ 

Elemental mercury-containing dental amalgams are 
another potential source of exposure. If appropriate 
guidelines for use and handling are not followed, dental 
workers may be exposed to toxic amounts of aerosolized 
elemental mercury.*! The effects of vaporized dental 
amalgam fillings within patients’ mouths is a subject of 
controversy. Although chewing does release elemental 
mercury vapor, and urinary mercury levels of patients 
with mercury fillings are slightly higher than those in 
people without mercury fillings, to date no scientifically 
rigorous studies have identified clinical evidence of 
associated disease.** 

Ingestion of elemental mercury is usually of no 
concern because of poor gastrointestinal absorption. 
However, abnormal gastrointestinal function or anatomy 
(e.g., decreased gut motility or fistulous tracts) may 
allow elemental mercury into the bloodstream and the 
peritoneal space.” The common scenario of a child who 
has a small amount of elemental mercury from a broken 
thermometer in the mouth or rectum is of no concern 
unless direct trauma from the broken glass is evident. 
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After intentional intravenous injection (usually as a 
suicide attempt), elemental mercury may embolize to the 
lungs and cause symptoms and signs of acute pulmonary 
embolus, including shortness of breath, dyspnea, chest 
pain, hypoxemia, and death.’ In addition, elemental 
mercury may be transformed to its inorganic form and 
subsequently lead to renal disease. Accidentally or 
intentionally injected inorganic mercury may be 
absorbed gradually, leading to systemic symptoms unless 
the mercury is surgically removed.” 

Intense acute or chronic exposure to elemental 
mercury fumes causes cutaneous and central nervous 
system dysfunction. The classic description is a triad of 
tremor, gingivitis, and erethism. Erethism is a constel- 
lation of findings that includes insomnia, shyness, memory 
loss, emotional lability, anorexia, and depression. Signs 
of oral toxicity include gingivitis, stomatitis, and loose 
dentition. Additional findings may include headaches, 
visual disturbances (constricted or tunnel vision), periph- 
eral neuropathy with sensory or motor abnormalities 
(or both), anosmia, and ataxia.**!* If the medical and 
occupational history is not thorough, chronic mercu- 
rialism may be misdiagnosed as parkinsonism, depression, 
or Alzheimer’s disease. Inhalation exposures have also 
been misdiagnosed as pheochromocytoma and toxic 
shock syndrome.?°?" 


Inorganic Mercury 


Inorganic mercury poisoning occurs primarily via the 
oral route. Acute symptoms and signs of inorganic 
mercury poisoning are related to direct caustic effects, 
and depend to some degree on the concentration and 
type of salt (mercuric forms are more toxic than 
mercurous forms).*° At high concentrations, symptoms 
are usually immediate and include pain, vomiting, and 
hematemesis. Necrosis of any portion of the gastro- 
intestinal tract may occur with subsequent luminal pooling 
of body fluids, hypovolemia, electrolyte imbalance, acute 
tubular necrosis, and death. In those who survive the 
acute phase of toxicity, renal failure may develop. Home 
accidents involving the preservative in stool collection 
kits (mercuric chloride 4.5%) are not uncommon and 
should be considered in patients presenting with signs of 
corrosive gastrointestinal injury.*’°’ Ingestion of disk 
batteries, many of which contain mercury, is relatively 
common among pediatric patients; although these 
batteries are very unlikely to break apart and spill inorganic 
mercury into the gastrointestinal tract, complications are 
usually related to local corrosive injury. Ingestion of 
button batteries with subsequent clinical signs of 
systemic toxicity is very rare.°! 

Prolonged inhalation exposure to elemental mercury 
in an occupational setting is the most likely cause of 
chronic inorganic mercury poisoning.!® Historically, the 
topical application of inorganic mercurial salves and the 
chronic ingestion of diuretics or cathartics were common 
sources of inorganic mercury poisoning, causing renal 
failure, dementia, and acrodynia. Acrodynia, which 
means “painful extremities” and is also known as “pink 
disease,” presents as erythema and edema of the hands 


and feet, skin rash, diaphoresis, tachycardia, hypertension, 
photophobia, irritability, and decreased proximal muscle 
tone.” In addition, subtle neuropsychiatric disturbances 
have been reported in patients chronically exposed to 
inorganic mercury.” In the 1940s and 1950s, exposure to 
mercurous chloride was responsible for numerous cases 
of pediatric acrodynia.” Fortunately, federal regulations 
that have limited or banned many inorganic mercurial 
compounds have rendered chronic poisoning rare 
outside the occupational setting. However, new cases 
have been associated with exposures to broken mercury- 
containing light bulbs and spilled elemental mercury.®**° 
Of importance, acrodynia does not develop in everyone 
exposed to mercurial compounds; consequently, its 
presence is often a marker for a more widespread problem. 
In 1980, three cases of acrodynia led to the discovery that a 
commercial diaper service using a a phenylmercuric 
fungicide had exposed up to 12,000 infants.*° 


Organic Mercury 


Ingestion of contaminated food products is the usual 
route of organic mercury exposure, although inhalation 
and dermal exposure may cause toxicity. The aryl and 
long-chain organic compounds may cause findings similar 
to those of chronic inorganic mercury. Depending on 
the amount ingested, symptoms of short-chain alkyl 
organic mercurial poisoning begin days to weeks after 
ingestion. This delay occurs primarily because organic 
mercury targets enzymes that must be depleted before 
clinical signs develop. The major symptoms and signs of 
alkyl mercury poisoning are neurologic, consisting of 
visual field constriction, ataxia, paresthesia, neurasthenia, 
hearing loss, dysarthria, mental deterioration, muscle 
tremor, movement disorders, and even death.!* Dermal 
exposure to these products may cause dermatitis or 
burns. Ingestion of methylmercury rarely, if ever, causes 
gastrointestinal symptoms; however, the ingestion of 
ethylmercury may induce vomiting, cramping, and 
diarrhea. Organic mercurials have been reported to 
cause thrombocytopenia and _ agranulocytosis.'!° 
Symptoms of acute and chronic exposures to organic 
mercury are similar, with the central nervous system 
abnormalities predominating. Pathologic and magnetic 
resonance imaging findings include damage to the 
cerebral cortex—specifically the visual cortex (calcarine 
region), the motor and sensory centers (pre- and 
postcentral cortex), and the auditory center (temporal 
cortex)—and to the cerebellar cortex. Destruction and 
demyelination of the sensory nerve fibers and dorsal 
roots of the peripheral nervous system also occur.°” 

Organic mercurials are extremely toxic to the fetus. 
Although all forms of mercury cross the placenta, 
organic mercury passes most readily. Maternal exposure 
may lead to spontaneous abortion or severe mental 
retardation of the child, with global developmental 
delay, cerebellar ataxia, tremor, nystagmus, dysmetria, 
limb deformities, and seizure disorders, as in Minamata 
disease.!° 

More recent studies have described cognitive deficits 
in a cohort of children born in the Faroe Islands (located 
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halfway between Iceland and Norway), where pilot whale 
meat is a staple of the diet. Mercury concentrations of 
cord blood and maternal hair served as indicators of 
prenatal exposure to methylmercury from whale meat. 
At 7 years of age, nearly 90% of members of the cohort 
underwent extensive neurodevelopmental examination, 
which revealed dysfunction most notably in language, 
attention, and memory.” In contrast, neurodevelop- 
mental studies of children in the Republic of Seychelles 
(an island group in the Indian Ocean), where consump- 
tion of a variety of ocean fish is the only source of 
methylmercury, found no risk from prenatal exposure.” 

A chemistry professor at Dartmouth who spilled liquid 
dimethylmercury inadvertently onto her gloved hand 
presented to medical attention 5 months later with acute 
deterioration in balance, gait, and speech. Despite 
aggressive therapy, she became unresponsive within 3 
weeks. Life support was eventually withdrawn, and she 
died 10 months after the exposure. Autopsy revealed 
diffuse disease of the cortices, and remarkable atrophy of 
the cerebellum.” 

Considerable debate has arisen over the vaccine pre- 
servative thimerosal, its active component ethylmercury, 
and their causal roles in neurodevelopmental disorders, 
such as autism, attention-deficit hyperactivity disorder, 
and speech and language delay. In an extensive review, 
the Institute of Medicine concluded that although the 
hypothesis, based primarily on analogies to methylmercury, 
is biologically plausible, there is inadequate evidence “to 
accept or reject a causal relationship between thimerosal 
exposure and neurodevelopmental disorders. . . .”*! 


DIAGNOSIS 


A thorough occupational and environmental history may 
reveal exposure to a mercurial compound, particularly 
after an acute inhalation exposure to elemental mercury 
or an ingestion of inorganic mercury. The latter should 
be considered in the patient who presents after a suicide 
attempt with symptoms and signs of caustic ingestion. 
The diagnosis of chronic or subacute mercury poisoning 
may be more difficult. Because the major target organs 
of toxicity include the central nervous system, the 
kidneys, and skin and mucous membranes, any patient 
with an altered mental status and renal failure, with or 
without cutaneous findings, should be evaluated for 
mercury intoxication. The constellation of findings of 
acrodynia should also alert the physician to the possi- 
bility of exposure to mercurial compounds. Probably 
the most important tool in the diagnosis of chronic 
mercury poisoning is a very thorough occupational and 
environmental history. 

If mercury poisoning is suspected, confirmatory 
laboratory evaluation is usually necessary, particularly in 
cases of chronic exposure. Measurement of urine 
mercury levels is generally considered the best method 
for determining whether exposure to inorganic or 
elemental mercury has occurred, and whether chelation 
therapy is effective. Concentrations of mercury in urine 
greater than 20 to 25 ug/L should be considered elevated. 
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Although no absolute correlation exists between urinary 
mercury concentrations and symptoms, levels greater 
than 150 ug/L have been associated with nonspecific 
symptoms after chronic exposure to mercury vapors; 
levels greater than 300 ug/L are usually associated with 
overt symptoms. Urine levels are helpful in confirming 
exposure to elemental and inorganic mercury. However, 
because organic mercury is poorly excreted in urine, 
organic mercurial exposure should not be ruled out on 
the basis of urinary mercury determination. 

Blood (not serum) mercury levels in the normal 
population are usually less than 5 ug/L. Mercury levels 
in the blood may accurately reflect inorganic mercury 
exposure if they are obtained soon after exposure. 
However, because of redistribution to other body tissues, 
these levels may become less accurate as the exposure 
becomes more remote. Following methylmercury 
exposure, however, blood levels may remain elevated and 
are relatively accurate in determining the body’s burden 
of organic mercury.” 

Mercury accumulates in hair, and levels in hair may be 
used to document exposure. However, environmental 
mercury contaminates hair easily; therefore, measure- 
ments may be inaccurate following aerosol or other 
extraneous exposures. Thus, hair analysis alone should 
never be used to confirm exposure to mercury.’ 

For ingested, intravenous, or subcutaneous exposures 
to elemental mercury, radiographs may be necessary to 
document both the presence and the efficacy of removal 
of these compounds. X-ray fluorescence techniques have 
been used to estimate body burdens of mercury. 
However, these techniques remain experimental and are 
not used routinely.” 


TREATMENT 


Initial treatment of the mercury-poisoned patient is 
the same as that for any intoxicated patient. Assessment 
and management of the patients arway, breathing, 
and arculation (ABCs) are of primary importance. 
Prehospital or hospital providers should remove 
contaminated clothing and flush contaminated skin and 
eyes. All patients with signs of acute mercurialism should 
undergo continuous cardiac monitoring and pulse 
oximetry. 

Acute inhalation exposure to elemental mercury 
may cause, as discussed earlier, symptoms of metal fume 
fever, pneumonitis, and respiratory failure. Humidified 
supplemental oxygen should be provided; endotracheal 
intubation may be necessary for those with signs of 
respiratory failure. There are no known aerosolized anti- 
dotes for acute inhalation exposures; therefore, respi- 
ratory support is the mainstay of treatment. Infants with 
severe respiratory compromise after inhalation of 
elemental mercury have survived with vigorous respiratory 
support, including the use of high-frequency ventilation 
when conventional mechanical ventilation has failed.’ 
Patients with acute inhalation exposure to mercury may 
develop systemic poisoning once transformation of 
elemental mercury to inorganic mercury has occurred; 
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thus, they may require chelation therapy (see below in 
this section). 

Ingestion of caustic inorganic mercury requires rapid 
assessment and treatment to prevent circulatory collapse. 
Rapid vascular access should be established, and 
vigorous replacement of fluid losses should be instituted. 
Caustic injury to the oropharyngeal mucosa may cause 
severe local edema, and endotracheal intubation or 
tracheostomy may be required to prevent obstruction 
of the airway. Decontamination procedures should be 
instituted early to prevent further corrosive injury and 
systemic absorption. The induction of emesis is, as 
with any caustic ingestion, contraindicated. The role of 
antiemetics has not been studied specifically, but they 
may be of benefit. Gastric lavage is no longer 
recommended routinely and is contraindicated if gastric 
or esophageal perforation is a possibility. Anecdotal 
evidence indicates that lavage with milk or egg whites 
may help bind mercurial compounds; thus, their use may 
be considered, especially since there is no evidence that 
these materials cause harm. If perforation is suspected or 
radiopaque objects remain present, direct endoscopic 
removal should be considered. Activated charcoal does 
not bind appreciably to metallic compounds. (However, 
some evidence indicates that some binding may occur; 
therefore, it may be considered unless perforation is 
suspected.*°) Finally, whole bowel irrigation with 
polyethylene glycol may be administered until the rectal 
effluent is clear and the radiopaque material is absent. 
Extracorporeal methods of mercury removal are not 
recommended; however, hemodialysis may be necessary 
if renal failure ensues. 

Initial laboratory tests should include serum chemistry 
assessments and a complete blood count. Type and cross- 
matching of blood should be performed if exposure to 
caustic inorganic mercury is suspected. Because 
elemental mercury is radiopaque, appropriate radi- 
ographs should be obtained. Blood and urine should be 
obtained for appropriate evaluation for the presence of 
mercury (see section on Diagnosis) and other toxins, as 
indicated. 

Following initial management, chelation therapy 
should be instituted if systemic absorption is expected, if 
the patient is symptomatic, or if elevated mercury levels 
in the blood or urine are discovered. Effective chelating 
agents include oral D-penicillamine (D-PCN), parenteral 
dimercaprol (British antilewisite [BAL]) and its oral 
congeners meso-2,3-dimercaptosuccinic acid (DMSA) 
and sodium 2,3-dimercapto-l-propanesulfonate (DMPS). 
Each of these agents contains thiol groups that compete 
with endogenous sulfhydryl groups for mercury.!°* 

After the acute ingestion of caustic inorganic mercury, 
chelation is best limited to the use of BAL. BAL is 
administered intramuscularly at a dose of 2.5 to 5 mg/kg 
every 6 to 12 hours. Common side effects of BAL include 
transient hypertension, tachycardia, pain at the injection 
site, nausea and vomiting, headache, and diaphoresis. 
Hemolysis may be induced if the patient has glucose- 
6-phosphate dehydrogenase deficiency. BAL should not 
be used for the treatment of alkyl organic mercury 
poisoning because it may actually worsen neurotoxicity.“ 


Clinical Characteristics of Mercury 





Exposure 
ELEMENTAL INORGANIC ORGANIC 
Major Route of 
Exposure 
Inhalation Inhalation Oral 
(chronic), 
oral dermal 
Clinical Effects 
CNS Tremor Erethism, Minamata 
tremor disease 
Pulmonary +++ - - 
Gl + +++ + 
Renal + +++ + 
Acrodynia + + - 
Treatment 
BAL, DMSA BAL, DMSA DMSA 


BAL, British antilewisite; DMSA, 2,3,-dimercaptosuccinic acid; +, 
pressent; —, absent. 





If the patient is able to tolerate oral medications, PCN 
or DMSA may be used instead of or in addition to BAL. 
D-PCN forms a complex with mercury that is excreted in 
the urine. Therefore, it should not be used if the patient 
has renal failure. It is administered four times a day at 
250 mg per dose (20 to 30 mg/kg/day for children). 
One- to 2-week courses of D-PCN therapy are given until 
the 24-hour urine mercury level is within an acceptable 
range. Side effects of D-PCN therapy include gastro- 
intestinal upset, rash, leukopenia, thrombocytopenia, 
proteinuria, and hematuria. If mercury remains in the 
gastrointestinal tract, D-PCN should not be administered 
because it may increase absorption.!>”° 

DMSA is an oral, water-soluble congener of BAL. Its 
use in mercury-poisoned patients is increasing, and it 
seems to be more effective than D-PCN at increasing 
urinary mercury levels in chronically exposed patients. 
DMSA has a better side effect profile than those of 
D-PCN and BAL; its adverse effects are usually limited to 
mild transient elevations in hepatic transaminase levels 
and mild gastrointestinal upset. DMSA is administered at 
a dose of 10 mg/kg three times per day for the first 
5 days of treatment, and two times per day for the next 
14 days. Repeated administrations may be necessary, with 
a 2-week interval between treatments. Table 71-1 sum- 
marizes the clinical effects and treatment for the three 
forms of mercury poisoning. 
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At a Glance... 


m Acute iron poisoning is primarily a clinical diagnosis, supported 
by laboratory data. 

© Gastrointestinal symptoms—vomiting, hematemesis, diarrhea, 
and abdominal pain—characterize the early signs of toxicity. 

m Shock, metabolic acidosis, and decreased level of consciousness 
characterize serious systemic toxicity. 

m Aggressive gastrointestinal decontamination measures, 
particularly whole bowel irrigation, may be necessary to 
decrease toxicity. 

m Deferoxamine is the antidote for iron toxicity. 


Acute iron poisoning continues to be a common and 
potentially lethal toxicologic problem, especially in the 
pediatric population. In 2002, there were more than 
24,000 reported exposures to iron-containing products 
in children younger than 6 years of age; fortunately, most 
resulted in either minor or no adverse outcomes. 
However, in the 1990s, iron was the leading cause of 
unintentional poisoning deaths among children in the 
United States who ingested pharmaceutical prepa- 
rations. Although there have been no reported deaths 
in the United States in the past 2 years, many factors 
account for this high incidence of exposures and past 
history of deaths. First, iron-containing compounds, such 
as multivitamins with iron or iron tablets, are readily 
available and widely used in households as nutritional 
supplements during childhood and adulthood, partic- 
ularly during pregnancy. Second, many iron prepa- 
rations are brightly colored, are sugar coated, and look 
like candy, making them attractive to curious young 
children. Finally, parents and the general public do not 
recognize the potential toxicity of a product that is 
regarded as promoting health. 

Preventing iron exposures is necessary to decrease the 
morbidity and mortality associated with its toxicity. In 
1997, the U.S. Food and Drug Administration (FDA) 
required warning labels on all iron-containing prepa- 
rations and mandated unit-dose packaging for iron- 
containing dietary supplements and drug products that 
contained 30 mg or more of elemental iron per dosage 
unit. In October 2003, the mandate for unit-dose 
packaging was removed because of a court ruling, which 
stated that the FDA did not have the authority to require 
manufacturers of iron-containing dietary supplements 
and drug products to use unit-dose packaging for poison 
prevention purposes.'! The ramifications of this ruling 
are yet to be seen. 


PHARMACOLOGIC AGENTS 


Three major categories of iron preparations are avail- 
able, each with varying potential for toxicity based on 
their content of elemental iron (Table 72-1). Children’s 
chewable multivitamins have a low concentration of 
elemental iron (10-18 mg per tablet packaged in bottles 
of 60-100 tablets) and are rarely associated with serious 
toxicity. Nonprescription iron products (adult multi- 
vitamins with iron and iron supplements) and pre- 
scription iron supplements (i.e., prenatal vitamins) 
contain substantially higher concentrations of iron in the 
form of ferrous salts. The toxicity of iron results from 
the amount of elemental iron ingested, which, in turn, 
depends on the type of iron preparation. Ferrous 
fumarate contains 33% elemental iron; ferrous sulfate, 
20%; and ferrous gluconate, 12%. These iron products 
are responsible for the moderate and serious toxicity and 
fatal outcomes that are reported with exposures. 
Carbonyl iron is another formulation that has not been 
reported to cause the same corrosive injury to the 
gastrointestinal tract seen with iron salt formulations 
(50-66 mg/tablet or capsule). 


PHARMACOLOGY AND 
PHARMACOKINETICS 


The average healthy adult body contains 3 to 5 g of iron, 
of which 70% is present in the ferrous state (Fe**) in 


Elemental Iron Content in Different 





Preparations 


ELEMENTAL TABLET ELEMENTAL 

IRON CONTENT SIZE IRON CONTENT/ 
IRON PREPARATION (%) (mg) UNIT DOSE 
iron Supplements 
Ferrous fumurate 33 200 65 mg 
Ferrous sulfate 20 300 60 mg 

325 65 mg 

Ferrous gluconate 12 300 36 mg 
Feosol Elixir 44 mg/5 mL 
Multivitamins 


Adult multivitamins 
with iron 

Children’s multi- 
vitamins with iron 


10-110 mg/tablet 


10-18 mg/tablet 
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hemoglobin and myoglobin and 25% occurs in the ferric 
state (Fe**) in the form of ferritin and stored as 
hemosiderin. The remainder is found attached to 
transferrin or in heme and flavin enzymes. Dietary iron 
is absorbed in the ferrous form in the duodenum and 
upper jejunum. A transferrin-like protein facilitates 
the energy-dependent carrier-mediated transport across 
intestinal mucosal cells. This mucosal receptor- 
dependent process acts as a limiting barrier for normal 
iron absorption, thus regulating iron balance. Free iron 
is toxic to many cellular processes; however, the body has 
many protective mechanisms to prevent this toxicity. 
Once absorbed, iron is either stored within ferritin or 
prepared for release to transferrin, an iron-binding 
protein carrier. The constant sloughing of intestinal 
cells provides the main mechanism of physiologic iron 
excretion. 

Plasma iron is bound to transferrin in the ferric state, 
with 30% to 40% of the iron-binding sites usually 
saturated. Transferrin is a protein carrier that transports 
either dietary or storage iron that is entering the plasma 
for redistribution and utilization. Total iron-binding 
capacity (TIBC) is a measurement of the total amount of 
iron that transferrin can bind and normally exceeds 
serum iron concentration by twofold to threefold. 

Most iron is transported to the reticuloendothelial 
system and hepatocytes, where it is stored within the 
protein ferritin after ferrous ions are oxidized to the 
ferric state and complexed with apoferritin. With 
increasing iron storage, some of the ferritin is 
transformed into hemosiderin. The small percentage of 
iron not stored as ferritin is incorporated into iron- 
containing enzymes or proteins such as hemoglobin and 
cytochrome enzymes. Humans can eliminate only a small 
fixed amount of iron per day (1 mg in adult males and 
l to 2 mg in adult females) primarily through exfoliation 
of gastrointestinal (GI) mucosal cells or menstrual blood 
loss, which can increase up to only 2 mg/day when 
excess iron accumulation occurs. 


PATHOPHYSIOLOGY 


It is evident from the description of normal iron 
metabolism that the body is poorly equipped to handle 
excessive amounts of iron. Regulation of iron absorption 
does not occur in the presence of excessive iron 
ingestions. Iron may continue to be absorbed passively 
down a concentration gradient in overdose because of its 
oxidative and corrosive effects on the GI mucosa, leading 
to dysfunction of the regulatory balance seen in ther- 
apeutic settings. In acute iron poisoning, iron absorption 
may occur along the entire length of the small and large 
intestine rather than just the duodenum and upper 
jejunum. Furthermore, the normal protective mecha- 
nisms (transport and storage proteins) become saturated, 
resulting in more free circulating iron, the agent 
responsible for cellular toxicity. 

Iron toxicity is manifested as both local and systemic 
effects. Excess free iron catalyzes redox reactions, 
producing secondary toxicity from lipid peroxidation 


and free radical formation.’ Iron has effects on the GI 
and cardiovascular systems as well as on the central 
nervous system. 


Gastrointestinal Tract 


Iron has direct corrosive effects on the GI mucosa, 
resulting in ulceration, edema, bleeding, venous 
thrombosis, infarction, and perforation.* Deposition of 
iron can be demonstrated histologically in mucosal 
collagen and basement membranes as well as vascular 
tissues supplying the small intestine. These effects can 
lead to severe fluid losses both by direct hemorrhage and 
the “third spacing” of fluids, both contributing to systemic 
hypovolemia. The severity of these local corrosive effects 
depends on the quantity of elemental iron ingested, the 
concentration of iron in the preparation, the duration of 
its contact with the mucosa, and the amount of mucosal 
protection provided by food in the stomach at the time 
of ingestion; greatest mucosal damage occurs on an 
empty stomach. Gastric scarring may follow severe iron 
ingestion, resulting in stenosis of the gastric outlet and 
small bowel.° 


Cardiovascular System 


Multiple cardiovascular manifestations of iron excess are 
evident on the heart and blood vessels.*.°* Both free iron 
and ferritin (whose release is stimulated by free iron) are 
potent vasodilators that can cause hypotension as a result 
of venodilation. Iron also directly injures blood vessels, 
resulting in postarteriolar dilation and decreased venous 
tone. Capillary membrane permeability increases from 
direct toxic effects of iron, resulting in diffusion of fluids 
from the vascular compartment into the interstitium, 
exacerbating hypovolemia and hypotension. Cardiac 
output is ultimately decreased as a result of decreased 
filling pressures from fluid losses, decreased systemic 
vascular resistance, and probably metabolic acidosis and 
its depression of myocardial contractility. Iron infiltrates 
myocardial cells and produces fatty degeneration, which 
can produce a cardiomyopathy. 


Liver 


Circulating free iron accumulates initially in the Kupffer 
cells of the reticuloendothelial system and then in the 
hepatocytes, localizing in the mitochondria, where its 
toxicity is exerted. The liver is probably the organ most 
susceptible to injury because it is the first organ to 
receive portal blood containing toxic amounts of iron; 
the liver also has the greatest capacity to sequester iron 
that is not bound to transferrin.’ Histopathologically, the 
demonstrated effects of excess iron in the liver include 
cloudy swelling of the hepatocytes, portal iron 
deposition, fatty metamorphosis, and massive periportal 
necrosis.'° Formation of reactive oxygen species in the 
hepatocytes is most likely responsible for the hepato- 
cellular damage. Hepatocellular toxicity is manifested by 
elevated bilirubin concentrations 3 to 4 days after 
ingestion, hypoglycemia, hyperammonemia, coagulation 


defects, and, ultimately, encephalopathy. Acute hepatic 
failure is rare except in massive iron overdoses. 


Hematopoietic System 


Several mechanisms are responsible for the coagulation 
disturbances often noted with iron intoxication. Free 
iron inhibits the thrombin-induced conversion of 
fibrinogen to fibrin, resulting in a direct and early effect 
on coagulation that precedes liver dysfunction.'’ The 
bleeding from this iron-induced coagulopathy may 
contribute to the early GI blood loss. In addition, 
experimental iron poisoning has been associated with 
decreased thrombin production, thrombocytopenia, 
hypoprothrombinemia, and synthetic disturbances at 
several stages in the coagulation cascade.'* In the later 
Stages of iron poisoning, impaired synthesis of clotting 
factors occurs as a result of hepatotoxicity. 


Metabolic Acidosis 


The metabolic acidosis of acute iron poisoning can be 
explained by a number of different mechanisms. Lactic 
acidosis may result from hypovolemia, hypotension, and 
anemia, producing tissue hypoperfusion that causes 
increased anaerobic metabolism. Iron also disrupts 
oxidative phosphorylation through interference of the 
electron transport system, promoting anaerobic metab- 
olism. Lipid peroxidation, catalyzed by ferrous ions, 
alters the membrane permeability of the mitochondria, 
allowing greater intramitochondrial accumulation of 
iron.! The in situ conversion of iron from the ferrous 
(Fe**) to ferric (Fe**) state releases hydrogen ions that 
contribute to the metabolic acidosis. A buildup of 
unused hydrogen ions generated from nonbound ferric 
ions contributes to marked acidosis. Finally, iron directly 
inhibits enzymatic processes of the Krebs cycle, with the 
resultant accumulation of organic acids. Thus, metabolic 
acidosis is multifactorial in etiology and must be 
ageressively managed from all aspects. 


Central Nervous System 


Neurologic manifestations from iron toxicity are 
probably a result of the systemic manifestations of 
hypoperfusion, metabolic acidosis, hepatic toxicity, and 
coagulopathy. Iron can produce cerebral edema by an 
unknown mechanism that manifests itself as lethargy, 
coma, and seizures. 


TOXICOLOGY 


Clinical Manifestations 


The clinical presentation of acute iron toxicity has 
traditionally been divided into four stages, which were 
first described in 1964, and based on the patho- 
physiology of iron poisoning.'* Progression of signs and 
symptoms may occur rapidly depending on the severity 
of the ingestion; thus, this clinical staging should be 
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determined primarily by the patient’s clinical mani- 
festations and not solely by the time since the ingestion. 
Some authors have suggested that there are five clinical 
Stages, distinguishing hepatic necrosis as a separate 
stage. Nevertheless, clinical stages usually overlap in 
severe poisonings. 


STAGE | (30 MINUTES TO 6 HOURS AFTER 
INGESTION) OR GASTROINTESTINAL PHASE 

This stage is characterized by the acute GI effects of iron 
toxicity: nausea, abdominal pain, vomiting, and diarrhea. 
Local corrosive effects of iron to the stomach and 
intestinal tract may result in hematemesis, hematochezia, 
and melena. The vomitus and stools may also be dark 
gray, green, or black owing to the presence of dis- 
integrating iron tablets. Vomiting is the most sensitive 
indicator of serious ingestions. Most patients with mild to 
moderate iron toxicity do not progress beyond this stage, 
with symptoms resolving within 6 to 8 hours. In severe 
ingestions, cardiovascular toxicity may also appear at this 
Stage as pallor, tachycardia, and hypotension. Central 
nervous system toxicity may include lethargy and coma. 
The presence of shock and lethargy on initial pre- 
sentation are poor prognostic signs. If no GI symptoms 
develop within 6 hours of a presumed iron ingestion, it 
is unlikely that iron toxicity will develop. Ingestion of 
enteric-coated iron tablets is an exception to the 6-hour 
rule. 


STAGE II (6 TO 24 HOURS AFTER INGESTION) 

This second phase of iron poisoning is sometimes 
referred to as the latent or quiescent period and is 
characterized by a transient resolution of GI symptoms. 
However, there may be subclinical hypoperfusion and 
metabolic acidosis if adequate fluid resuscitation has not 
been performed in the initial stage. The abatement of GI 
symptoms is presumed to occur as circulating free iron is 
redistributed into the reticuloendothelial system. Some 
patients may be prematurely discharged from a health 
care facility despite potentially life-threatening ingestions 
because of the false reassurance of clinical improvement. 
Thus, clinical reassessment and observation should 
occur if GI symptoms have improved to determine 
whether the patient has truly recovered or may progress 
to further clinical deterioration. This phase may be 
transient or not appear at all in those with severe iron 
ingestions. 


STAGE Ili (12 TO 48 HOURS AFTER INGESTION) 

OR SYSTEMIC TOXICITY 

Life-threatening systemic symptoms predominate during 
this stage. Fortunately, only a small percentage of 
patients with iron ingestions progress to this phase. Some 
patients with severe ingestions will progress to this phase 
of multisystem failure without experiencing a “quiescent 
phase.” Recurrence of GI hemorrhage, hematemesis, 
melena, and bowel perforation may be seen. Acute 
circulatory shock characterized by tachycardia, 
tachypnea, pallor, hypotension, and cyanosis may recur. 
Cardiogenic shock may occur several days later owing to 
direct effects of iron on the myocardium. Metabolic 
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acidosis and coagulopathy are present. However, the 
hallmark of this phase is progressive pulmonary 
dysfunction with a radiologic appearance of adult-type 
respiratory distress syndrome or shock lung. The etiology 
is multifactorial: iron generation of free radicals that 
disrupt alveolar membranes in addition to the hypo- 
tension and metabolic acidosis. Hepatotoxicity usually 
occurs within 48 hours but does not develop in all iron- 
poisoned patients. It is the second most common cause 
of death after shock. Renal and neurologic dysfunction 
all may occur during this time. Death from iron toxicity 
is common in this phase, typically from respiratory 
failure and shock; thus, aggressive supportive treatment 
in addition to antidotal treatment is mandatory for 
survival. 


STAGE IV (4 TO 6 WEEKS AFTER INGESTION) OR 
BOWEL OBSTRUCTION 

Patients with severe poisoning who survive, as well as 
those who do not develop systemic toxicity, may go on to 
have gastric outlet obstruction or pyloric stenosis as a 
result of GI scarring. Vomiting is the presenting 
symptom of these late sequelae. 


Range of Toxicity 


The minimum toxic dose and the lethal dose of iron are 
not well established. Ingestions of less than 20 mg/kg of 
elemental iron have little risk for toxicity and require no 
specific treatment, although ingestion of 20 mg/kg in an 
adult human volunteer study resulted in nausea, malaise, 
and diarrhea in all six subjects.'® Ingestions of greater 
than 60 mg/kg can be associated with serious toxicity 
and require immediate referral to a health care facility 
for evaluation. Death from iron toxicity has been 
reported with a wide range of doses, from 60 to 300 
mg/kg. Ingestions of 20 to 60 mg/kg may or may not 
produce symptoms of serious toxicity and require other 
historical factors in making a decision regarding triage 
and referral. In a retrospective study of iron ingestions in 
children, 28% of 380 children who ingested 40 to 
60 mg/kg of iron had symptoms of vomiting, diarrhea, 
and abdominal pain that resolved.!’ A retrospective 
review of 199 acute iron exposures revealed that only a 
small percentage of patients who ingested between 40 
and 60 mg/kg of iron developed clinical symptoms 
(vomiting, diarrhea, abdominal pain), and no one 
developed serious toxicity.'® No patient in this study who 
ingested between 20 and 60 mg/kg of elemental iron 
had a serum iron level of more than 385 ug/dL, and no 
one developed serious manifestations. Adult and 
adolescent overdoses should be considered as inten- 
tional and require immediate referral regardless of the 
dose assessment. 


DIAGNOSIS 


The relative infrequency of deaths associated with the 
large number of iron exposures suggests that a wide 
range of clinical toxicity exists in iron poisoning. 


Evaluation, diagnosis, and subsequent management of 
the patient requires a knowledge of the pathophysiology 
and clinical presentation as well as the factors that can 
guide in predicting the severity of toxicity. Acute iron 
poisoning is a clinical diagnosis, supported by laboratory 
data. It is unlikely that a patient who does not have 
clinical signs and symptoms within 6 hours of reported 
ingestion will develop iron toxicity. There are many 
ancillary diagnostic tests that can help to confirm the 
diagnosis, although none of these should be used 
independently to determine disposition and treatment. 
It is important to accurately interpret and understand 
the limitations of these diagnostic tests in assessing a 
patient with suspected or known iron poisoning. 


History 


An important component of the history is the type of 
iron formulation and amount of elemental iron ingested 
because the likelihood of iron toxicity can be predicted 
based on this information. Ingestions of children’s 
multivitamins with iron are rarely associated with 
significant clinical toxicity and have never been reported 
to cause death. The content of elemental iron is 
relatively small (10-18 meg/tablet), and thus an 
enormous number of pills must be ingested for toxicity 
to occur. On the other hand, pure iron preparations that 
contain ferrous salts (found in prenatal vitamins and 
nonprescription iron supplements) contain significantly 
more elemental iron per tablet. Very few tablets can 
produce toxicity when accidentally ingested by a small 
child. 

Determining the estimated amount of elemental iron 
ingested on a milligram per kilogram basis can help 
predict iron toxicity, thereby directing the triage and 
management of patients with unintentional ingestions. 
The reliability of estimating the number of tablets 
ingested depends on an accurate history, which may not 
always be possible in every scenario, assuming the worst- 
case scenario in estimating total number of pills 
available. When determining the potential dose of iron 
ingested, it is important to calculate the amount of 
elemental iron present in the iron preparation by 
multiplying the milligram amount of the preparation 
times the percentage of elemental iron in that 
preparation. For example, each 325-mg tablet of ferrous 
sulfate contains 20% (65 mg) elemental iron. Thus, if a 
12-kg child ingests 15 325-mg ferrous sulfate tablets, the 
dose ingested is 15 tablets x 65 mg per 12 kg body weight 
= 81 mg/kg of elemental iron. 


Laboratory Testing 
SERUM IRON CONCENTRATION 


Serum iron concentrations cannot always be correlated 
with the severity or the clinical stage of iron intoxication 
because it is the intracellular iron, not the free 
circulating iron in the blood, that is responsible for 
systemic toxicity. The serum iron concentration is useful 
in confirming an ingestion and may be useful in 
predicting serious toxicity only if blood samples are 


drawn at the appropriate time. The most valuable time to 
assess potential toxicity with an iron concentration is 4 to 
6 hours after ingestion because this time reflects the 
peak absorption for most preparations, with the 
exception of slow-release iron. A serum iron measured 
after this time may be “normal” and inappropriately 
interpreted as “nontoxic” in the presence of a potentially 
toxic ingestion because of the intracellular distribution 
of iron. If the time of the ingestion is unknown, serial 
iron concentrations should be obtained to determine 
the peak iron concentration. 

Serum iron concentrations less than 300 ug/dL (4-6 
hours after ingestion) are associated with little to no 
toxicity, concentrations greater than 500 ug/dL are 
associated with definite serious toxicity, and con- 
centrations greater than 1000 ug/dL have resulted in 
death. Iron concentrations between 300 and 500 ug/dL 
may be associated with mild, moderate, or no toxicity. 
Such concentrations must be used in conjunction with 
the patient’s history and symptom complex to assess 
toxicity and the need for further intervention. 

Iron concentrations are occasionally difficult to 
obtain on an emergency basis at many health care 
facilities. Thus, many studies have attempted to identify 
clinical symptoms and other laboratory data that would 
predict toxic iron concentrations. Invariably, these 
studies have been limited by their retrospective design 
and have not resulted in consistent identifiers. In one 
study, a white blood cell count greater than 15,000/ mm? 
or aserum glucose concentration greater than 150 mg/dL 
had a high positive predictive value identifying the child 
with an iron concentration of more than 300 ug/dL.” 
Both parameters had very low specificity; thus, their 
absence did not exclude a high iron concentration. 
Vomiting was the most sensitive indicator for an iron 
concentration greater than 300 uUg/dL. A subsequent 
study concluded that neither white blood cell count 
nor glucose concentration was accurate in identifying 
significant iron toxicity.“ In a retrospective study of 
92 children with iron poisoning, a serum iron concen- 
tration exceeding 500 g/dL was associated with one 
single variable: coma.”! Concurrent coma, radiopacities 
on abdominal radiographs, leukocytosis, and an elevated 
anion gap had a positive predictive value of 100%, and 
the absence of all the variables had a negative predictive 
value of 95% for a serum iron concentration higher than 
500 ug/dL. These studies highlight the importance 
of inability to use a single laboratory test to predict 
iron toxicity. 

A serum iron concentration should be obtained from 
every patient who has a history of ingesting more than 
60 mg/kg elemental iron as well as anyone with signi- 
ficant clinical symptoms or an intentional overdose. 
Serial iron concentrations may be necessary if the time 
of ingestion is unknown. Serum iron concentrations 
may be falsely low in the presence of deferoxamine 
(DFO) because this chelator interferes with the standard 
colorimetric and radioimmunoassay methods for iron 
measurement.” When a patient is receiving DFO therapy, 
iron concentrations should be measured by atomic 
absorption spectrophotometry. 
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TOTAL IRON-BINDING CAPACITY 

In the past, a serum iron concentration that exceeded 
the TIBC was considered an indication for chelation 
therapy and was believed to be a necessary laboratory test 
in the evaluation of the patient with iron poisoning. This 
was based on the assumption that the binding of iron to 
plasma proteins prevents any toxicity—when a serum 
iron concentration is less than the TIBC, there is little 
risk for toxicity. However, clinical experience has shown 
this maxim is untrue. No data have shown that iron 
toxicity only occurs when the serum iron concentration 
exceeds the TIBC. Also, TIBC measurements may be 
unreliable in the presence of excess serum iron or 
deferoxamine.**** An in vitro study demonstrated that 
adding iron to pooled serum resulted in an artifactual 
rise in the TIBC.”° This same study showed that TIBC 
determinations varied substantially among different 
laboratories. Another study demonstrated that even 
though the TIBC increased and remained above the 
serum iron concentration in patients with iron 
ingestions, symptoms of iron toxicity still occurred.'® 
Because of the unreliability of the measured TIBC, this 
measurement is neither a useful nor a clinically 
indicated laboratory test in the evaluation of iron 
poisoning. 


OTHER LABORATORY TESTS 

Other laboratory studies that should be obtained in a 
patient with a significant iron ingestion include an 
arterial blood gas analysis; complete blood cell count; 
electrolytes, blood urea nitrogen, creatinine, glucose, and 
coagulation studies; serum transaminase determinations; 
and blood sampling for type and crossmatch. 


Other Diagnostic Testing 
ABDOMINAL RADIOGRAPHS 


Because certain iron-containing preparations are 
radiopaque, an abdominal radiograph can be useful in 
confirming an iron ingestion and in determining the 
quantity and location of undissolved iron tablets in the 
intestinal tract (Fig. 72-1). However, the radiopacity of 
these tablets depends on the type of formulation and 
content of elemental iron. Thus, many liquid iron 
preparations and chewable vitamins with iron (which 
have low concentrations of iron) are not visible.*° Also, 
the usefulness of the radiograph in determining the 
presence of iron pills may be limited if it is obtained 
more than 2 hours after the ingestion because the iron 
preparations may have dissolved and may not appear 
radiopaque despite their remaining in the GI tract. 
Thus, negative radiographs, especially 2 or more hours 
after ingestion, do not exclude iron overdose. Serial 
abdominal radiographs may be useful in determining 
the efficacy of GI decontamination. 


Differential Diagnosis 


The differential diagnosis should include infectious and 
metabolic etiologies for the GI symptoms and acid—base 
abnormalities. Similar clinical presentations from other 
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poisonings include salicylates, theophylline, colchicine, 
organophosphates, arsenic, mercury, paraquat, and 
mushrooms. Fortunately, with pediatric ingestions, the 
history or abdominal radiograph confirms the diagnosis 
most of the time. 


MANAGEMENT 


Gastric decontamination, laboratory studies, and an 
abdominal radiograph are indicated for significant iron 
ingestions and clinical toxicity. For those unintentional 
ingestions between 40 and 60 mg/kg of elemental iron, 
the reliability of the history, reliability of the caretaker, 
and presence of clinical symptoms should dictate 
whether further diagnostic studies are necessary. 
Unintentional ingestions of less than 40 mg/kg of 
elemental iron require observation only (Fig. 72-2). 
Initial management should focus on ensuring an ade- 
quate airway, ventilation, and circulation. Hypovolemia 
and metabolic acidosis should be aggressively managed 
with isotonic fluid and bicarbonate. 


FIGURE 72-1. Abdominal radiograph of a 20-month- 
old child with a history of ingesting prenatal iron tablets. 


Gastrointestinal Decontamination 


Of major importance in limiting the severity of iron 
poisoning is preventing its absorption by removing as 
much as possible from the GI tract. Decisions regarding 
the optimal method for GI decontamination in iron 
ingestions are complicated by many issues. Many patients 
have already vomited, reducing the need for further 
gastric evacuation. This issue is addressed by obtaining 
an abdominal radiograph. Also, many adult iron 
preparations are too large to be removed from the holes 
in a gastric lavage tube, limiting the value of lavage in 
this setting. Finally, iron is not adsorbed by charcoal, 
increasing the overall importance of gastric evacuation 
efforts. 

Gastric lavage with a large-bore orogastric tube may be 
indicated for intentional overdoses of iron and 
unintentional ingestions of more than 60 mg/kg of iron 
in those who have not vomited or who have visible pills 
in the stomach on abdominal radiograph. Normal saline 
is recommended as the lavage fluid. After lavage, a 
repeat abdominal radiograph should be obtained to 
assess the efficacy of gastric evacuation and determine 
whether further decontamination measures are necessary. 


Iron ingestion — 


Unintentional ~] 


<40 mg/kg oe 


Observe at home 


No symptoms Symptoms* 


or unknown amount 
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FIGURE 72-2 Algorithm for eval- 
uation and management of iron 
poisoning. 

*Persistent vomiting, diarrhea, 
hematemesis, abdominal pain, and 
lethargy. 

tSee text regarding indications for 
gastric lavage and whole bowel 
irrigation. 

‘Persistent vomiting, lethargy, 
coma, hypotension, and metabolic 
acidosis. 


Intentional 


| es to health care facility 


No treatment 


Gastric Abdominal lron Significant history or 
evacuationt radiography concentration clinical symptoms? 
Negative Positive <350 350-500 >500 
| (pills visible) ug/dL ug/dL ug/dL 
No treatment Whole bowel 
irrigation 
No Symptomst 
symptoms 
Observe 
for 6 hr Deferoxamine 





Discharge home 
if no symptoms 


The use of complexing agents in lavage fluid is an 
interesting historical issue in iron poisoning. Sodium 
bicarbonate and phosphate solutions have been used on 
the theoretical assumption that insoluble ferrous salts 
will be formed in the stomach, limiting iron’s systemic 
absorption.” However, multiple human and in vitro 
studies have failed to demonstrate benefits from these 
solutions. Moreover, toxicity from administration of 
phosphate solutions (hyperphosphatemia, hypocalcemia, 
and hypernatremia) contraindicates their use.*® 
Complexing iron in the GI tract using oral DFO as a 
lavage fluid has also been advocated. Although some 
human and animal studies have suggested benefit from 
enterally administered DFO, others have shown it does 
not substantially reduce the amount of iron available for 
absorption.**” Furthermore, some investigators have 
suggested that the iron—DFO complex ferrioxamine can 
be absorbed and contribute to increases in serum iron 


therapy 


Admit to hospital 


concentrations; there is potential toxicity from the 
ferrioxamine compound as well.*! From a clinical 
standpoint, oral DFO is impractical because of the large 
volumes required in overdose to have any appreciable 
effect (100 mg of DFO will bind only 8 or 9 mg of iron). 
Thus, no agent has proven advantage over normal saline; 
these alternatives are therefore not recommended. 
Other measures to decrease the GI absorption of iron 
have been studied. Animal studies have demonstrated a 
marked reduction of iron absorption after adminis- 
tration of oral magnesium hydroxide preparations such 
as milk of magnesia, in a dose five times the amount of 
elemental iron ingested.* In addition, this solution may 
also provide a protective effect against the local corrosive 
effects of iron in the stomach and intestine. No human 
studies using magnesium hydroxide have been pub- 
lished. The use of an oral charcoal-DFO mixture has 
been shown in preliminary experimental studies to 
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effectively decrease the amount of GI iron absorption.’ 
Further studies are needed with this combination before 
it can be routinely recommended for GI decontamination. 

If iron tablets persist in the GI tract despite vomiting, 
or gastric lavage and serum iron concentrations continue 
to rise, whole bowel irrigation with a polyethylene glycol 
electrolyte solution such as Colyte or GoLYTELY should 
be initiated. Whole bowel irrigation is an effective 
method of GI decontamination, decreasing the passage 
time of iron through the GI tract and thereby reducing 
the time available for absorption.** Given the fact that 
iron preparations may not be completely removed by 
emesis or lavage, as well as the fact that iron is poorly 
adsorbed to charcoal, whole bowel irrigation is theo- 
retically the most effective means of GI decontamina- 
tion. Polyethylene glycol solutions should be adminis- 
tered at a rate of 2 L/hr in adolescents and adults, 1 
L/hr in children, and 500 mL/hr in toddlers until the 
rectal effluent is clear and there is an absence of visible 
iron on abdominal radiograph. If vomiting occurs, 
administration rate should be reduced and then 
gradually increased to the desired rate. 

Iron tablets may become embedded in the gastric 
wall, forming bezoars or pseudo-concentrations that are 
resistant to normal methods of decontamination. In such 
cases, endoscopy or surgical gastrotomy should be 
considered, especially when clinical toxicity persists.°° 
Aggressive decontamination measures, in combination 
with supportive care and appropriate chelation therapy, 
should obviate the need for the surgical removal of iron 
tablets except in rare circumstances. 


3 


Antidote 


Deferoxamine is a relatively selective chelator of iron 
produced by the organism Streptomyces pilosus and is the 
antidote of choice for serious iron poisonings. Guide- 
lines for DFO’s use, route of administration, duration of 
therapy, and dosing are not clearcut, although general 
recommendations can be gleaned from clinical expe- 
rience and several studies*”*!*" (Box 72-1). 

DFO combines with iron to form the iron—DFO 
complex known as ferrioxamine, which is then excreted 
through the kidneys. Ferrioxamine gives urine the 
classically described “vin rose” color, which actually is 
orange to reddish brown. DFO has a volume of distri- 
bution of 0.6 L/kg and a half-life of 10 to 30 minutes and 
is rapidly metabolized in the liver to inactive products. It 
binds iron in a 1:1 molar ratio, with 100 mg of DFO 
binding 9 mg of iron. Ferrioxamine has a volume of 
distribution of 0.2 L/kg. DFO binds circulating free iron 
in the ferric state. DFO also chelates ferric iron from 
ferritin and hemosiderin. DFO does not bind iron present 
in hemoglobin, myoglobin, transferrin, or cytochromes. 
However, there are other mechanisms that are probably 
responsible for DFO’s protective effect; because it has a 
volume of distribution of 0.6 L/kg (indicating intracellular 
diffusion), it likely binds both cytosolic and intramito- 
chondrial iron, preventing mitochondrial injury. 

Indications for DFO chelation therapy are (1) peak 
serum iron concentration greater than or equal to 





BOX 72-1 


Indications 


. Peak serum iron level > 500 g/dL, or 

. Significant clinical symptomatology: lethargy, coma, 
hypovolemia, metabolic acidosis, coagulopathy, or 

. Abdominal radiograph demonstrating significant number of pills 
despite attempts at gastrointestinal decontamination 


Discontinuation* 


1. Resolution of clinical symptoms 

2. Absence of radiopaque pills (if present initially) 

3. Return of normal urine color if vin rose—colored urine present 
initially 

Dosing 

1. Continuous intravenous infusion starting at 15 mg/kg per hour 

2. May titrate dose according to severity of clinical 


symptomatology and development of hypotension (maximum 
infusion rate 30 mg/kg per hour) 


* All three criteria should be present before deferoxamine is discontinued. 


500 ug/dL; (2) significant clinical toxicity (i.e., severe GI 
symptoms, altered mental status, metabolic acidosis, 
hypoperfusion, cardiovascular instability); and (3) 
history of significant ingestion and an abdominal 
radiograph that demonstrates significant number of pills 
despite attempts at GI decontamination. Patients with 
peak iron concentrations between 350 and 500 ug/dL 
must be evaluated for chelation therapy on an individual 
basis; the presence of significant clinical symptoms 
mandates treatment. 

In the past, a positive DFO challenge test was 
proposed as an indication for chelation therapy, 
particularly in settings where iron concentration levels 
are not readily obtainable. This test was performed by 
administering an intramuscular dose of DFO and then 
observing urine for the vin rose color. The ability to 
detect this urine color change is subjective, is qualitative, 
and requires prechelation urine samples for comparison. 
Several studies had found this urine color change to be 
an insensitive marker for the presence of significantly 
elevated serum iron concentrations or serious iron 
poisoning.!*?” Thus, the absence of vin rose urine does 
not rule out severe iron toxicity. The DFO challenge test 
is therefore no longer recommended as a guide to 
determine the need for further chelation therapy. 

Although DFO can be administered intravenously, 
intramuscularly, or subcutaneously, the preferred 
method for treatment of acute iron intoxication is a 
continuous intravenous infusion. Because of DFO’s short 
half-life, the benefits of constant exposure to both the 
free circulating iron and the labile iron pool, this route 
is more advantageous. Intravenous administration of 
DFO has also been shown to be more efficient in 
removing iron than intramuscular administration. 


DFO should be administered at a starting rate of 
15 mg/kg/hr. There has been considerable debate about 
the maximum dose of DFO that should be administered. 
This results from concerns about DFO-induced 
hypotension and about its possible relationship to the 
development of adult respiratory distress syndrome.*® 
Although the package insert states that the maximum 
dose should be 6 g/day, there have been numerous cases 
in which doses up to 35 to 45 mg/kg/hr or 16 to 20 
g/day were administered to seriously ill patients without 
complications.” The limiting factor in DFO use is 
development of hypotension; dosing should be titrated 
according to patient response and the development of 
side effects. With severe intoxication, blood pressure 
support with fluid and vasopressors may be necessary to 
give high-dose DFO. Dosing of DFO is based on the 
amount of “free iron”; theoretically, then, higher doses 
should be administered in the first 24 hours. Some 
investigators have recommended intermittent boluses of 
DFO or an initial “loading dose” followed by a reduced 
infusion rate. Adequate hydration before and during 
DFO therapy is necessary because acute administration 
of DFO may lower glomerular filtration rate.*! 

Duration of DFO therapy is variable, and published 
guidelines for discontinuing DFO therapy are vague, 
occasionally being misleading or unsupported by 
scientific data. Rational criteria for termination of DFO 
are (1) resolution of clinical signs and symptoms of 
systemic iron poisoning, specifically anion-gap acidosis 
and shock; (2) disappearance of radiopaque iron pills on 
repeat abdominal radiographs; and (3) return of normal 
urine color if vin rose urine was initially present. Some 
investigators had advocated use of a urine iron-to- 
creatinine ratio to determine the end point of chelation; 
however, this measurement needs further clinical 
validation and is unavailable in most clinical settings.” 

Potential adverse effects from DFO administration in 
acute iron poisoning are hypotension, rash, and Yersinia 
enterocolitica sepsis. Although the mechanism of 
hypotension is unknown, it may be caused by histamine 
release and is related to the rate of DFO infusion. The 
maximum rate of administration before hypotension 
develops is reported to be 45 mg/kg/hr; human reports 
have demonstrated infusion rates up to 35 mg/kg/hr 
without hypotension.* Yersinia enterocolitica sepsis has 
been reported in patients receiving DFO therapy.***” 
DFO acts as a siderophore, supplying iron to the bacteria 
and thereby increasing its virulence. Any patient 
presenting with fever, nausea, diarrhea, or pulmonary 
symptoms during or after DFO therapy needs an 
assessment of infection, including blood and stool 
cultures for this pathogen. 

Continuous DFO infusion for greater than 24 hours 
has been associated with the development of adult 
respiratory distress syndrome.**® However, the validity of 
this association remains controversial because iron 
poisoning itself has been reported to cause similar 
pulmonary sequelae. The mechanism of action for this 
adverse effect is postulated to be production of free 
radicals in the lungs after prolonged exposure to DFO. 
However, iron can also generate free radicals that are 
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capable of producing alveolar damage. The possibility of 
producing the adult respiratory distress syndrome in a 
patient with serious iron intoxication should not limit 
the use of DFO. Aggressive supportive therapy, careful 
monitoring, and appropriate discontinuation of DFO 
therapy should prevent this complication. One author 
has suggested administering the initial 24 hours of 
continuous deferoxamine infusion, followed by 
alternating 12 hours of DFO infusion with a 12-hour 
hiatus to allow for excretion of ferrioxamine. 

The same guidelines for DFO administration should 
be applied to the pregnant patient without concern for 
adverse fetal effects from the DFO. Animal and human 
studies have demonstrated that neither toxic amounts of 
iron nor DFO cross the placenta.***” Fetal death results 
from maternal death, not from the effects of iron or 
DFO on the fetus. 

A new oral iron chelator, 1,2-dimethyl-3-hydroxypyrid- 
4-one (Ll, deferiprone) is being investigated for 
treatment in chronically iron-overloaded patients.’ Oral 
deferiprone recently was shown to be effective in 
reducing mortality in a rodent model of acute iron 
poisoning.” Its safety and efficacy in human iron 
overdose has not been studied. 


Elimination Enhancement 


Extracorporeal methods for enhancing the elimination 
of iron have been studied, although their potential 
effectiveness is quite limited because they only remove 
free circulating iron and must be initiated before 
significant intracellular transport of iron has occurred. 
Exchange transfusion is theoretically useful in removing 
a larger burden of free and bound iron from the blood, 
although there are no data to support its routine use.” 
Because the volume of distribution of ferrioxamine is low 
(0.2 L/kg), hemodialysis is effective in removing it 
should the patient develop renal failure.?! Continuous 
arteriovenous hemofiltration has been investigated in 
experimental iron poisoning for removing ferri- 
oxamine.°? None of these therapies has been shown to 
decrease morbidity or mortality of iron intoxication. 


Disposition 


Unintentional ingestions of less than 20 mg/kg 
elemental iron may be observed at home. Unintentional 
exposures in patients who develop no signs and 
symptoms after 6 hours and have no iron seen on 
abdominal radiograph may be discharged from the 
emergency department. Patients who intentionally ingest 
iron may be cleared medically if the above criteria are 
met and other medical evaluation for co-ingestants does 
not necessitate intervention. Patients who develop sig- 
nificant clinical toxicity, including severe GI symptoms, 
metabolic acidosis, decreased level of consciousness, 
hemodynamic instability, or serum iron concentrations 
higher than 500 ug/dL, should be monitored and 
treated in an intensive care unit. 
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At a Glance... 


m Lead is a potent biologic toxin that possesses no physiologic 
benefit. 

m Anthropogenic activity has placed enormous amounts of lead in 
the environment, resulting in almost universal exposure in 
humans. 

m The major organ systems affected by lead are the brain, kidneys, 
bone marrow, skeleton, and reproductive tract. 

m Lead is particularly harmful to young children, producing 
permanent effects to the brain and kidneys. 

m Adults with lead poisoning can develop effects including 
emotional lability, memory difficulties, loss of libido, difficulty 
concentrating, and peripheral neuropathy. 

m Treatment of lead poisoning in children consists of termination 
of exposure and nutritional supplementation; chelation therapy 
may also be necessary. 

m Treatment of lead poisoning in adults consists of termination of 
exposure; chelation therapy is typically reserved for those with 
blood lead levels greater than 60 to 100 ug/dL. 


Lead was once prized as one of the most valuable ele- 
ments on earth. Because it has a number of highly de- 
sirable properties (low melting point, malleability, 
durability, low cost, octane-boosting), lead is ubiquitous 
in the environment. Both industrial and developing 
nations have found beneficial uses for lead. However, 
lead is also a potent toxin. In the past century, an ex- 
plosion of scientific data has demonstrated the toxic 
effects of lead on the human body. This has been high- 
lighted by the growing body of evidence that even small 
amounts of lead can produce permanent harm, parti- 
cularly in young children. Lead poisoning (plumbism) is 
now considered one of the most common diseases of 
environmental origin.! 

This chapter reviews the toxicology of lead poisoning. 
Because of unique differences in the epidemiology, 
clinical toxicity, and treatment strategies of lead poi- 
soning in adults compared with children, the chapter is 
later subdivided into lead poisoning in adults and then 
children. 


HISTORY 


Lead has been mined for thousands of years; the earliest 
recorded lead mine reportedly existed in Turkey in 6500 
Bc.*° Evidence of high lead use can be found in the 
skeletons of ancient Egyptians. By the Greek Bronze Age, 
lead was widely used in the manufacture of brass and 
cosmetics. Also, because lead geologically coexisted with 
silver, the mining of silver resulted in a marked increase 
in lead exposure. It is estimated that as long as 2200 years 


ago, 25,000 tons of lead were produced annually.” 
Reflecting the increased use of lead over time, con- 
temporary skeletons have bone lead concentrations 500 
times higher than skeletons from ancient societies.”* 

The fall of the Roman Empire is thought to have 
resulted from lead intoxication.’ During this era, lead- 
induced gout was endemic. Romans used lead in their 
plumbing (the word plumbing is derived from the tra- 
ditional use of lead in water conduits), in their cooking 
utensils, and in the vessels that concentrated grape juice 
for wine. Lead was popular in wine because it enhanced 
color, wetness, and bouquet. The lead content of wine in 
the Roman era may have been as high as 15 to 30 mg/L. 
In fact, well into the 20th century, wines contained added 
lead. Lead poisoning was described at the same time that 
the metal became popular. Hippocrates wrote descriptions 
of lead colic. Similar descriptions have been recorded 
throughout history by Benjamin Franklin and others. 

Initial interest in the illnesses caused by lead poi- 
soning has been attributed to an 1839 publication by Tan- 
querel des Plances in which he described the clinical 
course of workers, primarily painters, who developed 
lead colic. In 1860, corresponding with the industrial- 
ization of Europe, epidemiologists described widespread 
reproductive toxicity in those with lead-related occupa- 
tions as well as their spouses. In the 20th century, these 
occurrences, which were also being identified in the 
United States, led to regulations that protected workers 
from occupational exposure to lead. At an extreme, 
laws were passed to exclude women from lead-related 
occupations; the U.S. Supreme Court later reversed 
such laws. 

The increasing desire to reduce exposure to lead also 
resulted in legislation to protect not only workers but 
also the public at large from the hazards of lead ex- 
posure. Establishment of the Environmental Protection 
Agency (EPA) and passage of important laws including 
the Clean Air Act, the Clean Water Act, the Lead 
Poisoning Prevention Act, and the Housing and 
Community Development Act (Title X) all have served to 
dramatically reduce nonoccupational exposure to lead. 


EPIDEMIOLOGY 


Population Rates 


The blood lead level of Americans has been monitored 
through the periodic conductance of the National 
Health and Nutrition Examination Survey (NHANES). 
The results of the most recent surveillance indicate that 
mean blood lead level has declined more than 80% since 
the performance of NHANES II (1976-1980), from 
12.8 ug/dL to a current level of about 2 ug/dL.°* In 
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males, blood lead levels begin to rise in adolescence, 
continuing through most of adulthood, reflecting 
occupational exposure.” In both elderly men and women, 
blood lead levels rise again, representing remobilization 
of lead as bone resorption occurs. 

No particular blood lead level clearly defines lead 
poisoning in adults. In the past, the reference range for 
blood lead in adults was up to 60 ug/dL. The normal 
range is now considered to be less than 40 ug/dL. How- 
ever, many clinicians continue to believe that lead 
poisoning in adults is defined only by the presence of 
clinical symptoms, not by any particular blood lead level. 
The increasing evidence of subclinical effects at low 
blood levels in adults argues for defining lead in- 
toxication as a blood lead level of greater than 25 ug/dL. 


Sources 


Lead can be found throughout the environment. 
Exposure to lead therefore usually occurs from a num- 
ber of sources (Fig. 73-1). Many of these sources are 
highly age dependent. For example, most (but not all) 
lead-based occupations expose adults but not children to 
excess lead. Although lead exposure can occur after a 
single event—for example, after inhalation of lead fumes 
during welding—it is usually chronic. 


OCCUPATIONAL 

In adults, the most significant exposures to lead usually 
occur in the workplace. The list of occupations asso- 
ciated with lead exposure is large (Box 73-1). Occu- 
pation-specific tasks including demolition, radiator 
repair, home remodeling, burning, blasting, firearm in- 
struction (indoor and outdoor), grinding, and sanding 
all can result in frank lead poisoning.'° 














Industrial 
emissions 


Ambient air 


Auto 
emissions 







Paint 
pigments 


Inhaled 
air 


weathering 


Ea 
| 


Occupational lead standards were introduced by the 
Occupational Safety and Health Administration (OSHA) 
in 1978 and have not been significantly revised.'? Under 
these guidelines, the permissible exposure limit for lead 
is 50 ug/m® for an 8-hour time-weighted average. 
Employers are responsible for maintaining proper 
working conditions, as well as for environmental and 
medical monitoring.'® Workers with blood lead levels of 
60 ug/dL or greater must be removed from the 
workplace; those with blood lead levels of 50 ug/dL or 
greater on three occasions at 1-month intervals in the 
prior 3 months must also be removed from work. Those 
with blood lead levels of 40 Ug/dL or greater must 
undergo medical evaluation.!! Employers are respon- 
sible for paying the salaries of employees who are re- 
moved from work for lead-related reasons.'* Because of 
the reproductive effects of lead at lower lead levels, 
recommendations have been made that the permissible 
blood lead level in workers be reduced to 10 ug/dL.! 


LEAD PAINT 

Lead has been added to paint for centuries in order to 
make pigments more vivid, colors more stable, and the 
paint more durable. For the years that these beneficial 
properties were exploited, the addition of lead to paint 
was an industry standard. It is because of its durability 
under adverse weather conditions that lead-based paint 
became most popular in the northeastern United States. 
Interestingly, in Canada, which has even harsher climatic 
conditions, lead was banned from residential paint early 
in the 20th century. In the United States, however, lead 
was added to paint until 1978, when, in an effort to 
reduce lead exposure, particularly among young child- 
ren, lead was effectively banned (restricted to a con- 
centration of no more than 0.06%) from use in 
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FIGURE 73-1 Sources and pathways of lead from environment to humans. (From U.S. Environmental Protection Agency: Air Quality 
Criteria for Lead. EPA-600/08_83/028aF-dF. Research Triangle Park, NC, Author, 1986.) 


BOX 73-1 


Sites 

Firing ranges 

Lead smelters 

Homes and communities near lead smelters 


Industries 


Battery manufacture 

Cooper smelting 

Gasoline additive production 
Ore crushing and grinding 
Paint and pigment manufacture 
Plastics industry 

Printing industry 

Rubber industry 

Solid waste combustion 

Zinc smelting 


Activities 

Auto repair 

Construction and demolition 
Firearm instruction 

Home renovation 

Professional painting 

Plumbing 

Radiator repair 

Soldering of lead products 
Welding and cutting operations 


From Keogh JP, Boyer LV: Lead. In Sullivan JB, Krieger GR (eds): Hazardous 
Materials Toxicology, 2nd ed. Baltimore, Williams & Wilkins, 2001. 





residential paint. Lead-containing paint is still used in 
nonresidential settings.'’ As a result of its extensive 
application, lead paint can be found in more than 38 
million housing units in the United States.'* 

The presence of lead-based paint in homes has led to 
several problems. First, the natural decay of paint results 
in both chipping and the creation of lead dust. Also, 
when lead-containing homes undergo renovation of 
any type (e.g., scraping, demolition, window or wall 
removal), lead is released into the environment.!° 
Certain types of renovation, particularly paint removal 
with a heat gun, are extremely hazardous, resulting in 
the creation of highly toxic lead fumes.'® Even when 
homes are undergoing deleading in an effort to reduce 
lead hazards, improper techniques can result in lead 
poisoning in all family members.!’ The EPA has 
established guidelines for safe levels of lead in household 
dust as follows: maximum lead concentration in un- 
carpeted floors, 40 ug/ft*; interior window wells, 250 ug/ft?; 
and window wells, 400 ug/ft* (www.epa.gov). 


AIR 

Industrial and automobile emissions are historically a 
major source of lead exposure. In the United States, 
leaded gasoline released more than 30 million tons of 
lead into the air before it was banned.* The extent of 
airborne lead’s contribution to lead levels is seen in the 
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effect of its removal from gasoline; when lead was phased 
out of gasoline in the 1970s, the mean blood lead of all 
Americans promptly declined by 35%. In the United 
States, the phase-out of leaded gasoline was completed in 
December 1995. 


WATER 
Water has become an increasingly important source of 
lead exposure, particularly as the contributions of paint, 
dust, food, and air diminish. Lead has contaminated 
many bodies of water as it has settled from the atmos- 
phere. The increasing acidity of fresh water, due to acid 
rain, increases the solubility of waterborne lead. Soft 
water presents more of a lead hazard than hard water.'® 
Regulation of lead in public water supplies is the 
responsibility of the EPA. In a 1991 revision of the Clean 
Water Act, the maximum contaminant level of lead in 
water, which had been 50 parts per billion (ppb, ug/L), 
was replaced by an action level of 15 ppb. Under these 
new regulations, water suppliers must implement measures 
to reduce the level of lead in water if a significant number 
of homes are found to have elevated levels of lead. 
Plumbing is an important cause of lead contamination 
in residential water. When public plumbing systems 
became widespread in the early 20th century, lead pipes 
served as the primary conduits directing water from 
public water sources into the home. In the 1950s, the use 
of lead pipes declined considerably. However, old public 
water systems continue to have extensive networks of lead 
pipe plumbing. Lead pipes have been largely replaced by 
copper or polyvinylchloride (PVC) pipes. The use of lead- 
based solder to join copper pipe joints was permitted 
until 1986. Therefore, homes with copper plumbing can 
be assumed to have lead in their water circuit. Because of 
the continued presence of lead pipes and copper pipes 
with lead solder joints, many cities in the United States 
have a high prevalence of lead-contaminated water. 
Bottled water, which is under the regulation and over- 
sight of the U.S. Food and Drug Administration, must 
have a lead content of no more than 5 ppb. 


SOIL 

Lead in soil can result either from its natural occurrence 
or contamination. The latter is responsible for most sur- 
face water lead in the United States. For example, studies 
of soil surrounding lead-emitting industries (e.g., 
smelters) have revealed soil lead concentrations higher 
than 60,000 parts per million (ppm, mg/L). In homes, 
lead contamination of soil occurs as painted exterior 
surfaces deteriorate. 

Lead in soil is an important vector for human 
exposure. The EPA, in conjunction with the U.S. Depart- 
ment of Housing and Urban Development, has sought to 
reduce lead exposure through the development of 
guidelines on safe levels in soil. Under these standards, a 
safe concentration of lead in soil is considered to be less 
than 400 ppm. 


HOBBIES 
Certain household hobbies can result in lead exposure. 
These include any work that involves the use of solder 
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(which, when volatilized, produces highly absorbable 
lead fumes), the manufacture of fishing weights, and 
various aspects of artisanship. In the latter category, 
ceramic glazes occasionally contain lead. Although the 
use of lead glaze has been markedly reduced, it still 
occurs. 


FOLK AND ALTERNATIVE MEDICINES 

As discussed in Chapter 68, lead is sometimes found in 
alternative medicines, including Ayurvedic and folk 
remedies.” Dolomite, clamshell powder, and other 
calcium supplements may contain lead, particularly if 
their source is pulverized bone.*°*® 


FOOD 

Food can be another source of chronic lead exposure. 
Lead enters the food chain through various routes. 
Vegetables, particularly homegrown vegetables that are 
grown in lead-contaminated soil, can introduce lead into 
the diet. Storage cans (“tin cans”) were previously manu- 
factured with a lead-solder seam. This seam, coming 
into direct contact with food, could readily release 
lead, particularly into acidic foods. In some studies, 
the solder seam raised the lead content of food as 
much as 4000-fold. The use of lead solder for the seam 
was banned in November 1991.8 However, its widespread 
use has left many lead-containing cans still available.® 
Also, cans brought from other areas of the world are 
likely to contain lead. 

Kitchenware can also be a source of lead. Previous 
reports have identified frank lead poisoning from the 
use of lead-containing vessels. These include samovars 
(heating urns), plates, bowls, cups, pots, and containers 
made of pewter.” 


OTHER 

Lead exposure can result from various types of substance 
abuse. First, the age-old practice of “moonshining’—that 
is, making illicit ethanol—has long been associated with 
lead poisoning from the use of lead-containing vessels 
such as discarded automobile radiators.*°*! Lead poi- 
soning can be caused by sniffing leaded gasoline; this is 
one of the few causes of organic lead exposure. Finally, 
the synthesis of methamphetamine may involve lead 
acetate. Sporadic reports have described lead in- 
toxication from the injection of lead-contaminated 
methamphetamine. 

Lead absorption from retained bullets can occur in 
those with gunshot wounds.***? However, the kinetics of 
lead absorption from soft tissue have not been well 
characterized. For example, in animal models, lead ap- 
pears to be poorly absorbed from muscle and fat; lead 
absorption from pleura and synovial fluid is most 
efficient.** Data from armed conflicts since the Civil War 
have documented lead poisoning in troops.** 


TOXICOKINETICS 


Lead is variably absorbed after ingestion. Its absorption 
is active, mediated by the same mucosal transport 


proteins that mediate calcium transport.’ However, 
absorption is dependent on several factors, including the 
form of lead, particle size, gastrointestinal (GI) transit 
time, nutritional status, and chronologic age. Lead 
absorption is inversely proportional to size; the smaller 
the particle, the more complete the absorption. This is 
why exposure to lead dust results in higher lead 
concentrations than ingestion of an equal amount of 
lead from a paint chip. 

Nutritional status is being increasingly shown to 
influence the extent of lead absorption. For example, 
iron deficiency results in increased lead absorption, 
probably because these atoms are linked to the same 
transport system.*°°° Tron deficiency also alters lead 
distribution within the body.®’ The prevalence of lead 
intoxication in childhood results, in part, from the 
relatively high incidence of iron deficiency in this 
population. Similarly, calcium deficiency is associated 
with increased lead absorption. High fat intake and 
inadequate calories have also been associated with 
enhanced lead absorption. Lead absorption is increased 
when the stomach is empty; small frequent meals reduce 
absorption, probably through lead binding by dietary 
phytates and other complexing agents.” Finally, lead ab- 
sorption is inversely proportional to chronologic age. As 
a general rule, 30% to 50% of ingested lead is absorbed 
from the gut of a child, compared with less than 10% in 
an adult.''*? This may be related to a higher density of 
intestinal transport proteins during periods of rapid 
growth.*° Lead is also readily absorbed after inhalation of 
dust or fumes. Generally speaking, lead particles must be 
less than 0.5 um to be absorbed from the respiratory 
tract.” Although inorganic lead is not absorbed through 
intact skin, organic lead compounds are."! 

After absorption, lead circulates in blood, having a 
half-life of about 30 days in adults.*? However, half-life is 
related to the duration of exposure. Those with short- 
term exposure experience more rapid disappearance of 
lead from blood than those with long-term exposure.“ 
In the blood, 95% of lead is attached to (or within) the 
erythrocyte; thus, it is blood lead and not serum lead levels 
that are measured. The volume of distribution of lead is 
unclear but is presumed to be large; only 1% to 5% of 
the body’s lead burden is in the circulation.' Lead readily 
crosses the placenta; fetal blood lead levels are typically 
30% to 35% higher than maternal blood levels.''4!*° 

The distribution kinetics of lead follows a three- 
compartment model. From blood, lead diffuses into soft 
tissues, including the liver, kidneys, bone marrow, and 
brain. This compartment is the primary site of lead’s 
cellular toxicity. After a period that corresponds to a half- 
life of 1 to 2 months, lead diffuses from these tissues into 
bone. In bone, lead is incorporated into the hydroxy- 
apatite lattice.'! Lead is similarly incorporated into 
teeth. Once it is a part of bone, lead is presumed to 
be inert and nontoxic; however, this issue has been re- 
visited as it becomes clear that conditions associated with 
bone mobilization (e.g., zero gravity, complete bed rest, 
medications, advancing years, and thyrotoxicosis) can 
also result in mobilization of lead.** Several researchers 
have described recurrent lead intoxication in children 


with a prior history of lead intoxication when they suffer 
conditions producing bone mobilization.*°*© Concerns 
have been expressed that pregnancy, another state of 
bone resorption, can result in increased lead mobil- 
ization with the potential for fetal exposure to excess 
lead.47*9 

Because of lead’s incorporation into bone, most lead 
is retained in the body with very little elimination (in the 
absence of chelation); only about 30 ug/day is excreted 
by the kidneys.'’ Therefore, declining blood lead levels 
in those with lead poisoning not undergoing chelation 
represent only lead’s distribution into soft tissues, not its 
excretion. In occupational monitoring, urinary lead 
excretion of less than 50 ug/g of creatinine is within 
normal limits. Lead’s overall half-life is about 10,000 days 
(20-30 years) .1°°° 


MECHANISMS OF TOXICITY 


The cellular mechanisms of lead’s toxicity are multiple 
and involve many different physiologic actions. Lead is 
particularly toxic to enzymes, particularly zinc-depen- 
dent enzymes. The blood lead levels at which adverse 
health effects occur are variable (Table 73-1). 

Organs most sensitive to lead’s toxicity are the kid- 
neys, hematopoietic system, and nervous system. In the 
kidneys, lead interferes with the heme-containing 
hydroxylase enzyme, which converts 25-vitamin D to 
1,25-vitamin D, an effect that is reversible.!!°! In 
addition, a toxic action affects the renal tubules, 
producing a tubulopathy characterized by selective 
proteinuria. At blood levels as low as 40 ug/dL, lead 
produces dense intranuclear inclusion bodies in renal 
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tubules.! More advanced stages of lead nephropathy are 
associated with interstitial fibrosis, as well as tubular 
atrophy, with relative sparing of the glomeruli.' 

Lead has a high affinity for sulfydryl groups, parti- 
cularly those of metalloenzymes. Such enzymes include 
those in the heme synthetic pathway, particularly 6- 
aminolevulinic acid dehydratase, coproporphyrinogen 
oxidase, and ferrochelatase. 6-Aminolevulinic acid de- 
hydratase activity is inhibited at blood lead levels as low 
as 5 ug/dL.*? This results in accumulation of 6-amino- 
levulinic acid, a putative neurotoxin.**°* Inhibition of 
ferrochelatase, which is responsible for incorporating 
iron into the porphyrin core, leads to elevated levels of 
erythrocyte protoporphyrin (EP). 

Lead also affects neurotransmitter production.*® This 
may be related to its ability to inhibit calmodulin, pyru- 
vate kinase, and other enzymes essential to neuronal 
function. Many of lead’s neurotoxic effects appear to 
result from its inhibition of cellular functions requiring 
zinc and calcium (which are also divalent cations) .°*°4 
Lead interferes with normal calcium metabolism, 
causing intracellular calcium buildup; it binds to most 
calcium-activated proteins with 100,000 times greater 
affinity.* 


LEAD POISONING IN ADULTS 


Clinical Manifestations 


Acute lead intoxication in adults is rare but can occur 
after high-dose respiratory exposure, such as use of a 
heating gun, acetylene torching of lead-coated metal, or 
organic lead exposure." Acute intoxication can produce 


Significant Health Effects of Lead at Lowest Observed Blood Lead (PbB) Levels in Adults 





LOWEST OBSERVED 
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and symptoms ropathy 
80 Frank anemia 
60 Female repro- 
ductive effects 
50 Reduced hemoglobin T Subencephalopathic Altered testicular 
production neurologic symptoms function 
40 Increased urinary ALA 4 Peripheral nerve 
and elevated dysfunction (slowed 
coproporphyrins nerve conduction) 
30 Elevated blood 
pressure 
(white males, 
ages 40-49) 
25-30 Erythrocyte 
protoporphyrin 
elevation in males 
15-20 Erythrocyte 
protoporphyrin 
elevation in females 
<10 ALA-D inhibition 


ALA-D, 5-aminolevulinic acid dehydratase. 
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encephalopathy, severe GI upset, and renal failure. More 
commonly, lead intoxication results from long-term 
exposure. 

Central nervous system (CNS) manifestations 
predominate in lead-poisoned adults. Signs and 
symptoms include fatigue, irritability, lethargy, insomnia, 
headache, difficulty concentrating, memory loss, and 
tremor.!!53 Other symptoms include myalgias, vomiting, 
constipation, and loss of libido.'! Severe lead intoxi- 
cation can result in an encephalopathy characterized by 
depressed consciousness, seizures, and coma, in asso- 
ciation with cerebral edema. Life-threatening neuro- 
toxicity usually develops with blood lead levels exceeding 
150 ug/dL. Another CNS effect of lead poisoning is 
an abnormal auditory brainstem evoked potential.!!°° 

Lead is also toxic to the peripheral nervous system, 
producing an axonopathy that results in motor dis- 
turbances.'*°° The distinctive pattern of lead-induced 
peripheral neuropathy affects the upper extremities 
more than the lower extremities, the extensors more 
than the flexors, and the dominant more than the non- 
dominant arm. Painter’s wristdrop is a once-endemic 
syndrome of upper extremity paresis found in painters 
who regularly used or removed lead-based paint. The 
initial segmental demyelination eventually leads to injury 
of both the axon and cell body.’ Nerve conduction 
studies have shown that ulnar nerve conduction is 
disturbed at lead levels as low as 30 ug/dL."1!°9°° 

The kidneys are a third major site of lead’s clinical 
toxicity. After lead exposure, lead concentrations are 
highest in the kidneys, particularly in the proximal 
tubules. As a result, lead, like cadmium, produces 
a renal injury characterized by excretion of fə- 
microglobulin and Macetylglucosidase.*’°* These pro- 
teins have been suggested as early markers of subacute 
lead-induced renal injury. Finally, chronic exposure to 
lead can result in hypertension; animal models suggest 
that hypertension results from disturbances in vasomotor 
tone 228-60 

Lead’s effect on the hematopoietic system is one of 
its most described toxicities and has been used as a 
measure of its lead-induced physiologic dysfunction. 
Basophilic stippling of erythrocytes, the precipitation of nuclear 
material, is a hallmark of severe lead exposure. In fact, before 
laboratory techniques were available for measuring 
blood lead levels, the degree of basophilic stippling 
served as a diagnostic tool. Lead is also a potent 
suppressor of heme synthesis, producing anemia once 
lead levels exceed 50 ug/dL; the anemia can be either 
normochromic or hypochromic.' 

Lead’s effects on reproduction are profound and mul- 
tiple. For example, because of lead’s diffusibility across 
the placenta, pregnant women with lead intoxication 
invariably have lead-poisoned offspring.*® Also, because 
pregnancy is a condition associated with bone mobil- 
ization, women with a past history of lead poisoning may 
have elevated lead levels during pregnancy. Other 
reproductive effects of lead poisoning in women include 
a higher rate of spontaneous abortion and stillbirth.°** 
Lead is one of the few toxins in which paternal exposure 
is also associated with adverse reproductive outcomes." *! 


Lead-poisoned men have decreased sperm counts and a 
higher number of abnormal sperm; these effects can 
appear at blood lead levels as low as 40 ug/dL.'11%. 

Other complications of lead intoxication include 
hypertension, GI disturbances, mild liver function 
abnormalities, gingival lead lines (blue discolorations of 
the gingiva), muscle and joint aches, and gouty 
arthritis.31163 


Assessment 


The diagnostic evaluation of lead intoxication focuses on 
identification and quantification of those disturbances 
that can be readily diagnosed. The most important test 
is measurement of blood lead level. Because of lead’s 
30-day half-life and large volume of distribution, blood 
lead level is a relatively poor measure of total body 
burden; however, because blood is easy to obtain and 
provides useful information after recent exposure, blood 
lead determination remains valuable. Blood lead levels 
can currently be measured by a number of techniques, 
including atomic absorption spectrometry, anodic strip 
voltammetry, thermal-ionization mass spectrometry, and 
inductively coupled plasma—mass spectrometry (ICP- 
MS).* All of these, when performed with appropriate 
quality control measures, are extremely accurate. 

Because blood lead levels can be a poor rep- 
resentation of body lead burden, better methods of 
assessing lead exposure are being sought. With lead ul- 
timately deposited in bone, and the skeleton serving as 
the primary in situ reservoir, diagnostic tools that mea- 
sure lead in the skeleton are being developed. One of 
the most promising of these is x-ray fluorescence 
(XRF) .°*°° XRF works by emitting x-rays at bone in order 
to activate electrons in valence shells, a process that pro- 
duces energy that can be measured. L-line XRF 
stimulates electrons in the L electron shell, whereas K- 
line XRF acts only at electrons in the K shell. The latter 
technique appears to have greater accuracy in assessing 
total bone lead concentration. Studies are demon- 
strating that XRF analysis of bone assesses body lead 
burden far more accurately than does blood lead 
determination. For example, Hu and colleagues showed 
that among carpenters with long-term lead exposure, 
lead burden as assessed by XRF correlated more closely 
with lead suppression of heme synthesis than did blood 
lead level.® Although promising, XRF has been difficult 
to develop in children because they have relatively little 
bone calcification and because lead incorporation into 
bone appears to occur at less predictable rates; however, 
the procedure has been used in several pediatric studies. 
XRF has the potential to replace blood lead mea- 
surement as a method of assessing lead exposure. 

EP measurement remains important in the evaluation 
of lead exposure. Because it is not only the quantity of 
lead in blood that is important but also the effect of that 
lead burden on body function, EP measurement serves 
to provide information on lead’s organ toxicity. EP is 
easily measured through hematofluorometry.?’ As a 
general rule, adults with lead poisoning have less EP 
disturbance than children. It is also notable that rises in 


EP lag behind lead exposure by several days; therefore, if 
measured shortly after exposure, EP levels may not yet be 
abnormal. 

Other laboratory tests useful in the evaluation of lead 
exposure include abdominal radiographs, renal function 
tests, complete blood count, and 6-aminolevulinic acid 
dehydratase activity. Abdominal radiographs are useful 
only if acute lead ingestion is suspected. Blood urea 
nitrogen and serum creatinine levels should be mea- 
sured, and a urinalysis should be performed. Although 
investigators have suggested that N-acetylglucosidase can 
be used as a marker of lead-induced renal injury, the 
clinical utility of this test has not yet been proved. 
A complete blood count (CBC) serves to identify either 
preexisting iron deficiency anemia or lead suppression 
of hematopoiesis; also, basophilic stippling can be 
identified on blood smear. 

Methods of assessing nervous system function after 
lead intoxication include measurement of auditory 
brainstem evoked potentials and nerve conduction 
velocity.°’ Lumbar puncture should not be performed in 
patients with altered mental status from suspected lead 
poisoning because the underlying cerebral edema can 
lead to herniation. 


Treatment 


Treatment of adult lead poisoning begins with cessation 
of further exposure. For those exposed in the 
workplace, OSHA standards must be implemented, if the 
business falls under OSHA regulations. Even for non- 
occupationally exposed adults (e.g., artisans or family 
members with lead poisoning due to home renovation), 
the primary intervention is prevention of further 
exposure. 


CHELATION THERAPY 


Parenteral Agents 

Chelators are agents that form stable ligands with 
metal, effecting enhanced renal or biliary excretion of 
the drug-chelate complex. Many chelators have been 
discovered during the past century. However, it was only 
after the mid-20th century that chelation therapy 
flourished. More than five lead chelators have been 
identified. 

The most important lead chelator developed is 
dimercaprol. ‘This agent was created in England during 
World War II after the search for an antidote to the 
deadly arsenic-containing gas lewisite. The resulting 
antidote was an arsenic chelator termed British 
antilewisite (BAL). Since its creation, BAL has proved to 
be one of the most potent heavy-metal chelators.°° In 
addition to lead, BAL chelates mercury, arsenic, and 
gold. BAL forms a stable dithiol bond with lead; the 
resulting complex is eliminated in both bile and urine. 

BAL has a significant adverse effect profile; as many as 
half of those who receive this drug develop an adverse 
reaction. Part of this results from BAL’s required 
preparation in a peanut oil vehicle; having such an ex- 
cipient, the drug can only be administered intra- 
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muscularly. BAL has oxidant properties that can produce 
hemolysis in those with glucose-6-phosphate dehydro- 
genase (G6PD) deficiency. Other adverse effects include 
hypotension, rash, vomiting, and a metallic taste in the 
mouth.” Toxic reactions occur when BAL is ad- 
ministered to those taking oral iron supplements. 

BAL should be administered to any patient with en- 
cephalopathy or a whole blood lead level greater than 
100 ug/dL.° The dose is 4 to 6 mg/kg per dose 
(maximum 300 mg per dose). Because of its vehicle, BAL 
should not be administered to patients with a history of 
peanut allergy.°? 

Another effective lead chelator is calcium disodium 
ethylene diamine tetraacetic acid (CaNa2EDTA, calcium 
edetate). Developed in the 1950s, this chelator became 
an important intervention in the treatment of childhood 
lead intoxication. Like BAL, EDTA forms a stable bond 
with the lead atom. The resulting complex is excreted in 
urine. EDTA can be administered intravenously or intra- 
muscularly; it is not administered orally, both because 
this route is less effective and because evidence suggests 
that oral EDTA can enhance GI absorption of ingested 
lead. EDTA has a very short half-life (about 65 minutes). 
As a result, it is ideally administered by continuous 
intravenous infusion. Alternative administration strate- 
gies include intramuscular or intravenous administration 
two to three times daily. The dose of EDTA given to 
adults is 1 to 2 g daily. 

As with BAL, adverse effects of EDTA limit its use. 
EDTA chelates nutrients, particularly zinc, in addition to 
lead. Therefore, in order to avoid zinc deficiency, 
courses of EDTA are limited to 5 days, followed by at least 
a 48-hour hiatus for nutritional recovery. EDTA courses 
are also limited to minimize its nephrotoxicity (mani- 
fested by proteinuria, hematuria, or glycosuria).® A 
limitation of EDTA is its relative ineffectiveness with 
blood lead levels less than 30 to 35 ug/dL, which narrows 
its range of utility. 


Oral Chelators 

Oral chelators have been developed to permit out- 
patient therapy for those with significant lead intoxica- 
tion. These include succimer and D-penicillamine. They 
are discussed in the section on childhood lead 
poisoning. 


INDICATIONS 

Because adults, compared with children, are considered 
relatively resistant to the toxic effects of lead, indications 
for chelation therapy are controversial. In occupational 
medicine practice, treatment of lead poisoning is typi- 
cally reserved for symptomatic adults, independent of 
blood lead level. Therefore, chelation therapy is often 
withheld until blood lead levels exceed 70 ug/dL, the 
range at which adults typically develop overt signs of lead 
intoxication. In such patients, hospitalization for EDTA 
chelation is recommended. Experience with childhood 
lead poisoning has demonstrated that EDTA chelation 
can exacerbate CNS toxicity when it is used as sole 
therapy in those with blood lead levels greater than 70 to 
100 ug/dL; this CNS toxicity probably represents EDTA 
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promotion of lead penetration into the brain. To prevent 
this, dual therapy with EDTA and BAL should be 
considered for adults with blood lead levels greater than 
100 ug/dL. BAL can be discontinued once the blood 
lead level has fallen below the range of 70 to 80 ug/dL. 

As the subclinical toxicity of lead becomes more 
appreciated, a growing opinion is that in adults, 
chelation therapy should be provided before overt 
clinical symptoms appear in order to prevent long-term 
sequelae, such as renal injury, as well as to reduce overall 
lead burden. Therefore, clinically asymptomatic adults 
can be considered candidates for chelation therapy even 
at lead levels of 25 to 40 ug/dL. Pregnant lead-poisoned 
women, unless their plumbism is severe, should not 
undergo chelation because of the possibility that the 
chelating agent will enhance lead movement across the 
placenta and be teratogenic.'* 


CHILDHOOD LEAD POISONING 


History 


The history of childhood lead intoxication is compara- 
tively brief. Childhood lead poisoning was first reported 
in Brisbane, Australia, in 1899, when, after extensive epi- 
demiologic investigation, A. J. Turner and J. L. Gibson 
associated the poisoning of young children with the 
ingestion of paint in their homes. Through the 20th 
century, increasing reports described catastrophic illness 
in children related to their ingestion of lead paint. 
Clinical features included basophilic stippling, abdom- 
inal pain, irritability, and often coma, seizures, and 
death. In 1943, Byers and Lord published a seminal 
article indicating that although childhood lead poi- 
soning had been thought of as an illness that, among 
survivors, produced no obvious sequelae, many children 
suffered cognitive disturbances or frank mental re- 
tardation. Since that paper, many additional studies have 
reported that lead poisoning in children can lead to 
subnormal intelligence, hyperactivity, aggression, and 
school failure.+”° 

In the 1950s and 1960s, many areas of the United 
States were found to have endemic rates of lead 
poisoning. These so-called lead belts were synonymous 
with large inner-city slums.*? This observation led to 
public outcries until, in 1959, the U.S. Public Health 
Service recommended that blood lead levels of 60 to 80 
ug/dL be considered evidence of increased lead ab- 
sorption in children; levels below this were not thought 
to have any clinical effect.® In 1970, the Surgeon 
General reduced the level of concern to 40 Ug/dL and 
for the first time shifted the focus from case finding to 
prevention through mass screening for childhood lead 
poisoning. Mass screening was facilitated through 
passage of the 1971 Lead-Based Paint Poisoning 
Prevention Act. In 1975, the Centers for Disease 
Control (CDC) began to establish classifications and 
risk categories for childhood lead poisoning. The blood 
lead level of concern was reduced to 30 ug/dL in 1975, 
to 25 ug/dL in 1985, and to 10 ug/dL in 1991. 


According to the 1991 CDC guidelines, the redefinition 
of childhood lead intoxication as a blood lead of 10 
ug/dL or greater was based on increasing scientific data 
indicating that toxic effects of lead were demonstrable at 
this level.4°7! Subsequent studies have suggested that 
neurodevelopmental harm can be demonstrated in 
children with blood lead levels below 10 ug/dL.”? The 
1991 CDC guidelines also moved from a single definition 
of lead poisoning to a tiered approach that recom- 
mended interventions based on a range of lead levels.” 
The most important preventive legislative action to 
occur was the banning of lead from residential paint in 
1978. However, with decades of use, the problem of lead 
poisoning from exposure to paint and dust continues. 


Epidemiology 


Childhood lead poisoning is currently defined as a blood 
lead level of 10 Ug/dL or greater. The new classification 
of lead poisoning establishes degrees of lead exposure as 
a means of prioritizing interventions (Table 73-2). 

Data from NHANES on the epidemiology of child- 
hood lead poisoning indicate that the average lead level 
of American children is 2 ug/dL, which is 80% less 
than mean blood lead levels in 1976. This blood lead 
level represents “background” exposure, the sum of 
different environmental sources. An estimated 450,000 
U.S. children have lead poisoning.’“* Childhood lead in- 
toxication is more prevalent in minority groups and 
among those living in the Northeast. The peak onset of 
lead poisoning in children is the second year of life, 
although de novo lead poisoning can appear in later 
childhood years.” Refugee children and those adopted 
from foreign countries can have prevalence rates of lead 
poisoning as high as 10% to 15%.7®77 

As with exposure to lead in adults, childhood lead 
exposure can result from many sources, including lead 
paint or dust, air, soil, water, and food.**”” However, 
there are significant differences in the etiology of frank 
lead poisoning according to age. For example, in 
children, lead paint and dust are the primary source of 
lead poisoning (in contrast to vocational or avocational 
exposure in adults). Also, children can develop con- 
genital lead intoxication.*! 

Lead paint remains the most common cause of lead 
poisoning in children.” The singular importance of 
paint results from several factors: (1) lead-containing 
paint chips are relatively sweet; (2) the small size and 
color of paint chips make them attractive to curious 
young children; (3) containing up to 50% lead by 
weight, paint chips are a high-dose source of lead, 
capable of producing fatal degrees of exposure’®*°; (4) 
pica, or repeated ingestion of nonfood objects, is most 
prevalent in early childhood, and in infants, hand-to- 
mouth activity is a completely normal developmental 
process; (5) children are more likely to have their hands 
dirtied by dust from the window well, the floor, or 
outdoor soilt; (6) household renovation of homes with 
lead generally results in greater contamination of the 
environment, a particular risk factor for lead poisoning 
in infancy; and (7) even household deleading can 
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Interpretation of Blood Lead Test Results and Recommended Follow-up for Children 





BLOOD LEAD 
CLASS CONCENTRATION (pg/dL) 

| <9 

IA 10-14 

IIB 15-19 

III 20-44 

IV 45-69 

V >70 


COMMENT 


A child in class | is not considered to be lead poisoned. 
Many children (or a large proportion of children) with blood lead 


levels in this range should trigger community-wide childhood 
lead poisoning prevention activities. Children in this range may 
need to be rescreened more frequently. 


A child in class IIB should receive nutritional and educational 


interventions and more frequent screening. If the blood lead 
level persists in this range, environmental investigation and 
intervention should be done. 


A child in class Ill should receive environmental evaluation and 


remediation and a medical evaluation. Such a child may need 
pharmacologic treatment of lead poisoning. 


A child in class IV needs both medical and environmental 


interventions, including chelation therapy. 


A child with class V lead poisoning poses a medical emergency. 


Medical and environmental management must begin 
immediately. 


From the Centers for Disease Control and Prevention: Preventing Lead Poisoning in Children. Atlanta, Author, 1991. 





result in greater exposure to lead if not performed 
properly. Children who live with an adult who has a lead- 
related occupation are at greater risk for lead in- 
toxication as a result of dust importation by the adult.®° 

Exposure to lead in water has greater impact on 
young children because of their relatively small size, 
their greater daily water consumption, and the greater 
proportion of dietary lead absorbed by a child’s gut. 
Lead poisoning from lead-contaminated water has been 
reported by several researchers.**** In all these cases, 
water was being used to prepare infant formula. Water 
can become highly contaminated if warmed or boiled in 
a vessel that contains lead.*°°6 

Although soil has not been clearly associated with the 
development of lead poisoning, it clearly contributes to 
background lead levels in children. Also, in areas with 
highly contaminated soil (e.g., homes near smelter), 
children tend to have higher blood lead levels.2’ In a 
study of the impact of soil lead abatement on blood 
lead levels in children, Weitzman and colleagues® 
showed that elimination of lead in soil could effect a 
reduction in blood lead of about 1 ug/dL, an amount 
insufficient to justify large-scale soil abatement measures. 

Other potential causes of lead poisoning in children 
include administration of folk remedies (e.g., greta, 
azarcon, or Paylooah), congenital exposure, and in- 
gestion of foreign bodies.***!*? A reported case of fatal 
childhood lead intoxication (blood lead level, 283 
ug/dL) occurred after a child ingested a lead curtain 
weight, which was retained in the GI tract for several 
weeks.” Finally, lead intoxication has been reported in 
newborns who receive a blood transfusion from lead- 
poisoned donors.?!” 

All children are not at equal risk for lead intoxication; 
rather, it is the unique relationship between the in- 
dividual child and his or her environment that results 
in lead exposure. This explains the common phenom- 


enon of one child’s developing lead poisoning while 
living in a house that contains lead, although other 
children in the same environment do not have increased 
lead exposure. The most important risk factor is 
generally the oral habits of the child, particularly the 
presence of pica. Another risk factor for childhood lead 
poisoning is developmental delay. Children with 
significant delays—for example, those with autism—are 
more likely to develop lead poisoning.” Moreover, 
the pattern of lead poisoning in these children has 
atypical features, including its appearance at an older 
age and the tendency for recurrent exposure, despite 
environmental hazard reduction.”® Finally, for reasons 
that are not clearly explained, childhood lead poisoning 
is more prevalent in summer than winter. 


Toxicokinetics 


The kinetics of lead in children have not been ex- 
tensively analyzed but are thought, with some exception, 
to parallel the kinetics in adults.* However, certain 
differences have been well characterized. For example, 
the extent of lead absorption is greater in children than 
in adults (30% to 50% versus 10%). Also, nutritional 
factors have a greater role in the development of child- 
hood plumbism. Inadequate intake of iron, calcium, and 
total calories, all of which are more prevalent in 
children, are associated with higher blood lead 
levels.*°°After its absorption, lead is distributed through 
soft tissues before its deposition into bone. The half-life 
of lead in the soft tissues of children may be longer, pro- 
bably because children have less bone available for lead 
incorporation. As with adults, the estimated body 
elimination half-life of lead is 20 years. 

Lead toxicokinetics in the pregnant and lactating 
woman have significant effects on children.” During 
both pregnancy and lactation, women mobilize skeletal 


1138 TOXIC METALS AND MINERALS 





calcium.479*!0 In the process, lead is mobilized as well. 
Because lead freely crosses the placenta, the fetus in- 
variably receives some amount of maternal lead, presum- 
ably in association with the degree of skeletal lead in the 
mother, reflecting her lifelong exposure. Maternal bone 
lead has been correlated with fetal neurotoxicity.'°! Lead 
is also mobilized with calcium during lactation.!0*!” 
However, several studies indicate that the amount of lead 
excreted into breast milk is negligible unless maternal 
blood lead level is greater than 40 to 50 ug/dL.106107 


Clinical Toxicity 


Although the mechanisms of toxicity for lead poisoning 
in childhood are similar to those in adults, clinical mani- 
festations are different. Also, the lead level at which these 
toxic manifestations appear is lower in children (Table 
73-3). Children, for example, are more susceptible to all 
of lead’s neurotoxic effects. 

Lead encephalopathy in children has presenting fea- 
tures that are comparable to the disease in adults. How- 
ever, encephalopathy appears in children at blood lead 
levels as low as 50 to 60 ug/dL.*°'> Prominent features 
are irritability, anorexia, apathy, listlessness, abdominal 
pain, obtundation, and, if untreated, cerebral edema, 
seizures, and death. 108-109 

The CNS effects of lead have caused the greatest 
concern about childhood plumbism.*?!!° Exposure to 
lead during critical periods of neurodevelopment can 
produce permanent changes in cerebral architecture. 
The mechanisms of these changes have been described 
by Goldstein, Silbergeld, and others®*'"': During the first 
2 years of life, synaptic density and complexity are 
markedly increased such that by the third year of life, 
neuronal arborization exceeds the normal adult pattern 


almost twofold.'''!'2 The enzymes that have an 
important role in mediating this process, including pro- 
tein kinase C and calmodulin, are inhibited at very low 
concentrations of lead. Another critical factor in normal 
dendritic arborization is the activity of neural cell 
adhesions molecules; these proteins are also impaired by 
lead. The consequences of childhood lead exposure are 
thus reduced synaptogenesis and imprecise synaptic 
“pruning.” Functional changes, including decreased 
neurotransmitter synthesis, also occur.5®111112 The 
hippocampus is thought to be the primary anatomic site 
for these effects, this being an area with a high zinc 
content. Severe lead exposure can disturb the integrity 
of the already immature, permeable blood-brain barrier 
of a child.*°1 

The clinical consequences of lead neurotoxicity are 
vast. At an extreme, children with severe lead in- 
toxication can be left with profound cognitive dis- 
turbances (mental retardation). Estimates from several 
population-based studies are that children can lose about 
5 points (95% confidence intervals ranging from 2 to 14) 
in intelligence quotient (IQ) for every 10 ug/dL 
elevation in their blood lead level.!369114116 Although a 
loss of 5 IQ points is arguably insignificant in any child, 
the potential left shift of the normal distribution of IQ 
among children would result in greater numbers of 
children with low IQ and a reduction in the number 
of children with superior IQ,” It is this principle that 
has, in part, maintained public health momentum to 
reduce blood lead levels in children to the lowest range 
possible. Other adverse developmental outcomes in lead- 
poisoned children include aggression, hyperactivity, 
school failure, and antisocial behaviors.!!7!> Childhood 
lead poisoning has been associated with juvenile delin- 
quency and even homicidal tendencies.'**!*? Another 


Health Effects of Lead at Lowest Observed Blood Lead (PbB) Levels in Children 





LOWEST OBSERVED 


EFFECT PbB (pg/dL) NEUROLOGIC EFFECTS 


Deficits in neurobehavioral 
development 

Deficits in neurobehavioral 
development; 
electrophysiologic changes 


<10 (postnatal) 


10-15 (prenatal 
and postnatal) 


15-20 

<25 Lower IQ, slower reaction 
time (studied cross-sectionally) 

30 Slowed nerve conduction 
velocity 

40 

70 Peripheral neuropathies 

80-100 Encephalopathy 


ALA, aminolevulinic acid; EP, erythrocyte protoporphyrin. 


HEME SYNTHESIS 


EFFECTS OTHER EFFECTS 


ALA-D inhibition Reduced gestational age and 
weight at birth; reduced size 


up to age 7-8 yr 


Erythrocyte 
protoporphyrin elevation 


Impaired vitamin D metabolism; 
pyrimidine-5’-nucleotidase 
inhibition 


Reduced hemoglobin; 
elevated EP and ALA-U 
Frank anemia 
Colic, other gastrointestinal 
effects; kidney effects 


Adapted from Agency for Toxic Substances and Disease Registry: The Nature and Extent of Lead Poisoning in Children in the United States: A Report to 


Congress. Atlanta, U.S. Public Health Service, 1988. 





relatively common consequence of lead poisoning is the 
development of a learning disability in which overall IQ 
is normal by standardized testing but the child demon- 
strates discrete learning weaknesses such as impairment 
in memory, auditory processing, and visual-motor 
integration. ”%115.126-1238 Attentional weaknesses can give 
the appearance of attention-deficit hyperactivity disorder 
(ADHD).! These effects, which have been demon- 
strated in children with blood lead levels as low as 
6 ug/dL, can persist through the preadolescent and ado- 
lescent years.-119.121,122,130,131 Recent data suggest that 
there is the potential for some reversibility in lead 
neurotoxicity, challenging assumptions that all neuro- 
developmental effects of lead poisoning are rever- 
sible.!3+133 Some researchers believe that there is no clear 
evidence that lead poisoning causes learning problems 
in childrent?4135 

Peripheral neuropathy can occur in children with 
lead intoxication'®®; children with sickle cell disease may 
be at higher risk for this complication.!3®137 Children can 
develop subclinical peripheral neuropathy at lead levels 
as low as 30 ug/dL.!°” Hearing is also significantly de- 
pressed by low levels of lead exposure!*®'*? (Fig. 73-2). 
Motor disturbances, including reduced scores on bilat- 
eral coordination, upper limb speed, and dexterity tests, 
may also occur.!4014 

Renal toxicity due to childhood lead poisoning in- 
cludes impairment of vitamin D activation?! 14°"; this 
appears to be a reversible effect. A 50-year follow-up of 
lead-poisoned children suggests that they have a seven- 
fold greater risk for adult hypertension. 


0.8 4 
O 
® 
© 
N 
SI 
oO 0.7 
TO 
=a 
2% 
oo 
oe 
“= WN 
<< 
O Q 
=.= 
D 
D.E 0.6 
QE 
co 
o S 
a 
® 
Aà 
0.5 


4 6 9 12 18 
Median blood level (ug/dL) 


FIGURE 73-2 Fraction of children with hearing worse than a 
reference group stratified by quintiles of blood lead con- 
centration, after adjustment for covariates. (From Schwartz J, Otto 
D: Lead and minor hearing impairment. Arch Environ Health 
1991;46:300-305.) 
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Hematopoietic effects of lead poisoning in children 
include suppression of erythropoiesis with resulting ane- 
mia. Children are more sensitive to lead suppression of 
heme synthesis, as evidenced by their higher EP con- 
centrations. However, the anemia that accompanies lead 
poisoning is sometimes cause rather than effect because 
iron deficiency results in greater lead absorption.”! 

Lead can disturb bone development, leading to the 
formation of growth arrest, or “lead lines.” Lead lines are 
best identified at the metaphyses of long bones, parti- 
cularly the distal radius and proximal fibula. These lines 
generally appear 3 to 6 weeks after a period of significant 
lead exposure and generally correlate with a peak 
blood lead level of greater than 45 to 50 ug/dL.!* 
Childhood lead poisoning has also been associated with 
the development of dental caries.!4144 


Diagnosis 


Assessment of children with known or suspected lead in- 
toxication requires a careful physical evaluation that in- 
cludes investigation of clinically overt signs and 
symptoms such as irritability and abdominal pain. The 
laboratory evaluation is an important adjunct. All 
children with lead intoxication should receive a venous 
blood lead and EP level, a CBC, measurement of blood 
urea nitrogen and creatinine, urinalysis, and measures of 
iron status (serum iron with total iron-binding capacity, 
serum ferritin, or reticulocyte hemoglobin). The need 
for radiographs should be individualized. If recent inges- 
tion of lead-containing material is suspected, an abdom- 
inal radiograph should be obtained. Radiographs of the 
long bones can be useful as an assessment of timing and 
magnitude of exposure.”! In children with blood lead 
level less than 45 to 50 ug/dL, long bone radiographs are 
usually valueless. As a general rule, long bone films never 
alter clinical management. 

Newer means of assessing lead burden are being 
explored. For example, the research use of deciduous 
teeth has the potential to be clinically valuable. Also, 
XRF in children may ultimately prove to have the same 
value that is being found in the assessment of adult lead 
intoxication.!2*!% 


Treatment 


Treatment of lead intoxication in children focuses 
on three components, in descending order of im- 
portance: environmental inspection/hazard reduction, 
nutritional supplementation, and, if necessary, chelation 
therapy. ’1! 

Whenever a child is found to have lead poisoning, its 
etiology must be identified. Unless the source is clearly 
known, a complete environmental inspection is nec- 
essary. This inspection is guided by data obtained from an 
environmental history, including previous lead tests of 
the child, the age and condition of the child’s housing, 
recent renovations, water intake, use of kitchenware that 
may contain lead, time spent elsewhere (including 
daycare, school, and relatives’ homes), occupations of 
adult family members, oral habits of the child, and 
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siblings or playmates with lead intoxication. The results of 
the history should guide inspection of areas that may 
include the home interior and exterior, water, and 
alternate housing.’!!“° Inspections for lead are generally 
performed using either a sodium sulfide test (the 
reaction between this solution and lead produces gray- 
black lead sulfide) or XRF. The latter test is best able to 
detect lead paint that is covered by a nonlead surface. 
Interior home inspection should include dust wipings, 
especially when there are children younger than 1 year, 
who are more likely to have dust-laden hands because of 
their crawling. Household lead hazards, if found, should 
be reduced or fully abated (i.e., deleaded). In one study, 
deleading alone was shown to reduce blood lead levels by 
as much as 30%.'4” On the other hand, deleading has the 
potential to result in greater lead exposure if not 
conducted properly.'*® Therefore, it is important that 
work be done with minimal environmental contami- 
nation, with the family living elsewhere and with final 
inspection before reoccupancy. Methods of reducing 
without removing household lead hazards include use 
of trisodium phosphate detergent and the application 
of encapsulants, which are chemical polymers that 
effectively (albeit temporarily) cover lead surfaces. 

Nutritional supplementation focuses on eliminating 
iron and calcium deficiency, both of which result in 
greater absorption of ingested lead.3571149150 Because 
there are no consistently accurate measures of iron status 
in children,®*”! iron supplementation should be em- 
pirically initiated; iron sulfate elixir or drops can be 
prescribed in a dose of 3 to 6 mg/kg per day for a period 
of 4 to 6 weeks. Although evidence in animal models 
suggests that iron supplementation promotes the 
elimination of lead from the body, in human subjects, 
its only proven effect is reduction of further lead 
absorption.*°”! Calcium deficiency is uncommon in 
children who have a varied diet with regular milk intake. 
If there is any question about calcium intake, however, 
the diet should be enhanced with calcium-rich foods 
(e.g., yogurt, cheese, milk) or calcium supplementation 
should be prescribed.**”! The combination of envi- 
ronmental abatement and nutritional supplementation 
is often sufficient to produce prompt reductions in 
blood lead level. However, the diminution in blood lead 
level may not be sufficient or may not occur rapidly 
enough to reduce the risk for multisystem injury. In 
these cases, chelation therapy is warranted. 


Chelation Therapy 


Chelation therapy for lead intoxication was initially 
developed to reduce the mortality associated with 
childhood lead poisoning. Increasing emphasis is being 
placed on its use to prevent morbidity as well. Therefore, 
although the same agents are available for both adults 
and children with lead intoxication, the greater focus, 
particularly the development of oral chelators, has been 
directed to pediatric treatment. 

Increasing options in both parenteral and oral chela- 
tion therapy have brought into question the indications 
for hospitalization of lead-poisoned children. Decisions 


for hospitalization should be individualized. However, 
the goals of hospitalization are at least threefold: (1) to 
provide environmental protection so that the child has 
no further lead exposure, (2) to provide close moni- 
toring for evidence of clinical toxicity, and (3) to provide 
aggressive chelation therapy.® With these principles, 
hospitalization should be considered for all children who 
are younger than 6 years and who have a blood lead level 
exceeding 45 to 55 ug/dL. Children who are hospital- 
ized for lead intoxication should never be returned to 
the environment in which their lead poisoning occurred 
unless hazard reduction measures have been completed. 


PARENTERAL CHELATING AGENTS 

Parenteral agents for lead intoxication in childhood are 
BAL and EDTA. However, both of these agents are used 
in different fashions in the pediatric population. For 
example, because of the risk for CNS deterioration or 
death when EDTA alone is given to children with severe 
lead intoxication,'®! dual therapy with both BAL and 
EDTA should be instituted for children with blood lead 
levels of 70 ug/dL or greater.’ EDTA is begun about 4 
hours after the first dose of BAL. BAL is given every 
6 to 8 hours until the blood lead level is less than 
70 ug/dL. Adverse reactions and cautions are the same 
in children as in adults, although children appear to 
have a higher prevalence of febrile reactions.® BAL 
should be used cautiously in those with G6PD deficiency, 
and oral iron therapy must be discontinued. Peanut 
allergy is a contraindication to the use of BAL.” 

EDTA is given in a daily dose of 35 to 50 mg/kg per 
day (1000 to 1500 mg/ mĉ). Although the agent can be 
given intramuscularly, intravenous administration is pre- 
ferred because intramuscular EDTA is extremely painful 
and because brisk urine output, necessary to prevent 
EDTA nephrotoxicity, is better achieved with intravenous 
hydration. Because of EDTA’s short half-life, continuous 
intravenous infusion is preferred; however, adminis- 
tration every 8 to 12 hours is an acceptable alternative. 
The duration of therapy is 3 to 5 days, depending on the 
blood lead level.®’ Thereafter, therapy is discontinued. A 
“rebound” blood lead level measurement should be 
obtained 2 to 3 days after the EDTA is discontinued for 
those in whom an immediate second course of EDTA 
chelation is anticipated. For others, a 2- to 3-week 
rebound level is obtained. Some degree of rebound, 
which represents redistribution of lead from soft tissues 
into blood, always occurs after chelation. Additional 
courses of EDTA may be necessary, depending on the 
degree of rebound. It is not uncommon for children 
with blood lead levels of 60 ug/dL or greater to require 
two or more courses of EDTA.” 

Because not every child with lead intoxication has a 
gratifying response to EDTA chelation, particularly 
children with blood levels less than 45 Ug/dL, the EDTA 
mobilization test was once a widely used method of 
identifying children who will benefit from chelation 
therapy.'°*!°° To perform the test, a child is given a single 
dose of EDTA followed by an 8-hour collection of urine, 
which is analyzed for total lead excretion. A positive 
mobilization test is considered a ratio of greater than 0.6 


between the dose of EDTA administered (in milligrams) 
and the quantity of urine excreted (in micrograms). The 
lead mobilization test, although valuable, has short- 
comings.®*!>4 First, it is difficult to collect 8 hours of 
urine in small children in the absence of catheterization, 
which is traumatic. Spilled or lost urine makes test inter- 
pretation difficult if not impossible.’ The performance 
of the test is labor intensive and requires an 8- to 10-hour 
health care visit (or brief hospitalization).'°° Finally, 
there is little likelihood of a positive mobilization test 
result in children with blood lead levels less than 25 to 35 
ug/dL.!°? Collectively, these factors have made the 
mobilization test relatively useless.°? 


ORAL CHELATING AGENTS 

Numerous oral chelating agents have been used or are in 
current use for the treatment of lead poisoning. The two 
most commonly used agents are D-penicillamine and 
succimer. 

D-Penicillamine was fortuitously discovered in 1953 by 
Walshe!” and, because of its copper-chelating ability, was 
quickly used in the treatment of Wilson’s disease. Its 
efficacy at chelating lead initially resulted in suggestions 
that penicillamine be used to treat lead-exposed workers 
without their removal from work. 

D-Penicillamine has unique, incompletely understood 
chelating properties.'°! For example, it does not 
appear to be capable of forming stable bonds with the 
lead atom. Nonetheless, it does enhance urinary lead 
excretion, possibly by forming a heterocyclic ring 
(sulfur and nitrogen atoms binding the lead).!°8 Like 
BAL, penicillamine is capable of chelating other metals, 
including arsenic and mercury. 

The efficacy of D-penicillamine in childhood lead 
intoxication has been demonstrated in studies by 
Sachs, Vitale, Marcus, Shannon, and others.!51159-164 Data 
from these studies have shown that penicillamine 
can reduce blood levels, even in children with blood 
lead levels of 20 to 35 Ug/dL. Blood lead levels as low 
as 3 ug/dL can be achieved using this drug.'® 
D-Penicillamine can be considered for children with 
blood lead levels in the range of 2 to 35 ug/dL.? 

D-Penicillamine is given in a dose of about 15 mg/kg 
daily.'°? Its use is initiated after baseline CBC. Available 
only in capsules or tablets of 125 and 250 mg, the 
tablets must usually be crushed or the capsules opened 
and placed in food or drink. Having an unpleasant 
odor and taste, penicillamine must often be concealed 
in juice or food. Because iron may decrease D- 
penicillamine absorption by as much as 65%, iron 
supplementation should be discontinued during peni- 
cillamine therapy.'° The agent is given twice a day 
at home by the parents. During treatment, children 
must be monitored every 2 to 4 weeks for evidence of 
adverse effects. Monitoring laboratory tests include 
CBC, urinalysis, blood lead, and EP determinations. 
Typical courses of D-penicillamine therapy are 2 to 3 
months in length. 

Penicillamine has an overall adverse effect rate of 
5% to 10%, arate that has led to considerable reluctance 
to use it. The most common adverse effect is GI upset. 
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More serious effects occur in about 7% of children and 
include rash white blood cell count depression. The 
occurrence of adverse effects should prompt dis- 
continuation of therapy.’ In all reported experience 
with D-penicillamine use for childhood lead poisoning in 
otherwise healthy children, these effects have been mild 
and reversible. 

Succimer is an oral chelating agent that was dis- 
covered in the 1950s; in 1991, it became the first oral 
chelating agent ever approved for the treatment of 
lead intoxication.!581651607 An oral congener of BAL, 
succimer has, interestingly, not been approved for 
adult lead intoxication, in part because of the ever- 
present risk for its abuse by workers, employers, or 
physicians.'°° 

Succimer is has been approved for use in children 
with blood lead levels exceeding 45 ug/dL. However, 
studies have demonstrated that its safety and efficacy 
extend to children with blood lead levels between 25 and 
45 ug/dL!67169.170; it is therefore a therapeutic option for 
these patients. Although there is no clearly defined 
upper limit of lead level for which succimer can be used, 
itis prudent to use conventional, dual parenteral therapy 
(EDTA and BAL) in children with blood lead levels 
of 70 ug/dL or greater. 

Succimer is available in 100-mg capsules. The current 
treatment protocol is administration of 10 mg/kg per 
dose. For the first 5 days of succimer therapy, it is given 
three times daily. For the next 14 days, treatment is twice 
a day. A complete course of DMSA chelation is therefore 
19 days. An alternative regimen is 10 mg/kg/dose, given 
twice a day for 28 days. Adverse effects associated with 
succimer, which occur in about 5% of patients, include 
rash and minor elevations in hepatic transaminases; 
monitoring should include periodic liver function 
testing.!58162 Succimer, unlike BAL, does not produce 
hemolysis in those with G6PD deficiency. Also, succimer 
can be administered concomitantly with iron therapy. 
Mean reductions in blood lead with succimer are as great 
as 70% to 80%.'°%116 However, in contrast to peni- 
cillamine, succimer discontinuation is followed by a robust 
rebound in blood lead level, appearing 2 to 4 weeks 
after completion of therapy. It is not unusual to experi- 
ence rebound lead values that approximate the pretreat- 
ment value. As a result, multiple courses of succimer 
are usually necessary to produce enduring reductions 
in blood lead levels. Because lead rebounds can be con- 
fused with reexposure to lead, it is important to monitor 
EP levels. Lead reexposure is associated with increases in 
EP values; lead rebound is not. 

Additional agents that have been used for the 
treatment of lead intoxication are dimercaptopropane- 
sulfonate (DMPS) and trientine.!”!!” Neither of these 
agents has moved beyond the investigational stage. 


INDICATIONS AND GOALS FOR CHELATION 
THERAPY 

The indications for initiating chelation therapy in chil- 
dren are controversial. For children with blood lead 
levels of 10 to 20 Ug/dL (the majority of lead-poisoned 
children in the United States), chelation therapy is not 
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recommended, primarily because it is difficult to identify 
a single source of lead to abate and because for lead 
levels in this range, the risk for adverse effects from 
chelation therapy may outweigh the potential benefits.”! 
Instead, education, hazard reduction (if a lead source is 
found), and nutritional supplementation are provided. 
For those children with blood lead levels of 20 ug/dL or 
greater, consultation with a lead specialist is recom- 
mended.’”! Among these children, chelation therapy 
should be considered. The decision to begin therapy 
should be based on (1) evidence that the blood lead 
level is not declining despite environmental abatement 
and nutritional supplementation, (2) the age of the child 
(evidence strongly suggests that the most neuro- 
developmentally vulnerable age is the first 24 months of 
life!31, (3) evidence of biochemical disturbances (i.e., an 
elevated EP level), (4) the assumption that reducing lead 
burden does reverse some toxicity (e.g., renal and 
hematopoietic) and may reverse neurodevelopmental 
disturbances,**!9*!"3 and (5) the desire to reduce lead 
burden to prevent its deposition in bone, where 
recrudescence later in life could occur. In initiating 
chelation therapy, the goals of treatment must also be 
established. Although this is also an area of some 
controversy, it is rational to have a goal of reducing blood 
lead level to the range of 10 to 15 mg/dL, if not lower. 
This requires long-term treatment strategies and fre- 
quent monitoring. 

In children with more serious lead poisoning (blood 
lead > 30 to 35 ug/dL), formal cognitive or neuro- 
psychological testing should be performed to identify 
neurodevelopmental weaknesses and initiate remedial 
programs as soon as possible. Because these weaknesses 
are generally not identifiable with gross developmental 
assessment (e.g., the Denver Developmental Screening 
Test) and may not be evident in the first few years of life, 
formal testing is recommended after the ages of 4 to 6 
years of age, with close neurodevelopmental monitoring 
through adolescence.!”4 


Prevention 


Prevention of childhood lead poisoning has led to both 
primary and secondary prevention strategies.”!110-175 
Primary prevention consists of environmental inspection 
and abatement before a child develops lead intoxication. 
Because the cost of identifying and abating all homes (or 
other sources) with lead is prohibitive, primary pre- 
vention efforts have been difficult to implement. How- 
ever, federal and state legislation that includes lead 
notification before home renting or purchase is being 
passed to ensure safe housing. Other primary preventive 
measures, including lead removal from soil, were 
attempted in a pilot study by Weitzman and colleagues, 
with little success.*® 

Prevention has focused primarily on secondary 
efforts. Under this philosophy, because lead poisoning is 
asymptomatic in its early phases, the goal is to identify 
children who have developed lead poisoning, in order to 
prevent their lead levels from rising further and to 
protect their siblings and playmates from lead exposure. 


Secondary prevention forms the basis of routine lead 
screening in children. 

Secondary prevention through screening initially con- 
sisted of capillary (fingerstick) measurement of EP levels. 
This test was used both because EP level rises with lead 
intoxication and because capillary lead tests are easily 
contaminated by lead on the fingertip, leading to a high 
rate of false-positive results. When the definition of lead 
poisoning was reduced to 10 ug/dL in 1991, EP 
screening had to be abandoned because EP does not 
consistently rise until blood lead level exceeds 30 to 35 
ug/dL.!”° Therefore, with a desire to identify all children 
who have blood lead levels of 10 ug/dL or greater, the 
current recommendation is to measure blood lead only. 
Although capillary lead testing can produce false-positive 
results, making it less useful, it is an acceptable means of 
screening children if performed properly.!77178 

Another strategy for secondary prevention is universal 
lead screening. Because lead intoxication is present 
throughout the United States and there are no 
completely reliable means of case finding, recom- 
mendations have been that all children receive periodic 
lead screening, regardless of where they live or their 
socioeconomic status. This recommendation has been 
strongly criticized because it is costly and because, in 
many areas, its yield is extremely low.!”” Opponents 
believe that lead screening in areas that have a low 
incidence of lead poisoning are a financial waste.!” 
Targeted screening—that is, screening of children 
thought to be at risk for lead exposure—may be a more 
cost-effective strategy.!®°'S! Selective screening, if used, 
should target siblings and close playmates of lead- 
poisoned children. Lead poisoning in domestic pets may 
signal lead intoxication in the child.'** Other children at 
risk for exposure include those with developmental 
delays, those with a history of foreign body ingestion 
or insertion, and those with a history of physical 
abuse.’!183185 Risk assessment questions have been 
created by the CDC and other researchers to use in 
identifying children at risk for lead exposure.188.187 
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/ 4 Arsenic and Arsine 


DAVID C. PIGOTT, MD m ERICA L. LIEBELT, MD 


At a Glance... 


m Acute inorganic arsenic toxicity is characterized by severe 
gastroenteritis, cardiovascular instability, seizures, acute 
respiratory distress syndrome, and renal failure. 

m Survivors of acute inorganic arsenic toxicity develop peripheral 
neuropathy and Mees’ lines. 

m Chronic inorganic arsenic toxicity is characterized by 
sensorimotor peripheral neuropathy, pancytopenia, palmar and 
plantar hyperkeratoses, liver disease, and cancers. 

m Seafood can contain large amounts of organic arsenic, a 
relatively nontoxic form. 

m Laboratory diagnosis utilizing measurement of urinary arsenic 
concentrations supports the diagnosis; speciation to distinguish 
inorganic from organic arsenics is useful in identifying the type 
and source of arsenic. 

m Treatment of arsenic toxicity may include the use of chelating 
agents—BAL, DMSA, or DMPS. 

m Clinical signs and symptoms of arsine poisoning are abdominal 
pain, hematuria, and bronze-pigmented skin. 

m Acute massive hemolytic anemia and renal failure characterize 
severe arsine toxicity. 

m Treatment of severe arsine intoxication includes exchange 
transfusion. 


ARSENIC 


Introduction 


Arsenic is a metalloid that exists in multiple forms— 
gaseous (arsine), organic, and inorganic (arsenite and 
arsenate). The name arsenic, which is derived from the 
Greek word arsenikon, meaning potent, has become 
synonymous with poison. The gaseous form, arsine, is the 
most toxic of arsenic species. Of the remaining forms, 
inorganic arsenate (pentavalent arsenic) and arsenite 
(trivalent arsenic) are the most toxic, while organoarseni- 
cal compounds (“fish arsenic”) are generally considered 
to have little toxicity. 

Arsenic has had various medicinal and industrial uses 
throughout history, which have led to the recognition of 
both its acute and chronic toxicities (Box 74-1). It also 
has been a popular homicidal or suicidal agent, the 
result of its availability, low cost, and tasteless and 
odorless characteristics. For similar reasons, arsenic has 
been included on lists of possible chemical substances that 
could be used as chemical warfare agents by terrorists. 


History 


Arsenic and arsenic poisoning have been recurring 
themes in history and literature for centuries. Aristotle 


referred to sandarach (arsenic trisulfide) in the 4th 
century BC. The first isolation of a free form of arsenic is 
generally credited to Albertus Magnus (c. 1206-1280), 
the famed theologian, philosopher, and scientist. The 
longtime use of arsenic and arsenical compounds in 
common household items has likewise been well 
documented. An arsenic-based pigment known as Paris 
green or Scheele’s green was developed around 1775 by 
Carl Scheele, a Swedish chemist. It was used in paints, 
wallpaper, and fabrics (and also as an insecticide) until 
the end of the 19th century, when its toxic effects 
became known. Its bright green color was derived from a 
combination of copper arsenate and copper acetate. 

The use of arsenical compounds for poisoning has 
also had a long and storied career. From the Borgias of 
the Middle Ages, who were rumored to have treated 
their unfortunate guests to arsenic-laced wine, to 
Napoleon, whose death has been argued by some to be 
the result of repeated arsenic poisoning, arsenic has long 
been the poison of choice for those bent on toxicologic 
malfeasance. 

Famous epidemics of arsenic poisoning include the 
“Staffordshire Beer Epidemic” at the turn of the last 
century, the poisoning of a cohort of Japanese infants 
with arsenic-laced formula in 1955, and chronic arsenic 
poisoning in Singapore from a contaminated herbal 
preparation in 1972 and 1973. Millions of victims in 
India and Bangldesh have been chronically exposed to 
toxic levels of arsenic from their water supply and are 
suffering from arsenicalism.'* This epidemic has been 
called the largest mass poisoning in recorded history. 
Recently, several incidents of mass arsenic poisoning 
have been reported, with the perpetrators adding arsenic 
to communal food or drink at public gatherings.* 


Uses/Sources 


Arsenic is an element that occurs naturally in the earth’s 
crust. Environmental sources of arsenic include under- 
ground aquifers and volcanoes. Water coursing along 
geologic belts of arsenic (as in the Bangladesh epidemic) 
can become highly contaminated. The major source of 
environmental arsenic for the general population in the 
United States is food. In marine environments, inorganic 
arsenic can be made organic by microorganisms. The 
shellfish that ingest these microorganisms contain the 
highest concentrations of this nontoxic arsenic species in 
the form of organic arsenic or arsenobetaine. Other 
dietary sources of arsenic (usually inorganic) include 
grains, meats, and drinking water. The World Health 
Organization (WHO) guideline value for arsenic in 
drinking water is 0.01 mg/L.° In 2002, the U.S. 
Environmental Protection Agency (EPA)’s rule for new 
standards for arsenic in drinking water became effective, 
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BOX 74-1 


Inorganic Arsenic 


Pesticides 

Insecticides 

Herbicides 

Fungicides/algicides 

Wood preservatives (chromium-copper-arsenate) 


Occupation/Sites/Industries 

Smelting/mining of nonferrous ores (copper and gold) 
Microelectronic manufacture 

Fossil fuel combustion 

Forestry 

Agriculture (cotton harvesting) 

Decorative glass making 

Metallurgy 


Medicinals/Contaminated Drugs 
Ayurvedic medications 

Trisenox (arsenic trioxide) 
Homeopathic remedies 

Herbals 

“Moonshine” ethanol 

Opium and cocaine 


Other 
Contaminated well water 


Organic Arsenic 


Seafood (particularly shellfish) 
Melarsoprol (trypanocide) 


Arsine 


Occupation/Sites/Industries 
Semiconductors (gallium arsenide) 
Galvanizers 

Solderers 

Etching 

Lead plating 

Microchip processing 





decreasing the maximum contaminant level (MCL) from 
50 ppb to 10 ppb in public water systems.° Water systems 
must meet this standard by January 2006. This change is 
estimated to prevent between 19 and 31 cases of bladder 
cancer and 19 to 25 cases of lung cancer each year as well 
as numerous cases of skin cancers and heart disease. 
However, it is still projected to lead to a cancer mortality 
rate as high as | per 100,000 people. 

For centuries arsenic has been used for medicinal 
purposes. In the 1800s, Fowler’s solution (1% potassium 
arsenite) was used to treat a variety of infectious and 
malignant diseases. In the past it was also used as a 
treatment for syphilis. It is still prescribed for African 
sleeping sickness (melarsoprol). In 2000, arsenic trioxide 
(Irisenox) was U.S. Food and Drug Administration 
(FDA)-—approved as a chemotherapeutic agent for acute 
promyelocytic leukemia. 

Industrial sources and uses of arsenic are numerous. 
It has been used in agriculture as an insecticide, 


herbicide, defoliant, fungicide, and growth regulator. It 
has also been used as rat and ant poison. Arsenic is used 
in metallurgy for hardening alloys of copper and lead, 
as a dopant in semiconductor production, and in the 
manufacturing of pigments for paints, ceramics, and 
some types of glass. 

Until recently, the most common use of arsenic in 
industry was as a wood preservative in combination with 
copper and chromium (copper chromium arsenate, or 
CCA). CCA protects wood from rotting due to insects 
and fungi, greatly extending the wood’s life span. It has 
been used to pressure-treat the lumber used for decks, 
picnic tables, and playground and other outdoor 
equipment since the 1930s. Burning and sanding of 
arsenic-treated wood has resulted in clinical toxicity.’* In 
2003, the EPA finalized an agreement to phase out use of 
CCA-treated lumber in residential settings; as of January 
2004, pressure-treated wood containing CCA could no 
longer be sold in the United States for home use. 
However, industrial uses of treated lumber such as for 
guardrails and utility poles are still allowed. 

In 2002, arsenic exposures (including arsenic-based 
pesticides) represented 1621 of the over 2 million total 
poison exposures reported to the American Association 
of Poison Control Centers Toxic Exposure Surveillance 
System.’ Of these exposures, 519 were reported in 
children younger than 6 years of age. Of these 1621 
exposures, 1290 were unintentional. Nine patients 
developed life-threatening symptoms; one death was 
reported. These data almost certainly underrepresent 
the total number exposures in this country, particularly 
those resulting from occupational and environmental 
sources. 


Pharmacology 


Arsenic compounds exist primarily in two chemical states: 
trivalent (As**, arsenite, the most toxic and carcinogenic) 
and pentavalent (As**, arsenate). The basis of toxicity for 
trivalent arsenic stems largely from its affinity for sulfur, 
particularly sulfhydryl group-containing cellular enzymes."° 
Pentavalent arsenic compounds are less toxic but can 
uncouple oxidative phosphorylation via a process known 
as “arsenolysis.” Organoarsenical compounds have no 
well-defined toxicity. However, organoarsenate toxicity 
has been reported in animals exposed to monosodium 
methyl arsenate, a common herbicide." 

Trivalent arsenic inhibits the conversion of dihy- 
drolipoate to lipoate in the pyruvate dehydrogenase 
reaction, resulting in decreased production of acetyl 
coenzyme A, an essential cofactor in the ATP-generating 
Krebs cycle (Fig. 74-1). Through its affinity for sulfhydryl 
groups, trivalent arsenic interferes with multiple other 
cellular enzymes. It blocks the production of glutathione, 
an important endogenous antioxidant, thereby sub- 
jecting cells to greater risk of oxidative damage.'*'® 

The toxicity of pentavalent arsenic largely results from 
its in vivo conversion to trivalent arsenic. In addition, 
pentavalent arsenic has a molecular structure similar to 
that of inorganic phosphate; it therefore can substitute 
for phosphate in glycolysis and cellular respiration 


Pyruvate oy Acetyl dihydrolipoate 


Lipoate 


| 
+ 


Dihydrolipoate 


Arsenic3+ ———> 


Acetyl-coA 







Krebs cycle 


FIGURE 74-1 Pathophysiologic effects of trivalent arsenic, 
As(Ill). Trivalent arsenic interferes with the transformation of 
dihydrolipoate to lipoate, thereby inhibiting the formation of 
acetyl coenzyme A, an essential cofactor in the ATP-generating 
Krebs cycle. 


processes. High-energy phosphate bonds are not made, 
leading to uncoupling of oxidative phosphorylation. 
Finally, adenosine diphosphate (ADP) binds to 
pentavalent arsenic, leading to the production of 
ADP-arsenate rather than the usual high-energy ATP 
molecule (Fig. 74-2).' 


Pharmacokinetics and Toxicokinetics 


The gastrointestinal (GI) absorption of most trivalent 
and pentavalent arsenic compounds dissolved in water 
exceeds 90%. Poorly soluble compounds, such as arsenic 
trioxide, are less well absorbed. The volume of dis- 
tribution is 0.21 L/kg, with 90% being eliminated from 
the blood within 2 hours. For the remaining arsenic, a 
more gradual decline occurs, with a half-life of about 
30 hours. Metabolism of arsenic is achieved primarily 
through its methylation. Pentavalent arsenic compounds 
are converted to the more toxic trivalent arsenic prior to 
their methylation. Trivalent arsenic undergoes methyla- 
tion to monomethylarsenate and dimethylarsenate.'*"° 


Normal oxidative phosphorylation 


ADP + P, ————> ATP 


In presence of Arsenic?*, 
oxidative phosphorylation is uncoupled 


ADP + As°’ —————> ADP-Arsenate (unstable) 


FIGURE 74-2 Pathophysiologic effects of pentavalent arsenic, 
As(V), termed arsenolysis. Pentavalent arsenic can substitute for 
inorganic phosphate in the formation of ATP, instead creating the 
unstable byproduct ADP-arsenate and thereby decoupling 
oxidative phosphorylation, an essential process in cellular 
respiration. 
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Urinary arsenic excretion is rapid, with 46% to 69% of 
arsenic eliminated with 4 to 5 days. However, continued 
excretion can occur for weeks to months.!*!° 

Dermal absorption is minimal unless arsenic is 
present in a lipid-soluble form or skin integrity is 
damaged; however, absorption can occur through the 
mucous membranes. The potentially fatal human dose of 
arsenic trioxide (arsenite) following an acute exposure is 
estimated to be between | and 4 mg/kg. 


Special Population: Children 


In the past several years, arsenic been increasingly 
scrutinized as a poisonous substance because of concerns 
about the potential health risks to children who play on 
arsenic-treated playground equipment. When exposed 
to outdoor elements, especially acidic rainwater, the 
arsenic in CCA can leach out of the wood. Several studies 
have documented significantly higher concentrations of 
arsenic in the soil immediately under pressure-treated 
wood compared with control samples.!®!7 In many 
samples, the concentrations were several-fold higher 
than state limits and EPA regulatory guidelines. Because 
of their normal hand-to-mouth activity, children can be 
exposed to high concentrations of arsenic from con- 
taminated surfaces or soil over their lifetime, increasing 
their risk for cancer and chronic toxicity. Children’s 
susceptibility to the toxic effects of arsenic may also be 
increased owing to differences in GI absorption; 
metabolism; higher body surface area, resulting in 
greater absorption per pound of body weight; higher 
respiratory rate; and different breathing zones. As 
mentioned above, commencing January 2004, the EPA 
no longer allows pressure-treated wood containing CCA 
to be used for residential applications. However, several 
thousand tons of existing lumber will remain on porch 
decks and playground equipment, and children will 
continue to be exposed. 


Clinical Toxicology 


Arsenic can affect nearly every major organ system and is 
also a well-known carcinogen.!® Trivalent arsenic com- 
pounds are known to cause tracheal and bronchogenic 
carcinomas, hepatic angiosarcomas, and various skin 
cancers, such as intraepidermal carcinomas, squamous 
cell carcinomas, and basal cell carcinomas.!*’ An 
increased risk of myelogenous leukemia has also been 
demonstrated after arsenic exposure.” Bladder, renal, 
lung, and liver cancers have all been associated with 
chronic internal exposure to arsenic-containing solutions 
or arsenic-contaminated drinking water.'??! 

The toxic effects of arsenic depend largely on the 
degree and duration of exposure. A single large exposure 
can produce rapid and even fatal effects; a smaller 
chronic dose of arsenic leads to delayed or gradual effects 
that occur over months to years (Table 74-1). 

Acute arsenic toxicity usually follows ingestion, but 
significant toxicity can also be seen following inhalation 
or dermal exposure. Initial symptoms affect the GI tract, 
causing oral irritation and burning in the oropharynx 
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Acute vs. Chronic Arsenic Toxicity 





SYSTEM 


Central nervous 
Peripheral nervous 
Cardiovascular 
Gastrointestinal 
Pulmonary 


Hemtologic 
Renal 


ACUTE TOXICITY 


Confusion, delirium, encephalopathy, seizures 


Peripheral neuropathy appears early 

Hypotension, conduction delays (prolonged 
QT.), dysrhythmias (bradycardia, ventricular 
fibrillation, torsades de pointes) 

Nausea, vomiting, intense thirst, watery or 


bloody diarrhea, abdominal pain, acute hepatitis 


Cough, dyspnea, chest pain, pulmonary edema 
Hemolytic anemia 
Acute tubular necrosis, acute renal failure 


CHRONIC TOXICITY 


Encephalopathy, headache, seizures, psychosis, 
personality changes 

Sensorimotor neuropathy develops/persists 

Prolonged QT, and conduction delays 


May be absent, stomatitis, cirrhosis, portal 
hypertension 

Cough 

Anemia, leukopenia, pancytopenia 


Otolaryngologic 


Dermatologic Mees’ lines, transverse lines in hair 


Other 


Mucous membrane irritation, metallic taste 


Laryngitis 

Hypo- or hyperpigmentation, hyperkeratosis 
(palms and soles), skin cancers, facial/ 
peripheral edema, alopecia 

Multiple cancers, blackfoot disease 





and esophagus, followed by nausea, vomiting, and severe 
diarrhea. This diarrhea has been described as analogous 
to the “rice water” stools associated with cholera. Hemor- 
rhagic gastroenteritis may occur, or necrosis of the GI 
mucosa leading to perforation. Increased vascular 
permeability and endothelial damage with “third spacing” 
of interstitial fluid are characteristic; adequate volume 
resuscitation of patients suffering from acute arsenic 
exposure is essential but may not prevent a fatal outcome. 

Central nervous system (CNS) symptoms may also 
occur, including seizures or acute encephalopathy. 
Encephalopathic symptoms may include headache, 
confusion, decreased memory, personality change, 
irritability, hallucinations, and delirium. Development of 
peripheral neuropathy due to axonal degeneration, as in 
other heavy metal exposures, can occur relatively rapidly 
after acute arsenic ingestion.** Sensory symptoms pre- 
dominate early in the course, with patients complaining 
of “pins and needles” primarily in the lower extremities. 
Progression of the neuropathy is characterized by 
numbness and tingling to absent sensation of pain, 
touch, temperature, and deep tendon reflexes in a 
stocking-glove distribution. Motor weakness may develop 
and sometimes progress to an ascending flaccid paralysis 
similar to Guillain-Barré syndrome. The peripheral 
neuropathy usually occurs within 1 to 3 weeks following 
exposure, but in one series, nine patients developed 
maximal neuropathy within 24 hours.*° 

Cardiac dysrhythmias such as torsades de pointes and 
ventricular fibrillation have been described, as well as 
sudden bradycardia leading to cardiac arrest.** Prolon- 
gation of the QT interval has also been well reported. 
Multisystem organ dysfunction is described, with hepatic 
involvement leading to acute hepatitis and renal 
failure.” Fetal demise is a documented complication of 
acute maternal arsenic poisoning.*° 

Less severe presentations of acute arsenic poisoning 
may result in persistent GI symptoms requiring 
hospitalization and intravenous fluid replacement. A 
garlicky breath odor may be present. Dermatologic 


findings are not characteristic early in the clinical course 
of acute arsenic toxicity. However, transverse lines across 
the finger and toenails (Mees’ lines) appear after 1 to 
2 weeks and are one of the most characteristic signs of 
acute arsenic poisoning. Mees’ lines do not appear after 
chronic arsenic exposure. 

In chronic arsenic toxicity, the fulminant presentations 
associated with a single acute arsenic ingestion are not 
seen. Rather, the gradual development of skin pig- 
mentation changes, palmar and plantar hyperkeratoses, GI 
symptoms, anemia, and liver disease are common.2’ 

Skin findings, such as hyperpigmentation and 
hyperkeratoses, are often among the first symptoms of 
chronic arsenic toxicity. Later, the development of skin 
cancers such as Bowen’s disease (intraepithelial squa- 
mous cell carcinoma) is seen.” Hepatomegaly is a com- 
mon finding in patients with chronic arsenic exposure.*® 
Other hepatic abnormalities including cirrhosis and 
noncirrhotic portal hypertension have been linked to 
chronic arsenic exposure. Increased incidence of dia- 
betes mellitus in arsenic-exposed populations has also 
been described, the result of arsenic’s endocrine- 
disrupting effects.” GI volume losses as seen in acute 
arsenicalism are less common. 

Arsenic has a deleterious effect on both red and white 
blood cell populations, leading to anemia, aplastic 
anemia, and agranulocytosis. Arsenic’s adverse effect on 
white blood cell levels was first documented with the use 
of Fowler’s solution on leukemia patients in the late 
1800s; recently, arsenic trioxide (Trisenox, Cephalon, 
Inc., Frazer, PA) has surfaced as a potential therapy for 
patients with acute promyelocytic leukemia.*?*! 

Chronic encephalopathy, headache, and peripheral 
sensorimotor neuropathy can be seen with long-standing 
arsenic exposure because arsenic is primarily a 
peripheral neurotoxin.** Overt CNS toxicity, however, is 
rare. Chronic cough may develop. A syndrome of lower 
extremity vascular insufficiency (blackfoot disease) has 
been documented in Taiwanese populations exposed to 
elevated arsenic levels in well water.’ 


Diagnosis 


The diagnosis of acute or chronic arsenic poisoning is 
made primarily on the basis of history and clinical 
presentation. In cases of homicide or environmental 
exposure, the patient or health care provider may not 
even know that arsenic poisoning has occurred. Medical 
history taking should address the patient’s home heating 
methods (burning of arsenic-treated wood in stoves or 
fireplaces); drinking water source; gardening, farming or 
forestry activities; use of folk, herbal, or homeopathic 
remedies; location of residence in relation to agricultural 
or industrial activities; diet; and occupational history. 
Physical examination may provide the characteristics as 
described above. The utility of laboratory diagnostic studies 
depends on whether the exposure is acute, chronic, or 
remote, with residual clinical effects such as cancers. 


LABORATORY TESTING 

Arsenic Levels 

To interpret blood and urine tests accurately, it is 
important to understand the pharmacology of arsenic, 
particularly its metabolism and clearance, as well as 
sources of organic arsenic. The most useful test for 
confirming excessive arsenic exposure is a 24-hour urine 
collection and analysis. An elevated arsenic level 
confirms the diagnosis of arsenic exposure but not the 
type of arsenic; a low level does not exclude the diagnosis 
of arsenic toxicity. Normal urine levels of arsenic in an 
unexposed person should be less than 25 ug per 24 hours 
or 10 to 30 ug/L of urine.** In infants and children, a 
6- to 8-hour timed urine specimen can be substituted for 
a full 24-hour collection. Urinary levels of inorganic 
arsenic, both trivalent and pentavalent, peak within 
10 hours and normalize as soon as 20 to 30 hours after 
ingestion. Levels of urinary methylarsonic acid and 
dimethyarsinic acid peak within 40 to 50 hours after 
ingestion and normalize approximately 6 to 20 days after 
ingestion.” 

In an emergency, a single urine void or “spot” urine 
may be collected as a substitute for a 24-hour collection. 
In these specimens, arsenic should be measured 
per gram of creatinine. Because creatinine excretion 
is so variable in children, a “spot” urine is completely 
unreliable. In one study, initial spot urine arsenic levels 
ranged from 192,000 to 198,450 ug/L in patients with 
symptoms of acute toxicity.°° Because urinary excretion 
of arsenic is intermittent, definitive diagnosis relies on 
finding a concentration of greater than 50 ug/L arsenic, 
100 ug/g of creatinine, or a total of greater than 100 ug 
arsenic in a 24-hour urine collection, again taken in the 
context of the patient’s history and clinical presentation. 
Urinary arsenic excretion varies inversely with the 
postexposure time period, but low-level excretion may 
continue for months after exposure. In one study of 
patients with arsenic-induced peripheral neuropathy, for 
4 to 8 weeks’ duration, patients had total 24-hour urinary 
arsenic measurements of 100 to 400 Ug.*” 

When seafood is ingested, urinary arsenic levels may 
transiently increase to 200 to 1700 ug/L.** Therefore, 
laboratory arsenic speciation into organic arsenobetaine 
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(predominant arsenic in seafood) versus inorganic levels 
is needed to determine the actual type and source of the 
exposure. Alternatively, patients can abstain from fish 
consumption for | week prior to testing; in this instance, 
all arsenic excreted can be presumed to be inorganic. All 
urine should be collected in metal-free containers. Most 
hospital laboratories do not routinely measure heavy 
metals; thus, it is important that specimens from acutely 
ill patients be sent to a reference laboratory. 

A serum arsenic level is highly variable. It will usually 
be elevated in a recent acute exposure but is rapidly 
cleared after several hours. Serum levels of arsenic in 
unexposed persons are less than 3 Ug/ dL.’ If there is a 
significant delay between ingestion and presentation, 
diagnosis of arsenic poisoning based on serum concen- 
trations may be erroneous. Concentrations are often 
normal in cases of chronic toxicity. 

Analysis of arsenic in hair or nails generally is not 
useful. Although arsenic may begin to accumulate in 
these areas within hours of exposure, these samples may 
also be contaminated by environmental deposition of 
arsenic. Analyzing pubic hair may be useful. Laboratories 
offering hair and nail analysis have demonstrated 
inconsistent results and fail to establish appropriate 
normal reference ranges.*? However, such testing may be 
helpful to confirm exposure in populations. 


Other Laboratory Studies 

Because inorganic arsenic is radiopaque, an abdomi- 
nal radiograph may demonstrate the material in the GI 
tract after an acute ingestion.*! The rapid absorption of 
arsenic may limit the usefulness of this test after several 
hours. 

Other laboratory tests to include in the evaluation are 
a complete blood count with peripheral smear, seeking 
the presence of anemia, leukopenia, thrombocytopenia, 
and/or basophilic stippling”; a chemistry panel that 
identifies renal insufficiency; liver function tests for 
elevated aminotransferases and bilirubin; and an electro- 
cardiogram for prolongation of the QT, interval and 
torsades de pointes. Urinalysis may show proteinuria, 
hematuria, and pyuria. Cerebrospinal fluid analysis in 
patients with CNS findings due to arsenic may be normal 
or exhibit mild protein elevation.?’ This is in contrast to 
patients with Guillain-Barré syndrome, who typically 
have an elevated protein concentration after the first 
week of the illness. 


DIFFERENTIAL DIAGNOSIS 

The differential diagnosis for inorganic arsenic toxicity 
depends on the particular symptom or combination of 
symptoms being manifested. Infectious gastroenteritis 
may mimic acute inorganic arsenic poisoning initially; 
however, the more prolonged course of clinical symp- 
toms and persistent need for intravenous fluids with 
arsenic toxicity is atypical for most viral and bacterial 
enteric illnesses and should alert the health care 
provider to consider arsenic toxicity. Other toxic agents 
may present with acute GI symptoms (Box 74-2). 
Guillain-Barré syndrome and arsenic toxicity may 
present with very similar peripheral neuropathies, 
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BOX 74-2 














Gastrointestinal Disorders 
Infectious gastroenteritis 


Peripheral Neuropathies 
Guillain-Barré syndrome 


Hepatitis Alcohol 
Toxin-induced gastroenteritis Diabetes 
Mercury, iron Thallium 
Aspirin, colchicine Lead 
Marine toxins 
Organophosphorus 
compounds 
Ricin 


although the former is not associated with persistent GI 
symptoms. Peripheral neuropathies associated with 
diabetes, alcohol, thallium, and chronic lead poisoning 
should also be considered. 


Management 
SUPPORTIVE MEASURES 


Acute arsenic toxicity can be life threatening and 
necessitates aggressive supportive therapy (Table 74-2). 
Hypotension should be treated with crystalloid fluids 
initially and may require blood products if GI hemor- 
rhage is ongoing. Vasopressor and inotropic therapy may 
be necessary if fluids alone do not provide hemodynamic 
stability. All patients should be placed on a cardiac 
monitor and evaluated for cardiac dysrhythmias or 
conduction abnormalities. Ventricular tachycardia and 
fibrillation can be treated with lidocaine and/or 





amiodarone, and defibrillation.**** Torsades de pointes 
can be treated with isoproterenol, magnesium, and/or 
overdrive pacing. 

Patients with evidence of chronic arsenic toxicity 
should be removed from the arsenic source. If homicidal 
intent is suspected for hospitalized patients, visitors 
should be monitored closely and outside food forbidden. 


GASTROINTESTINAL DECONTAMINATION 

If radiopaque material is seen on abdominal radiograph, 
gastric lavage may be useful. However, its efficacy is likely 
to be limited because of rapid GI absorption of arsenic. 
Although arsenic poorly adsorbs to activated charcoal, it 
should be administered when there is suspicion for co- 
ingestants. Whole-bowel irrigation may be necessary to 
decontaminate the GI tract of any radiopaque material 
remaining after gastric lavage.** Continuous nasogastric 
suction may be important in removing arsenic resecreted 
in gastric or biliary secretions. One study reported 
detectable arsenic in gastric aspirates of three patients 
5 to 7 days following ingestion.*° 


ANTIDOTES 

Chelating agents are the antidotes for severe arsenic 
poisoning. Chelation therapy should be initiated as soon 
as possible if acute inorganic arsenic toxicity is suspected; 
organic arsenic exposure does not require chelation. For 
cases of suspected chronic toxicity, therapy can wait until 
laboratory verification of the diagnosis is made unless 
the patient’s clinical status is deteriorating. Four 
chelating agents are available in the United States, each 
with their own efficacy and safety profile. 

British antilewisite (BAL), or 2,3-dimercaptopropanol, 
has been the standard therapy for acute inorganic 
toxicity. BAL was developed during World War II because 
of concern that lewisite, a toxic dichlorovinyl arsenic- 





TOXIN SUPPORTIVE CARE GI DECONTAMINATION 
Inorganic Intravenous Orogastric lavage (if 
arsenic crystalloids radiopaque material 
is seen on abdominal 
radiograph) 

Monitor for Whole-bowel irrigation 
hypotension, until radiopaque 
dysrhythmias, material is gone 
seizures 

Continuous nasogastric 
suction to interrupt 
enterogastric 
recirculation 

Arsine Oxygen 

Intravenous crystalloids 

Red blood cell 
transfusion 

Monitor for 


hyperkalemia, 
oliguria/anuria, 
and dysrhythmias 


CHELATION THERAPY TRANSFUSION HEMODIALYSIS 


BAL: 3 to 5 mg/kg 
IM every 4 hours 


Hemodialysis for 
renal failure 


or 

DMPS: 3 to 5 mg/kg IV 
(maximum, 250 mg) 
every 4 hours; 4 to 
8 mg/kg PO every 
6 to 8 hours 

DMSA: 10 mg/kg/dose 
PO tid for 5 days, 


then bid 
Exchange Hemodialysis for 
transfusion acute renal 
for severe failure 
hemolysis/ 
anemia 





containing vesicant, would be used as a chemical weapon. 
BAL was used clinically for the treatment of arsenical 
dermatitis caused by diphenylamine chlorasine and 
organoarsenical antisyphilitic agents. 

BAL is a lipid-soluble dithiol chelator formulated in 
peanut oil; it can be administered only as a deep intra- 
muscular injection. It binds to arsenic to form a BAL- 
thioarsenite compound that is readily eliminated by the 
kidneys. Case series have demonstrated that BAL is 
efficacious and can reduce mortality of acute toxicity if 
given early (i.e., within 6 hours of exposure). In one 
study of 15 patients with encephalopathy, all but one 
patient improved clinically within 24 hours of BAL 
initiation.*” Some reports suggest that neuropathy can be 
prevented if BAL therapy is instituted within hours of 
ingestion, whereas others have found that BAL is not 
effective in treating the neuropathy.”°°"*8 In these 
studies, however, treatment was not instituted in many 
patients until 4 to 6 weeks after ingestion. 

Dosing for BAL is 3 to 5 mg/kg every 4 hours until the 
24-hour urinary arsenic excretion is less than 50 ug/L or 
until another chelating agent is substituted. In some 
animal models, BAL appears to worsen arsenic toxicity 
by enhancing its redistribution in the brain.*? Because 
BAL is lipid soluble, it may be more efficacious than 
DMSA and DMPS (see below), both of which are water 
soluble, in removing tissue arsenic.” Potential adverse 
effects of BAL include tachycardia, elevated temperature 
and blood pressure, nausea, vomiting, headache, 
burning sensation of the lips, and seizures. BAL can be 
administered parenterally to critically ill patients. 

DMPS, or 2,3-dimercaptopropanol-sulfonic acid 
(Unithiol, Dimaval), is a water-soluble analog of BAL 
used in the treatment of mercury, arsenic, and lead 
poisoning. DMPS was first developed in the former Soviet 
Union in the 1950s but was not available outside that 
country until 1978, when it was approved in Germany for 
use in mercury and lead poisoning. Although not 
approved by the FDA, DMPS can be obtained for com- 
passionate use through an Investigational New Drug (IND) 
Application Process from Heyl, a German pharmaceutical 
company. As of 2005, it is no longer distributed in the 
United States in bulk quantities for compounding. 

Animal studies demonstrate that DMPS is equal to or 
better than DMSA and BAL in reducing toxic effects of 
arsenic.°!°° It has also been associated with a reduction 
in tissue levels of arsenic in experimental animals and 
increased excretion of arsenic in human studies.°*”° One 
randomized clinical trial found that DMPS significantly 
improved clinical scores and urinary excretion of arsenic 
compared with placebo in 21 patients with chronic 
arsenicalism.°° An additional case report found that 
DMPS administration was associated with recovery from 
severe arsenic-induced peripheral neuropathy.*’ 

DMPS can be administered by oral, intramuscular, or 
intravenous routes. The intravenous route should be 
reserved for those patients with a compromised cardio- 
vascular or GI status (GI erosions) that would impair oral 
absorption. For severe acute toxicity, 3 to 5 mg/kg 
(maximum dose 250 mg) are given every 4 hours by slow 
intravenous infusion over 20 minutes. Once the patient 
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has been stabilized, oral DMPS, 4 to 8 mg/kg every 6 to 
8 hours, is administered. Most of the reported adverse 
reactions to DMPS are allergic and include skin reactions 
(rash, urticaria), mucous membrane reactions, and 
elevated body temperature. Rapid intravenous admin- 
istration may be associated with vasodilatation and 
transient hypotension. Although DMPS increases the 
urinary excretion of copper and zinc, this effect should 
not be clinically significant in patients without 
preexisting deficiency of these trace elements. 

DMSA, 2,3-dimercaptosuccinic acid, is an oral analog 
of BAL and approved by the FDA for treatment of lead 
poisoning in children. Animal studies demonstrate that 
DMSA is equal or superior to BAL in urinary and fecal 
elimination of arsenic as well as decreasing concen- 
tration of arsenic in liver, kidneys, spleen, and brain.°®°9 
DMSA has been used successfully to chelate arsenic in 
humans.” The dimercaptan-arsenic complex is water 
soluble, resulting in significant excretion of arsenic. The 
optimal dosing is unknown, and some clinicians follow 
the treatment guidelines established for lead (see 
Chapter 73). If urinary concentrations of arsenic remain 
elevated, prolonged therapy may be necessary. DMSA 
may be substituted for BAL once GI injury has resolved 
and gut motility has returned in acutely ill patients. For 
patients with chronic toxicity, DMSA may be the 
treatment of choice if DMPS is not available. 

D-Penicillamine is an oral monothiol chelator 
originally developed as a chelator for copper but useful 
for other heavy metal poisonings. It has been used as a 
chelating agent for arsenic poisoning, although little 
experimental evidence validates its efficacy.°°* Animal 
models comparing D-penicillamine, BAL, DMSA, and 
DMPS found D-penicillamine ineffective in treating 
arsenic toxicity.” It should be used only when BAL, 
DMPS, and DMSA are unavailable. The recommended 
dose is 25 mg/kg dose (maximum, 1 g/24 hr) every 
6 hours until the urinary arsenic is less than 50 ug/L/ 
24 hours. Adverse effects include rashes, leukopenia, 
thrombocytopenia, and nephrotoxicity. 


EXTRACORPOREAL ELIMINATION 

Hemodialysis has been reported to eliminate arsenic at 
clearance rates ranging from 76 to 87 mL/min with or 
without concomitant BAL therapy.°*® It may be an 
effective adjunctive therapy in patients with renal 
insufficiency and should be instituted for patients with 
renal failure. 


DISPOSITION 

Patients exhibiting symptoms of acute arsenic toxicity 
should be admitted to the hospital for supportive care 
and chelation therapy. Patients with cardiovascular 
instability and significant symptoms should be managed 
in an intensive care unit. Appropriate law enforcement 
should be notified if homicidal intent is suspected. It is 
imperative that the source of arsenic exposure be 
identified by public health officials so that reexposure 
does not recur after discharge. If the exposure was 
suspected to be occupational, a workplace evaluation 
should be undertaken along with notification of the 
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proper authorities. Long-term follow-up including 
physical therapy and rehabilitation may be necessary for 
patients with neurologic sequelae. Neurologic injury may 
be permanent. 


ARSINE 


Introduction 


Arsine (arsenous hydride, or AsH3) was identified in 
1775 and its toxic properties discovered in the early 
1800s when a German chemist died after inhaling the gas 
in his laboratory. It is the most toxic form of arsenic. 
Arsine is a colorless, odorless, nonirritating gas that is 
denser than air and has an odor of garlic. Arsine is 
produced when acids come into contact with arsenic 
residues or when water acts on metallic arsenide com- 
pounds. It is used as a dopant gas in the semiconductor 
industry. Occupational exposure may occur for workers 
involved in galvanizing, soldering, etching, lead plating, 
and computer microchip processing (see Box 74-1). 


Pathophysiology 


Arsine poisoning is characterized by rapid and fulminant 
hemolysis of red blood cells. Several mechanisms of red 
blood cell toxicity have been proposed.®’ Hemoglobin 
fixes arsine in a nonvolatile form within the red blood 
cell.® It has been suggested that the arsenic dihydride 
and elemental arsenic resulting from oxidation of arsine 
are the hemolytic agents. The inhibition of catalase by 
arsenic or arsenic compounds with the formation of 
hydrogen peroxide has also been proposed as a 
mechanism of hemolysis. Others have postulated that 
arsine depletes erythrocyte gluatathione stores, resulting 
in cell membrane instability, thereby causing hemolysis. 
Explanations of the mechanisms by which very low levels 
of arsine gas induce severe hemolysis remain speculative. 

Many theories have been advanced to explain 
arsine nephrotoxicity.°’ Deposition of erythrocyte 
breakdown products in the renal tubules may result in 
renal failure. Necrotic renal tubules containing 
hemoglobin casts are characteristically observed in tissue 
specimens obtained at autopsy in cases of fatal arsine 
poisoning. Further impairment results from a decrease 
in renal perfusion that is inversely proportionate to the 
degree of hemolysis. However, severe tubular damage 
has been described in arsine poisoning in the absence 
of extensive hemoglobinuria. Thus, it is unlikely that 
the nephrotoxic effects of arsine are entirely due to the 
lysis of red blood cells and blockage of renal tubules 
by products of red blood cell breakdown. Limited 
experimental evidence suggests a direct toxic effect of 
arsine on the kidneys, perhaps by inhibition of renal 
tubular-cell respiration.” 

Cardiac effects, presenting as conduction distur- 
bances, are most likely related to hyperkalemia as a result 
of massive hemolysis. Arsine may also exert direct toxicity 
on myocardial tissue. 


Toxicokinetics 


Arsine concentrations of 3 to 10 ppm for several hours 
have produced minimal symptoms, whereas exposure to 
16 to 300 ppm for 30 to 60 minutes is dangerous.” 
Inhalation of an airborne concentration of 150 ppm or 
greater may cause death within 30 minutes after 
exposure, while lengthy exposure to 10 to 50 ppm may 
still cause death owing to hemolytic anemia and renal 
failure. The U.S. Occupational Safety and Health 
Administration (OSHA) permissible exposure limit (PEL) 
of arsine in an 8-hour time-weighted average is 0.05 ppm. 
The odor threshold of arsine is 10-fold greater than this 
limit. Following arsine absorption, the compound. is 
oxidized to elemental trivalent arsenic and arsenous 
oxide, compounds known to be human carcinogens. 


Toxicology 
CLINICAL MANIFESTATIONS 


The interval between arsine exposure and the onset of 
symptoms is variable, depending on concentration of the 
gas and duration of exposure. There usually is a delay of 
2 to 24 hours. Clinical symptoms may include headache, 
malaise, weakness, dizziness, dyspnea, nausea, vomiting, 
abdominal and flank pain, and thirst. Excretion of dark- 
red urine frequently develops 4 to 6 hours after 
exposure. Bronzing of the skin that looks like jaundice 
may be observed 24 to 48 hours later. A unique triad of 
symptoms—abdominal pain, hematuria, and jaundice— 
has long characterized the clinical features of arsine 
poisoning. 

Physical examination may reveal fever, tachycardia, 
tachypnea, and the peculiar bronze tinting of the skin 
and mucous membranes that is more often described as 
jaundice. Abdominal tenderness and rigidity, enlarge- 
ment and tenderness of the liver, and costovertebral 
tenderness have been observed. A garlic odor may be 
present on the patient’s breath or in the patient’s sweat. 

Acute renal failure may develop secondary to kidney 
damage by mechanisms described above. Oliguria or 
anuria may manifest before 72 hours. Renal failure is the 
usual cause of death in cases of lethal arsine poisoning. 
Pulmonary edema and congestive heart failure may 
occasionally occur. Electrocardiographic abnormalities 
have been noted. Delayed neurologic sequelae such as 
peripheral polyneuropathy and encephalopathy have 
been described. 


Diagnosis 
LABORATORY TESTS 


The most characteristic laboratory finding of arsine 
poisoning is a Coombs’ test—negative hemolytic anemia. 
Hemoglobin concentrations of less than 10 g/dL are not 
unusual. Reticulocytosis and leukocytosis are also 
observed. The peripheral blood smear may show red-cell 
fragments, ghost cells, anisocytosis, poikilocytosis, and 
basophilic stippling. It has been reported that unstained 
preparations of white cells demonstrate a blue-green cast 
to the nuclei.”? The red-cell fragility test is normal. 


Serum bilirubin and lactate dehydrogenase are usually 
elevated. 

Urinalysis may reveal hemoglobinuria and sometimes 
tubular casts containing erythrocytes and hemoglobin. 
Serum potassium usually is elevated because of hemolysis 
and decreasing renal function. Electrocardiographic 
findings may include high-peaked T waves, nonspecific 
ST-T wave changes, and various degrees of heart block. 
Chronic exposure to arsine gas may result in anemia, 
mild elevation in total bilirubin, and high concentration 
of urinary arsenic. 


DIFFERENTIAL DIAGNOSIS 

The differential diagnosis of arsine poisoning includes 
poisoning by other agents that cause hemolytic anemia, 
that is, potassium chlorate and stibine (antimony 
dihydride); infectious diseases such as leptospirosis and 
malaria; and the rare hematologic disorder paroxysmal 
nocturnal hemoglobinuria. Lead poisoning may mimic 
chronic low-level arsine exposure, since both may 
produce anemia and basophilic stippling. 


Treatment 


Decontamination must include removal from the 
environment where arsine exposure occurred, removal 
of clothing, and skin irrigation. Oxygen, intravenous 
crystalloids, and cardiac monitoring are included in the 
initial stabilization. The goal of further treatment for 
arsine toxicity is stopping the ongoing hemolysis and 
monitoring for renal failure. 


ELIMINATION 

Exchange transfusion is the only therapy that will remove 
the arsine-hemoglobin complexes and restore the red 
cell population without fluid overload.” It may be 
indicated when plasma free hemoglobin levels are 
greater than 1.5 g/dL or when exposure to high levels of 
arsine is suspected. Simple transfusion of packed red 
blood cells, however, may be adequate treatment for 
mild hemolysis. Hemodialysis is required for acute renal 
failure. Supportive care includes monitoring for 
hyperkalemia, urine output, and cardiac dysrhythmias. 
The role of urine alkalinization and forced diuresis with 
sodium bicarbonate to minimize precipitation of 
hemoglobin and prevent kidney damage is controversial. 


ANTIDOTES 

The role of chelation therapy in acute arsine poisoning 
is unestablished. BAL therapy does not prevent or 
reduce hemolysis even when administered soon after 
exposure.’4 One published case of chronic arsine 
exposure reports that D-penicillamine was associated 
with resolution of clinical symptoms.” Unlike in acute 
inorganic arsenic poisoning, chelation therapy should 
not be used routinely for acute arsine poisoning. 


DISPOSITION 

Asymptomatic patients should receive basic decon- 
tamination and be observed for 4 to 6 hours. Because of 
the rapid and significant toxicity after exposure to arsine 
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gas, any patient with mild symptoms or a history of 
significant exposure should be admitted for observation 
and supportive care for a minimum of 24 to 48 hours. 
Patient with evidence of hemolysis should be admitted 
to an intensive care unit because of the potential for 
rapid and fulminant progression of hemolysis and the 
probable need for exchange transfusion. 

Patients should have outpatient follow-up to monitor 
renal function and anemia. In addition, counseling and 
monitoring for the possible development of late-onset 
peripheral neuropathy and encephalopathy should be 
initiated. 
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At a Glance... 


m= Aluminum was responsible for dialysis-associated encephalopathy, which has largely disappeared due to elimination of aluminum from 


dialysate solutions. 


to that of sarcoidosis. 


Ingested antimony may result in a cholera-like illness. Inhalation of stibine (SbH3) gas may result in massive intravascular hemolysis. 
Soluble barium compounds may cause significant gastrointestinal symptoms and potentially fatal hypokalemia. 
Beryllium, an irritant in acute respiratory exposures, causes a systemic granulomatous disease that has a radiological appearance similar 


m Long-term exposure to bismuth salts may cause encephalopathy with characteristic EEG changes. 
m Cadmium is responsible for a potentially fatal pneumopathy when inhaled as the oxide. In the 1940s in Japan, it was responsible for itai- 
itai disease, characterized by leg and low back pain, chest pain, and difficulty walking with severe, diffuse osteopenia and physical 


deformities. 


In its hexavalent form, chromium is a bronchial and nasal carcinogen. Chromium is also extremely irritant, causing nasal perforation, 


“chrome holes” in the skin, and pulmonary irritation with sometimes delayed pulmonary edema. It is toxic to numerous organs. 


hypotonia, hyporeflexia, and ECG changes may be observed. 


Cobalt is cardiotoxic and has been responsible for beer-drinker's cardiomyopathy due to its former use as a foaming agent in beer. 
Copper, an essential nutrient, has been associated with eye disease and cirrhosis of the liver in overdose. 

Gold, used in rheumatic disease, causes significant toxicity in skin and kidneys due to the formation of immune complexes. 

Magnesium is an essential nutrient. In overdose, central nervous system depression with lethargy, coma, neuromuscular paralysis, 


m Manganese is one of several metals (including zinc and copper) that are responsible acutely for metal fume fever. When chronically 


inhaled, it may cause a Parkinson-like syndrome. 


m Nickel comes in numerous forms. It is a frequent cause of skin allergy. Like hexavalent chromium, nickel carbonyl is a nasal and lung 
carcinogen. Nickel carbonyl is a gas encountered in the petroleum industry and may be rapidly fatal. 
m Acute selenium poisoning may result from ingestion of gun bluing solution. Death may ensue rapidly, associated with metabolic acidosis, 


ARDS, and myocardial depression. 


m Colloidal silver has been widely promoted as an alternative medicine. It has no proven benefits and may cause argyria, a permanent 


pigmentation of skin, nails, and mucous membranes. 


m Thallium is an extremely toxic metal employed as a pesticide. Toxic ingestion produces a practically pathognomic clinical triad of 


gastroenteritis, polyneuropathy, and alopecia. 


When ingested, zinc may cause significant local GI effects. 


Trialkyltins are responsible for sometimes severe gastrointestinal, CNS, and renal toxicity. 


Metal fume fever (most often occurring during welding) may result from inhalation of zinc, copper, magnesium, cadmium, manganese, 


and antimony. It is a self-limited illness with no demonstrated long-term sequelae. 


m 8 Chelators are available for treatment of some of the toxic metals. 


SPECIFIC AGENTS 


Aluminum 


Aluminum is the most abundant metal in the earth’s 
crust. It has no known human function. Exposure occurs 
from contaminated drinking water and aluminum cans, 
containers, and cooking utensils. Dermal exposure occurs 
from aluminum-containing deodorants. Aluminum 
silicate and magnesium aluminum silicate are generally 
safe as ingredients in topical cosmetic products; they are 
not significantly toxic, but may cause mild eye irritation.' 
Magnesium aluminum silicate application to human 
skin for 1 week did not cause adverse effects.! Some 
aluminum-containing cosmetic products cause dermal 
hypersensitivity reactions. Two patients developed 
multiple pruritic nodules that contained aluminum and 
persisted for several years after immunization with 


vaccines adsorbed on aluminum hydroxide.* Workers 
who mine and process aluminum silicate have developed 
pulmonary fibrosis and pneumoconiosis.! 

The body absorbs less than 1% of an ingested 
aluminum dose. The body burden of 30 to 40 mg is kept 
low by renal homeostatic mechanisms. Normal plasma 
aluminum level is 5 to 10 pg/L. Aluminum is concen- 
trated in the bones and liver. Because excretion of 
aluminum is primarily renal, poisoning is a risk for 
persons with renal insufficiency who take aluminum- 
containing antacids, and infants who do not have renal 
failure may have elevated plasma concentrations after 
such antacid administration.’ Aluminum inhibits meta- 
bolic turnover of calcium, phosphorus, and iron. Its salts 
can bind to DNA and RNA, and inhibit a number of 
enzymes. Neurotoxicity may be due to substitution of 
magnesium ions in adenosine triphosphate (ATP).* 
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In gerbils, administration of aluminum trichloride 
caused biphasic stimulation of superoxide dismutase 
activity in various brain regions, indicating that oxidative 
stress is involved in aluminum central nervous system 
(CNS) toxicity. Aluminum toxicity was formerly suggested 
to be implicated in development of Alzheimer’s disease. 
However, patients treated with long-term hemodialysis 
and aluminum-containing medications had dialysis- 
associated encephalopathy but not Alzheimer’s disease 
morphology in the brain at autopsy.’ 

Aluminum toxicity is characterized by encephalopa- 
thy, microcytic anemia, and osteomalacia. Dialysis 
encephalopathy is attributed to accumulation of aluminum 
from the dialysate, as is dialysis osteodystrophy. These 
illnesses have largely disappeared since aluminum was 
removed from water used to prepare dialysate. 

Two fatalities due to aluminum poisoning were 
reported when a cement containing aluminum-calcium 
fluorosilicate was used for bone reconstruction after 
middle ear surgery. In both cases, refractory status epilep- 
ticus occurred and death resulted despite deferoxamine 
chelation.” 

Urinary excretion of aluminum was unchanged 
after administration of 2,3-meso-dimercaptopropane-l- 
sulfonate (DMPS).8 

Aluminum phosphide is a fumigant pesticide? that 
causes phosphine poisoning rather than aluminum 
toxicity (see Chapter 80). 

Supportive care is all that is usually required for patients 
with aluminum toxicity. Hemodialysis and deferoxamine 
chelation may be considered in some cases. 


Antimony 


Antimony is a silver-gray metal and resembles arsenic in 
its toxic effects.!° Antimony exists primarily in two valence 
states, Sb*? and Sb”. Stibine (antimony hydride, SbHs) is 
an extremely toxic gas. Antimony is used in the textile 
industry, to harden lead, as an alloy with tin or copper, 
and in glass manufacture. Occupational antimony exposure 
may occur in metallurgy, welding, and zinc etching. 

Antimony tartrate and sodium stibogluconate are 
antibiotics for the treatment of leishmaniasis and schis- 
tosomiasis. Cumulative sodium stibogluconate toxicity 
has resulted in fatality.'' Urticaria has been described 
during pentavalent antimony leishmaniasis treatment.!? 

Antimony compounds are rapidly and completely 
absorbed from the lungs after inhalation. Gastro- 
intestinal (GI) absorption is less efficient; only 10% to 
20% of an oral dose is absorbed. Distribution and organ 
concentration depend on valence. Pentavalent antimony 
has no significant binding to blood elements and is 
concentrated in the heart, liver, and thyroid. Trivalent 
antimony is more than 90% bound to erythrocytes.!’ 
After a single dose, more than 95% of pentavalent 
antimony can be recovered in the urine within 24 hours, 
and the elimination half-life is 2 to 4 hours. Trivalent 
antimony is primarily excreted in the feces, and only 
about 25% of a dose can be recovered in the urine. The 
distribution half-life of trivalent antimony is 30 hours, 
and the terminal half-life is 40 days.' 


The mechanism of toxicity is unclear, but may be 
related to inhibition of thiol-containing enzymes.'° After 
ingestion, the most prominent manifestations are 
vomiting, diarrhea, and abdominal pain (cholera stibie). 
Severe fluid and electrolyte disturbances can quickly 
ensue. After acute inhalation, both forms of antimony 
can produce severe respiratory tract irritation; high- 
concentration exposures can result in noncardiogenic 
pulmonary edema. Cardiovascular disturbances 
(QT prolongation and T-wave abnormalities) and 
liver function abnormalities may occur with acute 
poisoning. 

Epistaxis is a common presenting complaint in chronic 
antimony poisoning. Occupational exposure produces a 
pneumoconiosis resembling silicosis. Cardiomyopathy 
can develop. Antimony spots are white spots on a pustular 
base on parts of the skin with a high concentration of sweat 
glands. Death due to either acute or chronic antimony 
poisoning results from multiorgan system failure. 

Stibine is an odorless, colorless gas. Similar to arsine 
gas, it is capable of producing massive intravascular 
hemolysis with resultant hemoglobinuria and acute renal 
failure. 

Diagnosis is based on urinary measurement for 
pentavalent antimony exposure and blood measurement 
for trivalent compounds (although urinary trivalent 
antimony levels have some value). ‘Twenty-four-hour urine 
collections should be obtained. Laboratory assessment 
includes pulmonary function tests and chest x-ray (after 
inhalation exposure), electrocardiogram (ECG), and 
liver function tests. 

Supportive care is the mainstay of treatment. Activated 
charcoal administration has been recommended after 
ingestion, although it is doubtful that significant 
adsorption occurs.! Fluid and electrolyte status should 
be monitored because of the risk for excessive GI losses. 
Chelation therapy with dimercaprol (BAL), dimercapto- 
succinic acid (DMSA), or DMPS, if initiated early, 
appears to improve the clinical course.'° Treatment of 
stibine exposure consists of immediate removal from the 
toxic site, supportive care, and exchange transfusion. 


Barium 


Barium is a radiopaque heavy metal used as a radi- 
ographic contrast agent. Barium sulfate is insoluble and 
is not toxic when ingested. It has also been used as a 
pesticide. Safer pesticides have replaced barium carbonate, 
but it is still used in countries outside the United States, 
where it continues to pose a hazard of inadvertent food 
contamination. !” Barium compounds used industrially 
include barium hydroxide, barium chlorate, barium 
chloride, barium fluoride, barium acetate, and barium 
sulfide. Barium hexafluorosilicate is used in the 
manufacture of matches, explosives, and glass. Barium 
styphnate is used as a propellant. After an explosion 
involving this material, a patient had both traumatic 
injury and severe acute barium toxicity with prolonged 
GI dysfunction, severe and relapsing hypokalemia, cardiac 
arrhythmias, flaccid paralysis, myoclonus, respiratory 
failure, profound lactic acidosis, and hypertension. !® 


Soluble barium compounds are well absorbed after 
ingestion or inhalation, with peak serum levels occurring 
within 2 hours. The elimination half-life in serum is 
about 4 days. As much as 93% of an absorbed barium 
dose is ultimately sequestered in bone. 

Symptom onset is rapid. The first signs are GI: epigastric 
pain, nausea, vomiting, and watery diarrhea.!>!” 

Barium intoxication is characterized by severe, 
potentially fatal hypokalemia. Serum potassium concen- 
trations of less than 0.8 mEq/L may occur.!>!” In one 
fatal case, barium levels at autopsy were as follows: blood, 
9.9 mg/L; bile, 8.8 mg/L; urine, 6.3 mg/L; and gastric 
contents, 10.0 g/ L.!8 Patients usually have hypokalemic 
paralysis.'” Hypokalemia results from a shift of potassium 
into cells due to a specific potassium efflux channel 
blocking effect. Without affecting potassium uptake, 
hypokalemia results. Barium has no identified action on 
the sodium-potassium pump.'? 

The clinical presentation is initial GI toxicity followed 
by the sudden onset of areflexia and motor weakness.”” 
Consciousness is not altered, and anal sphincter tone is 
typically preserved.!” Trismus has also been described.?! 
The degree of hypokalemia does not correspond to the 
extent of weakness,!’ which is better correlated with 
plasma barium levels.*? ECG changes may occur, 
including atrioventricular dissociation, QRS widening, 
or U waves. Fatal ventricular fibrillation’? or torsades 
de pointes polymorphic ventricular tachycardia*? may 
occur. Other clinical features include bradycardia, 
premature ventricular beats, rhabdomyolysis, hypophos- 
phatemia, and acute renal failure. Paralysis may persist 
from 8 hours to 5 days.!” One case of prolonged (3 
months) superior esophageal sphincter contracture and 
sequelae of extrapyramidal syndrome with bilateral 
hyperdense lesions in the basal ganglia and thalamus on 
magnetic resonance imaging has been reported.** 

The estimated lethal dose of barium is 900 mg, 
although doses of 0.2 to 0.5 mg/kg have resulted in 
life-threatening toxicity.!’ Children seem to have greater 
tolerance than adults and typically only have GI 
symptoms. !” 

Long-term barium inhalation can produce a benign 
pneumoconiosis (baritosis).!" 

The triad of GI upset, weakness, and profound 
hypokalemia evokes the diagnosis of barium intoxication. 
Other causes of hypokalemia—including f.-adrenergic 
agonists, theophylline, and chloroquine—do not have 
the other clinical signs as prominent features. Abrupt 
paralysis due to toxins including tetrodotoxin and tick 
paralysis is not associated with profound hypokalemia. A 
complete blood count and measurement of serum 
electrolytes, blood urea nitrogen, blood glucose, serum 
creatinine, calcium, and phosphorus should be done. 
Determinations of urinary potassium, arterial blood 
gases, muscle enzymes (creatinine phosphokinase and 
aldolase), and liver function tests are recommended.!” 
ECG may reveal hypokalemic cardiac disturbances. 
Exposure can be confirmed with serum barium levels 
(normal: 3 to 29 ug/ dL).!? Because barium salts are 
radiopaque, they can be visualized on plain abdominal 
x-rays after ingestion.*° 
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Assess respiration and support circulation. After 
barium inhalation, move the victim to fresh air and 
administer supplemental oxygen if hypoxia is present. 
Severe skeletal muscle weakness may lead to respiratory 
depression, and the need for assisted ventilation should 
be anticipated. Cardiac disturbances should be treated 
according to advanced cardiac life support algorithms. 
GI decontamination should be done after ingestion of 
soluble barium compounds. Gastric lavage with the 
cathartics sodium sulfate or magnesium sulfate may 
precipitate soluble compounds as insoluble barium 
sulfate and might prevent further absorption. Activated 
charcoal does not adsorb significant amounts of barium 
and should not be administered.'? Whole bowel 
irrigation may be considered. Decontamination efficacy 
can be guided by plain abdominal x-rays. 

Patients with significant hypokalemia, particularly 
those with ECG abnormalities, require potassium 
supplementation; doses up to 400 mEq may be required 
within the first 24 hours.'* Because total-body potassium 
is preserved, serum levels should be monitored frequently 
to prevent hyperkalemia.'? Parenteral administration of 
magnesium sulfate to render circulating barium 
insoluble risks precipitation in the renal tubules. Barium 
can be removed by hemodialysis.‘’ In one patient, 
continuous venovenous hemofiltration improved motor 
function and allowed better control of serum potassium 
levels and acid-base status.*° 


Beryllium 


Coal combustion is the principal source of environ- 
mental beryllium exposure.*? Occupational exposure is 
the most common cause of beryllium sensitivity and 
chronic beryllium disease. From 1958 to 1989, the Rocky 
Flats, Colorado, nuclear weapons facility released 
beryllium into the air from normal operations and three 
accidental fires.** Beryllium-coated products such as 
computer components, telecommunications equipment, 
and consumer and automotive electronic products pose 
little risk.?° 

Beryllium was used in the manufacture of fluorescent 
lights in the 1930s, and beryllium-related pneumonitis 
with lesions resembling those of sarcoidosis became 
epidemic. Beryllium is currently used primarily in the 
aerospace and nuclear industries. Toxic forms include 
elemental beryllium, beryllium oxide, beryllium 
fluoride, and beryllium-copper alloys. Observed acute 
experimental pulmonary lesions after intratracheal 
administration of beryllium-copper alloys are most likely 
due to the copper rather than the beryllium.*° 


ACUTE EXPOSURE 

Beryllium is an irritant that can cause conjunctivitis, 
periorbital edema, pharyngitis, tracheobronchitis, and 
pneumonitis. Skin exposure can produce a marked 
dermatitis. Pulmonary signs are most prominent with 
dyspnea, productive cough, chest pain, rales, and 
cyanosis. Infiltrates may be seen on chest x-ray, and 
hypoxia may occur at rest.*° 
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LONG-TERM EXPOSURE 

Berylliosis is a systemic granulomatous disease result- 
ing from long-term exposure.” It can appear anytime 
from a few months to 25 years after regular exposure. 
Noncaseating granulomas may appear in the liver, 
spleen, lymph nodes, heart, kidneys, bone, salivary 
glands, and skin. However, the primary target organ is 
the lung. Pulmonary manifestations include dyspnea, 
rales, and chest pain. Clubbing may be noted. Patients 
may present with right ventricular heart failure (cor 
pulmonale). Pulmonary function tests reveal either 
restrictive or obstructive lung disease. Chest x-rays 
characteristically demonstrate diffuse infiltrates and 
hilar adenopathy. The pulmonary toxicity of beryllium 
almost certainly represents a type IV immune-mediated 
hypersensitivity phenomenon.*? A unique aspect of 
beryllium toxicity is its extremely slow elimination from 
the lungs.” CD4* T cells likely play a critical role in the 
development of chronic beryllium disease, whereas CD8* 
T cells do not.” 

The diagnosis of berylliosis is based on a history of 
beryllium exposure. However, berylliosis can be identical 
to sarcoidosis in appearance, and an extensive evaluation 
is required to distinguish the two. The peripheral blood 
lymphocyte proliferation test is the most sensitive and 
specific test available to identify patients with chronic 
beryllium disease and those with beryllium sensitivity 
who may go on to develop the disease and require 
corticosteroid treatment to arrest progression.”*°! 

Although chelating agents such as DMPS, D- 
penicillamine, tiron, and calcium disodium EDTA and 
antioxidants such as selenium and glutathione have been 
effective in experimental animal models,***’ the 
treatment of berylliosis in humans is largely supportive. 
Corticosteroids may improve pulmonary symptoms and 
may prevent patients with beryllium sensitivity from 
progressing to chronic beryllium disease. Lung trans- 
plantation could be considered in patients with pro- 
gressive respiratory failure. 


Bismuth 


Bismuth is in the Vb group of elements with antimony 
and arsenic. Its current therapeutic use is limited to 
antidiarrheal effects (bismuth subsalicylate; Pepto- 
Bismol). Because it is water insoluble, poorly absorbed 
from the gut, and rapidly excreted in the urine, bismuth 
accumulation rarely occurs despite excessive use.** 

Although poorly absorbed, bismuth is measurable in 
blood after ingestion. The highest concentrations are 
found in the kidneys and liver. Bismuth also concentrates 
in the placenta.” Excretion of bismuth is primarily renal. 
It is rapid, being complete within 24 hours. Only about 
10% of an absorbed dose is found in the feces.” 

The symptoms of bismuth poisoning have been 
compared with those of lead and mercury poisoning.” 
Early signs are hypersalivation and a characteristic blue 
discoloration of the gums resulting from deposition of 
bismuth sulfide in fibrous tissue.” Stomatitis may also 
occur. Renal injury has been reported”? and presents as 
acute renal failure, reversible nephropathy, or Fanconi’s 


syndrome. Hepatic injury and peripheral neuritis have 
also been reported.” Skeletal disturbances, including 
osteoarthropathy, osteomalacia, and osteoporosis, have 
been associated with chronic bismuth intoxication and 
may result in pathologic fractures.” Nicolau’s syndrome, 
characterized by a livedoid pattern on the skin followed 
by necrosis and scar formation, has followed intra- 
muscular injection of bismuth salts.” Skin reactions, 
including erythema, exanthema, angioedema, and small- 
patch or maculopapular rashes, have been reported in 
patients treated with bismuth oxide.” 

Encephalopathy has been reported after long-term 
high-level exposure to bismuth salts. Manifestations 
include altered mental status, ataxia, myoclonus, and 
distinctively abnormal electroencephalogram (EEG) 
findings.**°° Outbreaks of bismuth encephalopathy 
have been reported. Between 1973 and 1980, about 
1,000 cases of bismuth poisoning with 72 fatalities were 
identified.” However, in a placebo-controlled clinical 
trial that included EEG evaluation, neurotoxicity was not 
demonstrated when bismuth was administered.°*” 

The diagnosis of bismuth poisoning is made on the 
basis of history, characteristic clinical findings, and lab- 
oratory evaluation. The normal serum bismuth level is 
less than 50 ug/L.” 

Supportive care is usually all that is required. Bismuth 
elimination can be enhanced by administration of BAL, 
DMPS, and DMSA; D-penicillamine and deferoxamine 
are inefficacious.°*?” 


Cadmium 


Cadmium is one of the most common causes of environ- 
mentally associated renal injury. The major environmental 
sources of cadmium are industrial use and food 
contamination. Cadmium is a component of cigarette 
smoke.*! Cadmium is used in alloy fabrication, metal 
plating, pigments, and the manufacture of rechargeable 
(nickel-cadmium) batteries. Cadmium’s high volatility 
makes it particularly hazardous to welders.” 

Cadmium is well absorbed after inhalation (up to 50% 
of an inhaled dose). In contrast, only about 5% of an 
ingested dose is absorbed.*!* GI absorption is enhanced 
by low intake of calcium, protein, or iron. Cadmium is 
circulated and stored bound to metallothionein. The 
main storage organs are the liver and kidneys. The 
biologic half-life in the liver is 5 to 10 years; it is twice that 
in the kidney. The overall biologic human half-life of 
cadmium is 30 years.*” 

Progressive accumulation occurs, and there is no 
effective endogenous cadmium elimination mechanism. 
Cadmium stimulates metallothionein production and 
reduces its overall toxicity. However, metallothionein 
binding is associated with selective cadmium accumu- 
lation, leading to renal injury. 

Acute cadmium ingestion causes nausea, excessive 
salivation, abdominal pain, and diarrhea. Fatality results 
from cardiovascular collapse. The acute lethal oral dose 
is estimated at 350 to 8900 mg. Acute inhalation of 
cadmium oxide fumes as a result of welding, smelting, 
or soldering can produce a severe, sometimes fatal, 


pneumonitis associated with elevated urinary cadmium 
concentrations.” 

With long-term cadmium exposure, the major target 
organs are the kidneys, expressed as proximal tubu- 
lopathy with excretion of proteins weighing less than 40,000 
daltons (fh -microglobulin, lysozyme, retinol binding 
protein). Cadmium prevents tubular reabsorption of these 
proteins. Elevated urinary concentrations of Nacetyl-B-b- 
glucosaminidase (NAG) are an indicator of cadmium- 
induced proximal tubule disease. Bo-Microglobulin is a 
sensitive indicator of early cadmium-induced renal 
disease. Marked excretion of calcium and phosphorus 
also occurs, leading to osteopenia or nephrolithiasis. 
Effects on calctum and phosphorus homeostasis result 
in part from cadmium inhibition of vitamin D hydroxy- 
lation. Chronic cadmium exposure has been linked to 
essential hypertension. Renal disturbances may first 
manifest more than 10 years after chronic cadmium 
exposure. Nonrenal clinical effects include ulceration of 
the nasal mucosa, anemia, and hepatitis.” 

An epidemic illness occurred in Japan during the 
1940s called ztai-itai (ouch-ouch) disease. Clinical charac- 
teristics were leg and low back pain, chest pain, and 
difficulty walking. Severe, diffuse osteopenia occurred, 
resulting in fractures after minor trauma and often 
producing physical deformities. Proteinuria, glycosuria, 
and aminoaciduria were common. Autopsy revealed 
marked renal tubular atrophy and degeneration. This 
epidemic was confined to the Jinzu River system, which 
suggested water contamination of rice, beans, fish, and 
other foodstuffs. ‘The low-protein and low-calcium diet of 
the victims seemed to contribute to the development of 
the disease. Itai-itat occurred primarily in multiparous 
women, perhaps because they were already deficient in 
calcium and phosphorus. Vitamin D supplementation 
resulted in clinical improvement. Cadmium contami- 
nation of drinking water was ultimately identified as the 
cause, due to discharge from a zinc mine.™ 

The diagnosis of chronic cadmium poisoning can 
be made not only by urinary Bo-microglobulin excretion 
but also by measurement of blood cadmium. The normal 
blood cadmium level is less than 5 ug/L. The normal 
urinary excretion of cadmium is less than 1 ug/g crea- 
tinine. Twenty-four-hour urine collections for measure- 
ment of cadmium, creatinine, low-molecular-weight 
proteins, and amino acids should be done. 

Cadmium chelation is difficult because of its high 
affinity for metallothionein. BAL treatment has been 
associated with increased renal accumulation and 
accelerated renal injury. All treatment is therefore 
supportive. 


Chromium 


Chromium is abundant in the earth’s crust. It is an 
essential micronutrient and acts as a cofactor in insulin 
function. Chromium is used for the manufacture of 
stainless steel and in tanning, photography, and 
electroplating. Chromium has three main valence states: 
bivalent,*? trivalent," and hexavalent.*® Hexavalent com- 
pounds include chromic acid, potassium and ammonium 
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dichromates, and chromium trioxide that is extremely 
corrosive when ingested. 

Trivalent chromium is poorly absorbed (<1%) from 
the GI tract; however, more than 50% of ingested hexa- 
valent chromium can be absorbed from the gut. Organ 
accumulation of chromium is extensive and includes the 
brain, liver, spleen, testes, bone marrow, and reticu- 
loendothelial system. Serum half-life is 15 to 41 hours. 
About 80% of a chromium dose is excreted in the urine. 
Chromium toxicity results from its ability to penetrate 
cell membranes, inciting events resulting in cell death. 
Chromium VI (hexavalent) is carcinogenic and mutagenic, 
but it is reduced intracellularly to stable chromium I] 
(trivalent). Chromium IV and V are produced in intra- 
cellular reduction pathways, and cellular damage may be 
at least partly due to these species.“ Chromium is a 
redox-active metal that depletes cellular antioxidants.*° 

Ingestion of trivalent chromium picolinate dietary 
supplement has caused systemic contact dermatitis and 
acute generalized exanthematous pustulosis.*°*7 

Exposure to hexavalent chromium is associated with 
widespread organ toxicity. Respiratory tract effects 
include acute noncardiogenic pulmonary edema that 
can be delayed in onset up to 72 hours, nasal septal 
perforation, and diffuse pulmonary inflammation. 
Dermal exposure to chromium in felt produces eczema- 
tous changes referred to as blackjack disease, and painless 
ulcers can develop on the hands, periumbilical region, 
axillae, and forearms (chrome holes) .*8 GI toxicity includes 
hemorrhagic gastroenteritis with characteristic yellow- 
green emesis. Hepatitis progressing to fulminant hepatic 
failure may result. Acute tubular necrosis and glomeru- 
lonephritis may occur, as well as methemoglobinemia, 
thrombocytopenia, anemia, and intravascular hemolysis. 
Circulatory collapse and shock may be seen, usually 
secondary to extensive GI corrosion or perforation. 
Corneal opacification, keratitis, and conjunctivitis may 
occur after ocular exposure. As little as 500 mg of ingested 
chromium can produce life-threatening toxicity; 1 to 2 g 
is potentially lethal. 

A 2-year-old child ingested about 1 g of ammonium 
dichromate crystals.*? Profuse diarrhea developed in 
association with coagulopathy, liver function distur- 
bances, obtundation, and respiratory failure. Ascorbic 
acid was administered, and exchange transfusion was 
performed. Anuria, hypotension, and noncardiogenic 
pulmonary edema developed within 24 hours. Despite 
hemodialysis, progressive coagulopathy and hepatic 
failure occurred, resulting in death. The peak plasma 
concentration was 4163 ug/L. 

Nasal insertion of a potassium dichromate crystal 
foreign body caused systemic chromium poisoning with 
diarrhea, vomiting, nasal obstruction, acute renal failure, 
pancreatitis, hepatitis, and drowsiness in a 3-year-old child.” 

Occupational hexavalent chromium exposure has 
been associated with an increased incidence of nasal 
cancers and bronchial carcinoma. 

Normal serum chromium concentrations are 0.3 to 
1.0 ug/L. Normal urinary chromium concentration should 
be less than 40 ug/L. The 95% upper fractile level for 
urine chromium in normal individuals is 13 nmol /L.°*! 
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Treatment of hexavalent chromium ingestion includes 
management of hypotension or shock, forced diuresis 
(furosemide administration may be required), and 
treatment of corrosive GI injury. Ascorbic acid (vitamin 
C) reacts with hexavalent chromium to form the poorly 
absorbed trivalent form. Oral doses of 2 to 4 g per 1 g of 
ingested chromium have been recommended if there 
are no symptoms of severe gastroesophageal injury. How- 
ever, even doses as high as 10 g given intravenously, 
although not toxic, are unlikely to reduce the mortal- 
ity in patients with systemic hexavalent chromium 
poisoning.’ Larger doses could be harmful because 
ascorbic acid is a metabolic precursor of oxalate that can 
cause nephropathy, especially if renal failure is already 
present.*? NAcetylcysteine (NAC) has been advocated to 
maintain chromium in its less toxic trivalent state.” 
DMPS chelation does not increase the urinary excretion 
of chromium.® 

Treatment of chromium inhalation includes movement 
to fresh air. The possibility of late-onset noncardiogenic 
pulmonary edema should be considered. Dermal 
exposures should be treated by cleansing the skin with 
copious amounts of soap and water. Early excision of 
burned skin remains the best method to decrease the 
body hexavalent chromium load and risk for systemic 
toxicity after dermal contact with hot hexavalent 
chromic acid because systemic poisoning may occur 
when as little as 1% to 10% of the total-body surface area 
is involved.°? Topical ascorbic acid may be useful to 
decrease dermal absorption of hexavalent chromium.” 
Ocular exposures require copious irrigation and 
ophthalmology consultation. 

Chromium dietary supplement ingestions are 
generally nontoxic. Chronic overdosing with chromium 
picolinate has resulted in systemic chromium toxicity.” 
Additional ingredients in chromium dietary supplements 
(e.g., niacin and pyridoxine) also have the potential to 
produce toxicity. Death occurred in one patient who 
developed systemic chromium poisoning after ingesting 
a leather tanning solution containing 48 g of basic 
chromium sulfate.” 


Cobalt 


Cobalt is an essential trace element as a component of 
vitamin Bə, (hydroxocobalamin). It has been used to 
treat selected anemias because it stimulates erythropoiesis. 
Normal serum cobalt levels are 2 to 17 nmol/L.°° 

Long-term excessive cobalt exposure has been asso- 
ciated with development of flushing, chest pain, tinnitus, 
nausea, vomiting, nerve deafness, thyroid hyperplasia, 
congestive heart failure, and renal disease. Frank 
hypothyroidism can result. Alopecia is a manifestation of 
cobalt poisoning found with only a few other toxicants 
such as thallium. 

In the past, cobalt was responsible for recurring epi- 
demics of cardiomyopathy (beer-drinkers’ cardiomyopathy), 
which occurred when cobalt salts were added to beer as 
a foam stabilizer.” 

Hard metal disease has occurred in workers who 
chronically inhale particulate matter during cutting or 
grinding operations on cobalt-containing metal alloys. 


The interstitial pulmonary lesions seem to be due to 
inhalation of cobalt metal dust mixed with tungsten 
carbide particles, and not cobalt dust alone.”® 

In normal individuals, urinary cobalt levels are 
23 nmol/L in men and 31 nmol/L in women.”! Calcium 
disodium EDTA chelation has been used for the 
treatment of cobalt poisoning.®’ Administration of 
DMPS does not increase the urinary excretion of cobalt.® 


Copper 


Copper is an essential micronutrient. Catalase, per- 
oxidase, and cytochrome oxidase require copper for 
their activity. Dietary copper deficiency is associated with 
microcytic anemia, leukopenia, and pathologic effects 
on the skeletal, cardiovascular, and nervous systems. 

Copper is rapidly absorbed from the proximal GI 
tract. Copper is transported both by albumin and the 
specific Q,.-globulin carrier protein, ceruloplasmin. 
Copper is concentrated in the liver, kidneys, heart, and 
brain. Stored copper is bound to metallothionein. The 
primary route of copper excretion is in the feces.” 
Copper undergoes redox cycling that can produce 
reactive oxygen species and oxidant stress in cells.*° 

Wilson’s disease (hepatolenticular degeneration) is an 
inherited disease associated with systemic copper excess 
characterized by accumulation in the viscera and 
cornea.” Indian childhood cirrhosis also seems to be caused 
by copper excess. It is associated with elevated liver 
copper levels, early feeding with milk boiled or stored in 
copper-containing brass containers, a dramatic decrease 
in prevalence when milk preparation and storage vessels 
are changed to those not containing copper, and 
successful treatment with D-penicillamine.” 

Copper sulfate was previously used as an emetic, but 
resulted in serious copper toxicity and death. Ingestion 
of such copper salts has caused severe GI toxicity 
with blue-green emesis, hematemesis, hypotension, cen- 
trilobular hepatic necrosis, coma, seizures, and death. 
Hemolytic anemia and methemoglobinemia are also 
prominent features. Chronic exposure to copper either 
occupationally or as a result of excessive dietary copper 
intake (e.g., from storing or cooking foodstuffs in 
copper-containing pans or from acidic water in copper 
pipes) has been associated with development of hepatic 
injury and cirrhosis.°?°!°? 

Alveolitis, interstitial inflammation, type II epithelial 
cell hyperplasia, and centriacinar fibrosis seen with 
intratracheal instillation of beryllium-copper alloy in 
experimental animals are due to the copper rather than 
the beryllium component.*° 

Copper poisoning diagnosis is based on an elevated 
serum level (normal: 50 to 120 mg/dL).°* Copper 
elimination can be enhanced by chelation with either D- 
penicillamine or BAL. DMPS administration can produce a 
2- to 119-fold increase in urinary copper excretion, whereas 
DMSA does not increase urinary copper excretion.*°? 


Gold 


Gold is a precious metal with no known biologic func- 
tion. Exposure can occur from environmental sources 


including seafood, but most human gold exposure results 
from medicinal use (chrysotherapy) for rheumatoid 
arthritis treatment. Gold-containing pharmaceuticals 
include aurothioglucose, gold sodium thiomalate, and 
auranofin.” 

Medicinal gold salts are administered orally or 
parenterally. Circulating gold is mostly albumin bound.” 
Gold concentrations in synovial fluid are about one half 
those found in plasma. Gold has about a 7-day half-life, 
which lengthens during prolonged therapy because of 
avid tissue binding; blood gold levels remain measurable 
for up to 10 months after treatment termination.® Gold 
elimination is 60% to 90% fecal and 10% to 40% renal. 

Despite its beneficial effects in rheumatoid arthritis 
patients, gold has significant dermatologic and renal 
toxicity resulting from formation of immune complexes. 
Dermatitis is the most common adverse effect and may 
be associated with elevated immunoglobulin E levels.°! 
Mucositis (stomatitis, tracheitis, gastritis, colitis, vaginitis) 
is a common adverse effect. Renal adverse effects may 
occur in 5% to 10% of patients treated with gold salts 
and consists of proteinuria, frank nephrosis, and immune 
complex glomerulonephritis. ‘Thrombocytopenia, leukope- 
nia, and (rarely) aplastic anemia may occur. Other 
adverse effects can include encephalitis, peripheral 
neuropathy, hepatitis, and pneumonitis. 

One case of gold poisoning without cyanide toxicity 
resulted from suicidal ingestion of 5 mL of a gold 
potassium cyanide solution.°® This patient developed 
vomiting, hyperamylasemia, hepatic dysfunction, and 
centrilobular cholestasis with eosinic degeneration. 
Whole-blood gold level was 4361 ug/L, serum gold level 
was 6011 ug/L, and 24-hour urinary gold excretion was 
429 ug/day on day 4 after ingestion.” 

Allergic manifestations are at least partly responsible 
for the mucocutaneous adverse effects of therapeutic 
gold compounds. The peripheral venous blood lym- 
phocyte proliferation test, when cultured with gold com- 
pounds, may be useful in diagnosis.®” A patient with 
known allergy to gold jewelry developed gold allergy 
symptoms after drinking Goldschlager, a schnapps liquor 
product that contains gold particles. 

Treatment of gold toxicity is primarily symptomatic. 
Dermatitis and mucositis can be treated with antihis- 
tamines and corticosteroids. Corticosteroids can also be 
used to treat gold-induced nephrosis. Gold elimination 
can be enhanced with N-acetylcysteine, BAL, and D- 
penicillamine. 


Magnesium 


Magnesium is found in ores such as dolomite, in seawater, 
and as a component of asbestos. It is an essential nutrient 
involved in glycolysis and formation of cyclic adenosine 
monophosphate. More than 300 enzymes are known to 
be activated by magnesium. Renal homeostatic mech- 
anisms maintain serum magnesium concentrations 
within a narrow physiologic range. 

Hypermagnesemia has several causes, with excessive 
ingestion of magnesium-containing antacids or excessive 
administration of magnesium-containing cathartics 
being most common (see Chapter 2A). Magnesium is 
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administered intravenously for such conditions as pre- 
eclampsia, ischemic heart disease, asthma, and cardiac 
arrhythmias. Significantly elevated serum magnesium 
levels after therapeutic administration are usually seen 
only in patients with renal dysfunction.” Inhalation of 
magnesium oxide fumes can cause metal fume fever 
(MFF; see later). Dermal exposure to magnesium dust or 
fumes can cause contact dermatitis. Hypermagnesemia 
can result when the renal glomerular filtration rate 
decreases to less than 30 mL/min and magnesium intake 
is not reduced.”! 

Acute magnesium toxicity results in central nervous 
system depression with lethargy, coma, neuromuscular 
paralysis, hypotonia, and hyporeflexia. ECG changes may 
include prolonged QRS and PR and QT intervals. 
Inhalation exposure can cause respiratory tract irritation 
and noncardiogenic pulmonary edema. 

Serum magnesium levels can confirm the diagnosis, 
although they may not correlate with clinical symptoms. 
In general, manifestations of magnesium toxicity 
according to serum concentrations are as follows: 3 to 
9 mEq/L, vomiting, bradycardia, hypotension, hypore- 
flexia, lethargy; greater than 10 mEq/L, muscle paralysis, 
hypoventilation, stupor, cardiac conduction distur- 
bances, ventricular arrhythmias; greater than 14 mEq/L, 
cardiac arrest, and death.”! 

Calcium administration ameliorates many toxic 
manifestations. Forced diuresis enhances magnesium 
elimination. Hemodialysis is effective for magnesium 
removal from the circulation but is rarely necessary in the 
absence of renal failure. Magnesium urinary excretion 
increased by 1.75- to 42.7-fold with DMPS chelation.® 


Manganese 


Manganese is an essential nutrient that crosses both the 
blood-brain and blood-cerebrospinal fluid barriers. 
Transferrin may be involved in this process.” Several 
enzymes, including decarboxylases, kinases, and trans- 
ferases, are activated by manganese. Pyruvate carboxylase 
and superoxide dismutase contain manganese. 

Manganese is used in the manufacture of batteries 
and as an ingredient in paints and varnishes, bleaching 
agents, laboratory reagents, motor oils, and disinfectants. 
It is used for decolorizing glass and ceramics and as a 
fertilizer for grapes and tobacco. 

Occupational and environmental manganese exposures 
occur in steel manufacturing, welding, and ingestion of 
contaminated water. The unleaded gasoline antiknock 
additive, methylcyclopentadienyl manganese _tricarbonyl 
(MMT), can release manganese to the atmosphere.” 
Manganese may occur in the Mn”, Mn”, and Mn** 
oxidation states after combustion of motor fuels containing 
the MMT additive.” Mn* is more toxic than Mn”?. 

Manganese can be absorbed from the GI tract as 
well as the lungs. Its absorption is enhanced by iron 
deficiency and calcium or phosphorus intake. Once 
absorbed, manganese is transported by transmagnin, a 
specific B)-globulin.”) The primary excretion route is 
fecal. Less than 6% of a dose is excreted in the urine. 

Chronic poisoning causes neurologic toxicity,” 
although manganese penetrates into the CNS poorly. 
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Manganese is concentrated in the globus pallidus and 
corpus striatum, resulting in decreased synthesis and 
depletion of catecholamines, including dopamine. 
Initial complaints are anorexia, insomnia, and fatigue. 
Delirium (manganese madness) may occur with inappro- 
priate laughter, hallucinations, and confusion. Patients 
report vivid hallucinations and may commit violent acts. 
Marked diminution of spontaneous motor acts, ataxia, 
slurred speech, limb stiffness, tremor, paresthesias, 
amnesia, dysphagia, and a metallic taste in the mouth 
may develop. Impaired tandem gait and loss of asso- 
ciated movements may ensue, as well as masked facies, 
micrographia, and torticollis. Manganese poisoning 
mimics parkinsonism, and levodopa therapy may be 
effective.” Polymorphism of various metabolic genes 
may play a role in susceptibility to chronic manganese 
neurotoxicity.” 

Other manifestations include marked hypocalcemia 
and reduced spermatogenesis. Birth defects, including 
talipes equinovarus and cleft lip, have been associated 
with chronic manganese exposure.”! 

Acute inhalation of manganese oxide can produce 
either MFF (see later) or a distinct manganese pneu- 
monitis.” Unlike MMF, manganese pneumonitis is 
more severe and may have sequelae including persistent 
bronchospastic disease. 

Manganese poisoning should be suspected on the 
clinical presentation (particularly a parkinsonian-like 
syndrome) and can be confirmed by measuring blood 
manganese levels. Normal mean whole blood manganese 
concentrations are 3 to 15 ug/L; normal mean serum 
concentrations are | to 3 ug/L. 

Treatment of MMF is discussed later. Manganese pneu- 
monitis may be treated with antibiotics and broncho- 
dilators. For manganese-induced parkinsonian-like 
syndrome, therapy with either levodopa or a diet high in 
tryptophan may improve motor activity. No chelating 
agents are efficacious. 


Nickel 


Nickel exists in three major forms: elemental, inorganic 
(water soluble and water insoluble), and organic 
(including nickel carbonyl). Nickel is used in production 
of stainless steel, in electroplating, in the manufacture of 
nickel-cadmium (rechargeable) batteries and magnetic 
tape, and as a catalyst for the hydrogenation of soaps, 
fats, and oils. 

Nickel carbonyl is an extremely toxic gas used as a 
catalyst in the petroleum, plastic, and rubber industries. 
This gaseous organometal is heavier than air and has 
a musty odor. With the exception of nickel allergic con- 
tact dermatitis, nearly all cases of acute nickel poisoning 
have resulted from nickel carbonyl exposure.” Nickel 
carbonyl readily oxidizes in air and is highly explosive.” 

Most exposures occur through water contamination 
or by dermal contact with nickel-plated jewelry. Nickel is 
poorly absorbed (<1% of a dose) from the gut. In the 
blood, it is bound to albumin and O-microglobulin. 
Nickel induces metallothionein synthesis.” 

Rashes from wearing nonrusting jewelry usually are 


due to nickel allergic contact dermatitis.” Chronic nickel 
exposure may also induce asthma and conjunctivitis. 
Other respiratory effects include chronic restrictive lung 
disease (nickel pneumoconiosis), sinusitis, nasal polyps, 
and nasal septum perforation.”*” Parenteral injection of 
nickel-containing medications can cause anaphylaxis.” 
Nickel’s reactivity and ability to participate in free radical 
reactions are thought to be the basis of its apparent 
carcinogenicity.” 

Inhalation of nickel carbonyl at 30 ppm for more than 
30 minutes is lethal.” Death can be immediate but is 
typically delayed for several days. 

Because it is highly lipophilic, nickel carbonyl readily 
penetrates into the CNS, producing delirium and coma. 
Hepatic injury, hyperglycemia, glycosuria, mucositis, and 
dermatitis may occur. Fatalities from acute nickel carbonyl 
poisoning result from respiratory and neurologic 
toxicity. Chronic nickel carbonyl exposure has been 
associated with lung cancer. Metallic nickel exposure 
does not increase the cancer risk, and exposure to 
carcinogenic forms of nickel does not pose a cancer risk 
other than to the lungs and nasal cavities.”® 

The diagnosis of nickel intoxication is made on clinical 
suspicion and urine or serum nickel levels. Severity can 
be determined by 8-hour urinary elimination results: 
mild toxicity corresponds to a urinary nickel concen- 
tration less than 100 ug/L; moderate toxicity is seen with 
100 to 500 ug/L; and severe toxicity is associated with 
urinary concentrations exceeding 500 ug/L. The 95% 
fractile upper reference limit for urinary nickel concen- 
tration in normal individuals is 52 nmol/L.°! Nickel 
carbonyl is metabolized by the liver, liberating carbon 
monoxide. Carboxyhemoglobin levels may be useful. 

After ingestion, GI decontamination should include 
activated charcoal administration for organic nickel 
compounds; ingestion of inorganic or elemental nickel 
should require only gastric emptying. Nickel compounds 
can be chelated with sodium diethyldithiocarbonate 
(dithiocarb). This agent has substantially reduced 
morbidity and mortality after nickel carbonyl exposure, 
but its efficacy after elemental nickel exposure is not 
established.°? However, dithiocarb enhances cerebral 
uptake of elemental nickel.” A potential dithiocarb 
alternative is disulfiram (Antabuse), which is metab- 
olized to two molecules of dithiocarb, but 500 mg/kg of 
disulfiram offered no protection in acute rodent nickel 
carbonyl poisoning, and 1500 mg/kg was associated with 
increased mortality.°° Currently available data are not 
sufficient to recommend disaffirm use.*” 


Selenium 


Selenium is an essential micronutrient. It is an active part 
of the enzyme glutathione peroxidase that catalyzes 
oxygen radical scavenging.®'** Selenium deficiency is 
associated with Keshan’s cardiomyopathy.®' Dietary selenium 
supplements have become popular because of evidence 
suggesting they are helpful in preventing cancer, cardio- 
vascular disease, cataracts, and arthritis.*% 

Normal serum selenium concentrations are about 
100 ng/mL. Organic selenium compounds are more 


bioavailable and less toxic that the inorganic selenites 
and selenates.®! 

Selenium is used in paints, dyes, semiconductors, 
photoelectric cells, fertilizers, ceramics manufacture, 
rectifiers, steel production, and rubber manufacturing.** 
Gun bluing preparations contain highly toxic selenious 
acid as well as nitric acid, copper nitrate, and, occa- 
sionally, methanol and other solvents. 

Selenium can penetrate through the skin, can be 
inhaled as dust, or can be absorbed after ingestion. Most 
of an absorbed selenium dose is excreted within 2 
weeks.®° 

Excessive dietary selenium produces fingernail 
abnormalities, peripheral neuropathy, fatigue, muscle 
spasms, nausea, vomiting, alopecia, and a garlic breath 
odor.*?** Liver function abnormalities, prolonged QT 
interval, and hypotension (from decreased cardiac 
contractility and systemic vascular resistance) may 
occur. Low-grade occupational exposure has been 
associated with abdominal pain, chronic diarrhea, 
alopecia, garlicky breath, a metallic taste in the mouth, 
and transverse nail creases similar to Mees’ lines.®° 
Occupational exposure can result in chemical 
pneumonitis. 

Acute selenium poisoning from ingestion of gun 
bluing can result in death.” Gun bluing compounds 
produce severe burns of the stomach and esophagus 
with hypersalivation and vomiting, followed by metabolic 
acidosis, leukocytosis, myocardial depression, hepatitis, 
renal injury, pulmonary dysfunction (including adult 
respiratory distress syndrome), and seizures.*° Ingestion 
of 15 mL of gun bluing solution has been fatal.®° 

The diagnosis of chronic selenium poisoning is based 
on clinical suspicion. Alopecia with a garlic odor of the 
breath is suggestive. Urinary selenium concentrations of 
150 ug/L or less are normal. 

Treatment of consists of general supportive measures 
and appropriate management of corrosive ingestion or 
toxic inhalation. 

Case reports have suggested a beneficial role for 
forced diuresis and BAL administration. DMPS can 
increase urinary selenium excretion 30- to 42.7-fold.® 


Silver 


Silver was used medicinally in the past. Silver nitrate is 
an astringent and is used for treatment of burns and 
granulation tissue and as prophylaxis for ophthalmia 
neonatorum. Topical silver nitrate treatment may result in 
hyperpigmentation.®* 

Skin exposure may occur during the extraction of 
precious metals. Silver is used in jewelry manufacture 
and as a component of films, inks, and ceramics. 
Occupational exposure produces irritation of the mucous 
membranes and conjunctiva and respiratory complaints 
including coughing, wheezing, chest tightness, respiratory 
insufficiency, and epistaxis.*? 

Argyria is a condition with discoloration of the skin, 
nails, mucous membranes, and organs as a result of silver 
deposition.”” Hyperpigmentation is pathognomonic for 
this otherwise asymptomatic condition.® The most vivid 
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areas of discoloration are on sun-exposed skin (e.g., face, 
hands).°' Corneal deposition of silver can result in 
nyctalopia (disturbed night vision) .°9 

Colloidal silver proteins have been promoted as 
mineral supplements and for the prevention of a variety 
of diseases. There is no evidence for the efficacy of 
colloidal silver proteins, and they can result in toxic 
effects, including argyria.”° 

The diagnosis of argyria can be made by skin biopsy 
showing silver deposits. Normal silver concentrations 
in unexposed individuals are 1 to 2 ug/L in urine and 
less than 0.27 ug/dL in blood.® There is no effective 
treatment for argyria and the pigmentation is 
permanent.”! 


Thallium 


Thallium compounds are odorless, colorless, and 
tasteless and were formerly widely used as rodenticides. 
Thallium is used in the optical, electronic, and chemical 
research industries.”* 

Thallium is rapidly absorbed from the GI tract after 
ingestion and from the lungs after inhalation. Once 
absorbed, its distribution is extensive; no significant 
protein binding occurs. The estimated volume of distri- 
bution is 20 L/kg. There is significant enterohepatic 
recycling. Elimination half-life ranges from 3 to 8 days, 
although half-lives as long as 15 days have been reported. 
About two thirds of a thallium dose is excreted in the 
feces, and the remainder is excreted in the urine. 
Seventy percent of a single dose is excreted within 
1 month.” 

Thallium’s toxicity results from its similarity to 
potassium.” It depolarizes excitable membranes and 
disturbs the function of sodium-potassium ATP. Mito- 
chondria are particularly susceptible. Severe toxicity 
occurs with ingestions exceeding 200 mg, and the average 
lethal adult dose is 1 g.” 

Thallium poisoning produces the triad of gastro- 
enteritis, polyneuropathy, and alopecia. The immediate 
phase of intoxication consists of GI effects that appear 
within 3 to 4 hours, with nausea, vomiting, diarrhea, 
abdominal pain, and hematochezia. An intermediate 
phase appears within | week, consisting of hypertension, 
tachycardia, and chest pain. At this stage, signs of central 
and peripheral nervous system toxicity appear. CNS 
signs include optic neuritis, ptosis, confusion, coma, and 
psychosis. Peripheral neuropathy is more striking, with 
intense hyperesthesia of the soles making walking dif- 
ficult. Weakness and ataxia may also occur.”* Respiratory 
failure may ensue.” Gingival hyperpigmentation and 
pigmentation of the hair may appear. Severe, intractable 
constipation may develop. The late stage of thallium 
poisoning, appearing 2 to 4 weeks after exposure, consists 
of marked alopecia, a diffuse nonspecific rash, palmar 
erythema, perioral lesions, and Aldrich-Mees lines on the 
fingernails.%°°>” A “residual” stage, occurring more than 
4 weeks after exposure, consists of memory loss, ataxia, 
tremor, and foot drop. Death generally occurs 10 to 15 
days after severe exposure. Neurologic sequelae may 
occur in survivors.” Laboratory abnormalities consist of 
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anemia, thrombocytopenia, increased levels of hepatic 
transaminases, and decreased complement levels.” Flat 
or inverted T waves may be seen on ECG.” Axonal 
destruction and demyelination may be present on 
sural nerve biopsy.” 

Twelve cases of combined thallium and arsenic poi- 
soning in a group of workers were reported by Rusyniak 
and colleagues.” Of these, 89% had myalgias and 
arthralgias, 78% had paresthesias and synesthesias, 67% 
had joint stiffness and insomnia, and 52% had alopecia 
and joint pain. Diarrhea and constipation were un- 
common. Seven of 11 patients tested had blackened or 
darkened hair roots. Eight of 11 tested patients had 
sensorimotor peripheral neuropathies ranging from 
mild to moderate-severe. Two patients with both elevated 
thallium and arsenic blood levels had the most severe 
peripheral neuropathies. Eleven of the 12 patients were 
reevaluated 6 months later, and all had improvement of 
peripheral neuropathies. However, 6 of 11 still com- 
plained of dysesthesias, mainly involving the feet. Five 
developed early complete alopecia that began about 
14 days after exposure and resolved over 4 months. 
Sequelae of anxiety and depression were common. None 
had Mees’ lines. 

Thallium poisoning during pregnancy has resulted in 
a wide range of fetal effects from severe toxicity and 
residual sequelae to apparently normal development. +° 
There is a trend toward low birth weight and prema- 
turity. Thallium crosses the placental barrier and is 
excreted in the breast milk. 

Diagnosis is made on the basis of clinical mani- 
festations and confirmed by measurement of thallium in 
serum or urine. Serum levels greater than 50 ug/dL 
suggest poisoning, but because 70% of thallium is bound 
to erythrocytes, whole-blood measurements are likely to 
be more accurate.” Urinary excretion of greater than 10 
to 20 mg per 24 hours is considered excessive. Other 
potential methods for identifying thallium poisoning are 
electroretinography and electromyography (which 
demonstrates decreased distal motor units and membrane 
instability). Thallium poisoning may be misdiagnosed as 
Guillain-Barré syndrome, selenosis, arsenic poisoning, or 
acute porphyria.?®97 

Treatment goals are enhancing fecal excretion, 
enhancing urinary excretion, and, when necessary, 
extracorporeal elimination. Early GI decontamination 
may decrease absorption. Fecal elimination may be 
enhanced by administration of Prussian blue (ferric 
ferrocyanide). Activated charcoal should be administered 
initially because there is no pharmaceutical preparation of 
Prussian blue available in the United States, and obtaining 
it from a chemical supply company may take an 
inordinately long time; 250 mg/kg of Prussian blue daily 
should be given orally in 4 divided doses with a cathartic.” 

Administration of sodium iodide can form an insoluble 
thallium-iodine complex that is poorly absorbed.”° Forced 
diuresis also has potential benefit; human studies have 
suggested that it increases thallium urinary elimination 
two- to sixfold.'°' Forced diuresis with potassium 
chloride supplementation has also been advocated; 
however, exogenous potassium may displace thallium 


into the serum and thus provide greater opportunity for 
nervous system penetration.” 

Dithiocarb is a chelating agent that enhances urinary 
elimination of thallium; however, the resulting thallium 
chelate is highly lipophilic, crosses the blood-brain 
barrier, and exacerbates neurologic toxicity. Therefore, 
dithiocarb administration is not recommended. 

Extracorporeal removal techniques including peri- 
toneal dialysis are unlikely to be efficacious. 


Tin 

Tin is a ubiquitous trace element. It exists in three forms 
(metallic, inorganic, organic), with the metallic and 
inorganic forms being the least toxic.!°* Organotins are 
used as stabilizers in polymers and as catalysts. 

Most tin salts are insoluble, with less than 5% absorbed 
from the GI tract. Once absorbed, tin is distributed 
and deposited in the kidneys, lungs, and bone. Most 
circulating tin is bound to erythrocytes. 

Trialkyltins are the most toxic organotins. Being highly 
lipophilic, they readily penetrate into the CNS.!°3-104 
Organotin exposure has been associated with altered 
mental status, confusion, and amnesia.’ Ingestion results 
in abdominal pain, diarrhea, and vomiting.’ Other 
complaints include headache, tinnitus, deafness, disori- 
entation, syncope, and loss of consciousness; EEG changes 
may be present.’ Triethyltin, unlike trimethyltin, may 
also produce acute cerebral edema. Ingestion of 
triphenyltin acetate has caused nephropathy with pro- 
teinuria, azotemia, polyuria, hematuria, and pyuria.!°° 
Hepatitis and pancreatitis may develop.'’° Delayed onset 
of sensorimotor peripheral neuropathy may occur.'” 
Long-term tin inhalation can produce a benign pneumo- 
coniosis (stannosis).'°* Delayed bullous irritant contact 
dermatitis has occurred after skin contact with a marine 
antifouling paint containing bis-tributyltin oxide.!0” 

De-butylated metabolites of tributyltin chloride, 
particularly dibutyltin chloride, are responsible for 
observed hepatotoxicity. Cytochrome P-450 plays some 
role in metabolism.!0°! 

Diagnosis is based on the clinical presentation, history, 
and elevated serum tin levels. In a case of trimethyltin 
exposure, urinary excretion was 52 ug/dL, compared with 
a normal urine tin concentration of about 0.1 ug/dL.'"° 

Treatment is supportive. No chelating agents alter the 
course of tin poisoning. 


Zinc 


Zinc is an essential micronutrient. More than 70 
metalloenzymes require zinc for proper function. There 
is also a strong relationship between zinc and copper 
metabolism. Zinc has been used to treat copper 
accumulation associated with Wilson’s disease.!!? Zinc 
dietary supplements are widely promoted, but their use 
can result in toxic manifestations.!!! Overexposure can 
occur in the workplace and in patients being hemodialyzed 
with water stored in galvanized steel tanks.'! 

Acute ingestion of 2 g or more results in GI irritation 
and vomiting. Continual excessive zinc intake results in 


reductions in serum copper levels, (hypocupremia), 
sideroblastic anemia, and neutropenia.'!?"" A child with 
long-term zinc ingestion developed listlessness, anemia, 
neutropenia, poor weight gain, and sideroblastic 
anemia, indicative of copper deficiency.''! A child who 
ingested an acid soldering flux solution with a zinc 
chloride concentration of 30% to 60% and a pH of 3.0 
developed severe corrosive injury of the stomach and an 
antral stricture, but not systemic zinc poisoning.!!’ 

The diagnosis of zinc poisoning is confirmed by an 
elevated serum zinc level (normal: 9.2 to 23 umol/L). 

Treatment of zinc poisoning is supportive. After 
ingestion, GI decontamination measures include admin- 
istration of activated charcoal. Chelation is very effective 
for reducing elevated zinc levels. Options include 
calcium disodium EDTA, BAL, D-penicillamine, and N- 
acetylcysteine.!!*)'!4 


METAL FUME FEVER 


MFF is an occupational disease caused by inhalation of 
freshly oxidized metal fumes with a particle size smaller 
than 0.5 to 1.0 um.!>"7 MFF is also referred to as 
Monday morning fever, the smothers, brass founder's ague, 
brazier’s disease, foundry fever, galvanizer’s poisoning, smelter’s 
chills, zinc chills, zinc fume fever, brass chills, and copper 
fever''® Although welding is the occupation most often 
associated with the disease,!!? MFF is encountered after 
soldering, forging, melting, and metal casting. 

MFF is associated with a number of metals, including 
zinc, Copper, magnesium, cadmium, manganese, and 
antimony (Box 75-1). Zinc, iron, and copper are the 
most common causes of MFF. Inhalation exposure to a 
powder catalyst containing vanadium used in production 
of maleic anhydride has caused an MMF-like syndrome 
with associated neutrophilic alveolitis.!*? Cadmium and 
tin, although associated with MFF, produce a more 
severe respiratory illness that shares some features with 
MFF; urinary cadmium levels may be elevated, and there 
can be associated transient renal impairment.” 

The clinical presentation consists of chills, fever, 
leukocytosis, myalgias, chest pain, nonproductive cough, 
dry throat, intense thirst, and a metallic taste in the 
mouth.!!8 These symptoms usually appear 4 to 12 hours 
after acute exposure. Temperature may be as high as 
104° F (40° C), accompanied by sinus tachycardia and 


BOX 75-1 


Zinc 
Magnesium 


Manganese 
Iron 
Copper 
Cadmium 
Tin 
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rales. Chest x-rays may appear normal or may reveal a 
diffuse patchy infiltrate.'*' These findings characteris- 
tically appear to be more severe than the patient’s clinical 
presentation would suggest. Bronchoalveolar lavage, if 
performed, may reveal inflammatory cells. Other clinical 
features include elevated lactate dehydrogenase levels 
and hypoxia.'** Tolerance to MFF often develops. As a 
result, workers often complain of illness developing at 
the beginning of the week, improving by the end of the 
week, and completely resolving during the weekend. The 
benign clinical course of MFF distinguishes it from acute 
cadmium or tin pneumonitis.!** 

The cause of MFF is unclear, although it has been 
attributed to release of endogenous pyrogens or 
production of antigenic metal proteinates.'** Delayed 
hypersensitivity pneumonitis and allergic reaction have 
been suggested as mechanisms.!!® MFF might result from 
a direct toxic effect on alveolar cells. Inhalation of 
purified zinc oxide fumes results in a dose-dependent 
increase in polymorphonuclear cells and proinflam- 
matory cytokines in the lungs, indicating a role for 
cytokine networking in MFF development.!*° 

MFF is self-limited and usually resolves within 
48 hours. Bed rest and antipyretics are recommended. 
Corticosteroids have been recommended for patients 
with interstitial infiltrates on chest x-ray after a history of 
zinc fume exposure. A history of exposure to cadmium 
or tin fumes warrants hospitalization for observation and 
supportive care. No permanent sequelae of MFF have 
been identified. Elevated serum zinc levels and increased 
urinary copper levels have been reported, but their 
significance is unclear.!'? 


CHELATORS 


Exogenous 


A number of chelating agents have been explored as 
potentially effective treatments for exposure to toxic 
metals. Table 75-1 summarizes their potential roles. A 
complete review of the pharmacology of these agents is 
beyond the scope of this chapter. 


Endogenous 


A number of endogenous metal-carrying proteins have 
been identified in humans and animals, such as trans- 
ferrin, ferritin, ceruloplasmin, and transmagnin, that 
carry iron, copper, and manganese. Because they form 
stable bonds with metals, these agents have been 
referred to as endogenous chelators. 

Metallothionein is a low-molecular-weight protein 
transport molecule, but its exact role has not been fully 
defined.'** Its high sulfur content permits the formation 
of several types of stable bonds with metals.!**!*° 
Although found primarily in intracellular sites, it is also 
secreted into the bile, urine, and plasma. Zinc has a 
profound influence on metallothionein production, and 
synthesis decreases with zinc deficiency. Zinc excess 
produces a marked increase in metallothionein production. 
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CHELATOR USEFUL POSSIBLY EFFICACIOUS UNLIKELY TO BE EFFICACIOUS POTENTIALLY HARMFUL 
Calcium disodium Zinc Chromium Selenium 
EDTA Cobalt Nickel 
Thallium 
Dimercaprol Lead Chromium Thallium Selenium 
(BAL) Nickel Cadmium 
Copper 
Antimony 
Bismuth 
Gold 
Zinc 
Arsenic 
Mercury 
Dithiocarb (sodium Nickel Cadmium Thallium 
diethyldithio- carbonyl Elemental 
carbamate) Nickel 
p-Penicillamine Copper Nickel Selenium 
(currently not often Lead 
used except for Arsenic 
treatment of chronic Mercury 
copper accumulation) Zinc 
Gold 
Dimercaptosuccinic Antimony 
acid (DMSA) Lead 
Arsenic 
Dimercaptopropane Antimony 
sulfonic acid (DMPS) Lead 
Mercury 
Deferoxamine lron 
Aluminum 
N-acetylcysteine (NAC) Gold 
Zinc 
Metallothionein synthesis can also be induced by 6. Reusche E, Koch V, Lindner B, et al: Alzheimer morphology is not 


exposure to toxic metals, including cadmium, mercury, 
silver, platinum, gold, and bismuth. Cadmium is a 
particularly potent inducer of metallothionein synthesis. 
Very little is known about the degradation of this 
protein, although its loss is directly related to the bound 
metal. In experimental animal models, the half-lives, of 
cadmium-, zinc-, and copper-induced metallothioneins 
are 80, 20, and 17 hours, respectively. Cadmium 
toxicity is reduced by the presence of metallothionein.” 
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/ 6 Organophosphates and Carbamates 


CYNTHIA K. AARON, MD 


At a Glance... 


m Organophosphate and carbamate compounds produce toxic 
effects largely from inhibition of acetylcholinesterase. 

m Manifestations of poisoning are variable but commonly include 
muscarinic signs (e.g., salivation, diaphoresis, abdominal 
cramps, vomiting, diarrhea, bronchorrhea, bradycardia, miosis, 
coma, seizures, apnea) and nicotinic signs (e.g., fasciculations, 
flaccid paralysis, tachycardia). 

m The most common cause of death is respiratory failure 
associated with refractory hypotension. 

m Treatment for poisoning from these agents includes health care 
provider self-protection and patient airway protection; 
administration of atropine, oximes, and benzodiazepines; and 
decontamination. 

m Atropine is frequently underdosed in serious poisonings and 
should be titrated to clearing of pulmonary secretions and 
adequate oxygenation. 

m Atropine should be administered rapidly and in escalating 
doses. 

m Benzodiazepines may be cerebroprotective and should be used 
liberally in all severely ill patients. 

m Oxime therapy should be used in all patients requiring atropine. 

m Oxime therapy is recommended for all carbamate poisonings 
with the exception of carbaryl. 

m Clinical findings suggestive of severe organophosphate 
poisoning warrant immediate treatment presumptively, before 
the results of lab testing are available. 


RELEVANT HISTORY 


Pesticides are the leading cause of fatality from acute 
poisoning worldwide.!? In 1990, the World Health Orga- 
nization (WHO) estimated that 3 million severe pesti- 
cide poisonings occur annually and are associated with 
up to 200,000 deaths.* To better characterize and track 
the epidemiology of these exposures, the WHO estab- 
lished the International Programme on Chemical Safety 


Poison Information Database Management (IPCS 
INTOX) Pesticide Project in 2002.* In the United States 
alone, the Environmental Protection Agency (EPA) esti- 
mates 10,000 to 20,000 physician-documented pesticide 
exposures annually among 3,380,000 agricultural 
workers. The EPA has instituted the Sentinel Event 
Notification System for Occupational Risk (SENSOR) 
Pesticides Program to monitor the incidence of these 
exposures.° 

Pesticides are a diverse group of chemicals designed 
to kill and control various insects, animals, fungi, or 
plants. Insecticides, or chemicals designed to kill insects, 
are within the class of pesticides. Organophosphorus 
compounds, organophosphates (OPs), and carbamates, 
or other cholinesterase inhibitors, are the most 
commonly used insecticides worldwide and account for 
more human poisonings and death annually than any 
other pesticide class. In 2004, there were 10,994 OP and 
carbamate exposures reported to U.S. poison centers; 
70 (0.6%) resulted in major toxicity and 3 (0.3%) in 
death.’ As potent eukaryotic toxins, OPs have been used 
broadly, serving as both military-based nerve agents and 
agricultural pesticides. Nerve agents have been in mili- 
tary arsenals since World War II. One of these agents, 
sarin, achieved international notoriety after its release 
by terrorists in Matsumoto and Tokyo in 1995® (see 
Chapter 105A). 

OP and carbamate insecticides are a mixed group 
of chemicals. OPs are derived from phosphoric acid- 
containing compounds.’ The OPs achieved great 
popularity after World War II because of their 
effectiveness and lack of environmental persistence. For 
the most part, they have an unstable chemical structure 
and disintegrate into harmless by-products within days 
under the influence of sunlight, oxygen, and reactive soil 
chemicals.'° Except for the highly fat-soluble agents, OPs 
are less persistent in body tissues and the environment 
than dichlorodiphenyltrichloroethane (DDT) and other 
organochlorines. Because of their lack of persistence, 
OPs have replaced DDT as the insecticide agent of 
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choice. Carbamates are commonly used both as 
insecticides and medicinals for the treatment of human 
disease. Pyridostigmine and neostigmine are both used 
to treat myasthenia gravis, neostigmine has been 
effective for adynamic ileus, and physostigmine is most 
often used to treat the anticholinergic syndrome. 
Donepezil and memantine, central nervous system 
(CNS) reversible inhibitors of acetylcholinesterase, are 
used to treat the relative acetylcholine deficiency existing 
in Alzheimer’s disease. 

The first OP, tetraethyl pyrophosphate (TEPP), was 
synthesized in 1854, but the class was not actively used 
commercially until World War II when the Germans used 
TEPP as a substitute for the scarce botanic insecticide 
nicotine. The human toxicity of OPs was exploited by the 
Germans at the end of World War II with the devel- 
opment of the nerve agents tabun, sarin, and soman 
(GA, GB, and GD). The allies developed VX after the war 
(see Chapter 105A). 

OP poisoning can occur in various settings. Oc- 
cupational exposures occur during application in farm 
workers and pest control workers and during their 
manufacture, storage, and transport. Children are 
accidentally exposed to these agents through domestic 
use or inappropriate home storage. Intentional or un- 
intentional misuse and suicide gestures and attempts 
account for the remainder of civilian cases. The toxicity 


of OPs varies greatly. The most highly toxic group is used 
primarily for agricultural and military purposes. Those 
with lower toxicity are available for use by households 
and commercially around populated areas. Table 76-1 
lists some of the better-known commercial OPs, their 
uses, and their relative human toxicity. Table 76-2 lists 
some common commercial carbamates (in decreasing 
order of toxicity). 


STRUCTURE 


OPs are a heterogeneous group of compounds but 
share some common chemical properties. OPs contain 
a central phosphorus atom with a double bond to either 
oxygen (P=QO) or sulfur (P=S), two organic side chains 
(R; and Ro), and an additional side chain that becomes 
the leaving group (X). The leaving group is specific to 
the individual OP and may be a cyanide, thiocyanate, 
halide, phosphate, phenoxy, thiophenoxy, or carboxylate 
group (Fig. 76-1). The R; and R, groups are aryl or alkyl 
groups and, in most of the common pesticides, are either 
two methyl or two ethyl ester groups that form the 
dimethyl (dimethoxy) or diethyl (diethoxy) OPs. 
Carbamates are similar but have nitrogen bound to 
oxygen or sulfur instead of a phosphoric acid residue 


(Fig. 76-2). 


Examples of Organophosphate Insecticides 


COMMON NAME PRODUCT EXAMPLE 


Agricultural Insecticides (high toxicity) 


Tetraethyl pyrophosphate Miller Kilmite 40 


Phorate Thimet (American Cyanamid) 
Parathion Niagara Phoskil Dust 
Phosdrin Mevinphos (Shell) 

Disulfoton Disyston 


Animal Insecticides (intermediate toxicity) 


Coumaphos Co-Ral Animal Insecticide 


Chlorpyrifos (Dursban) Rid-A-Bug (Kenco) 


Trichlorfon Trichlorfon Pour On (Hess & Clark) 


Ronnel Korlan Livestock Spray (Dow) 
Household Use or Golf Course/Community Spray (low toxicity) 


Diazinon Security Fire Ant Killer (Woolfolk) 


Malathion Ortho Malathion 50 Insect Spray 


Vapona (dichlorvos, DDVP) Shell No-Pest Strip 


Acephate Chevron Orthene 


ESTIMATED FATAL 


CHEMICAL NAME ORAL DOSE (9/70 kg) 


Tetraethyl pyrophosphate 0.05 


0,0,-Diethyl (S-ethylmercaptomethyl) 
dithiophosphate 


0,0,-Diethyl-0-p-nitropheny| 0.1 
phosphorothioate 

Dimethyl-0-(1-methyl-2-carbomethoxy- 0.15 
vinyl) phosphate 

Diethyl-S-2-ethyl-2-mercaptoethyl 0.2 


phosphorodithioate 


Diethyl-0-(3-chloro-4-methyl-7-coumarinyl) 
phosphorothioate 

0,0-Diethyl-0-(3,5,6-trichloro-2-pyridyl) 
phosphorothioate 

Dimethyl trichlorohydroxyethy| 
phosphonate 

0,0-dimethyl-0-(2,4,5-trichlorophenyl) 
phosphorothioate 


Diethyl-0-(2-isopropyl-4-methyl-6- 25.0 
pyrimidyl) phosphorothioate 
Dimethyl-S-(1,2-bis-carboethoxy) 60.0 


ethyl phosphorodithioate 


0,0-Dimethyl-0-2,2-dichlorovinyl 
phosphate 


0,S-Dimethylacetylpbhosphoramidothioate 
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Carbamate Insecticides 


COMMERCIAL NAME CHEMICAL 
Temik Aldicarb 
Matacil Aminocarb 
Vydate Oxamyl 
Isolan Isolan 
Furadan Carbofuran 
Lannate Methomy!l 
Zectran Mexacarbate 
Mesurol Methiocarb 
Dimetilan Dimetilan 
Baygon Propoxur 
Sevin Carbaryl 


From Coye MJ, Barnett PJ, Midtling JE, et al: Clinical confirmation of 
organophosphate poisoning by serial cholinesterase analyses. Arch 
Intern Med 1987;147:438. 
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Organophosphorus compound 


R, and R, = alkyl or aryl groups 
X = leaving group and may be linked via O or S 
Y = O or S or absent 





FIGURE 76-1 Organophosphorus compound. 


R, O (S,) 
5 | 
N — C—O — X 
RY (Sı) 
Carbamate 


FIGURE 76-2 Carbamate. 


PHARMACOKINETICS 


Organophosphorus agents are a diverse group of 
agents with widely variable human toxicity. The toxicity 
is largely determined by the individual agent, formula- 
tion, dose, route of exposure, duration of contact, and 
health status of exposed individuals. Estimates of relative 
human toxicity are typically based on the acute oral LD5ọ 
measured in rats. The WHO updated its toxicity ratings 
in 2002 and classified agents as extremely hazardous (Ia) 
(liquid state: LD;ọ < 20 mg/kg); highly hazardous (Ib) 
(20-200 mg/kg); moderately hazardous (II) (200-2000 
mg/kg); and slightly hazardous (III) (>2000 mg/kg)."! 
Extremely and highly hazardous agents are designated as 
“Poison or Toxic” on commercial labels. The WHO 
classification is different from that promulgated by the 
EPA, which classifies OP compounds as high toxicity (rat 
LD) < 50 mg/kg), intermediate or moderate toxicity 
(LD; , 50-1000 mg/kg) and low toxicity (LD5 > 1000 
mg/kg)!* (see Table 76-1). Thus, lethal doses for human 
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adults may vary from a few milligrams for the highly toxic 
agents (e.g., TEPP) to 50 g for the low-toxicity agents 
(e.g., malathion). Nerve agents are even more potent, 
with as little as 1 mg of sarin or soman being lethal to 
adult humans after inhalation of its vapors.'® For nerve 
agents and other highly volatile or aerosolized OPs, 
toxicity is designated by a concentration time (Ct) 
variable that is a better measure of exposure by 
inhalation. For nerve agents, the lethal Ct;) ranges from 
10 to 400 mg/min/m (see Chapter 105A)."4 

Most OPs are effectively absorbed by all routes— 
dermal, respiratory, gastrointestinal, and conjunctival. 
The rapidity of onset and severity of effects may vary 
after exposure by different routes. The most common 
route of exposure is dermal, as occurs from most oc- 
cupational and accidental poisonings. Most suicide 
attempts result from ingestion. Inhalation exposure 
may occur when agricultural pesticides (malathion and 
parathion) are dispersed as aerosols of solids in a 
liquid carrier or as a dust. Liquids may be mixed in 
a hydrocarbon vehicle for easy dispersal. The latter may 
facilitate absorption and add to the toxic effects (e.g., 
pulmonary toxicity). Aerosols can be absorbed through 
the skin, mucous membranes, and lungs, whereas liquids 
can be absorbed through the skin or ingested. Breaks 
in the skin may enhance absorption, and hot, humid 
environments or persistent skin contact can enhance 
toxicity. Gaseous, aerosolized, or dust forms of OPs have 
a rapid onset of action because they are taken im- 
mediately into the pulmonary circulation, leading to 
shortness of breath, bronchorrhea, bronchoconstriction, 
and rapid development of systemic signs and symptoms. 
Liquid and aerosolized forms can be absorbed through 
the skin; absorption depends on agent volatility, ambient 
temperature, and lipophilicity. These agents may show 
immediate local effects (local fasciculations and dia- 
phoresis) or have delayed systemic effects. Ingested 
agents tend to have a rapid onset of action. Many OPs 
are highly lipophilic, which enhances their dermal ab- 
sorption. High lipophilicity may also lead to agent 
sequestration in body fat stores and result in delayed 
and erratic toxicity that could occur for several days 
to weeks after initial exposure. 

After absorption, OPs are commonly metabolized 
by hepatic oxidation, hydrolysis, and conjugation with 
glutathione. Some agents may undergo glucuronidation 
and demethylation. Oxidation occurs through the cyto- 
chrome P-450 system and often leads to bioactivation, or 
production of a more reactive oxon metabolite. Serum 
enzymes such as paraoxonase 1 (PON1) contribute to 
endogenous hydrolysis of several OPs, lipids, and 
other prodrugs.’° Most OPs are rapidly degraded and 
eliminated in the urine; some may be detectable more 
than 48 hours after exposure.'® OPs that are metabolized 
to para-nitrophenol, however, can be detected by 
measuring this metabolite in the urine. There is 
a rough correlation between the excretion of para- 
nitrophenol and the occurrence of illness.!” Because the 
effect of cholinesterase inhibition is cumulative, toxicity 
may be evident after complete elimination of the OP, 
particularly with the fat-soluble agents. 
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Although OP and carbamate insecticides are rapidly 
absorbed through dermal, respiratory, gastrointestinal 
(GI), and conjunctival routes, all OPs must be in the 
oxon formation (P=0) to inhibit acetylcholinesterase. 
Those agents that do not initially have the phosphorus 
bound to oxygen, such as the phosphorothioate (P=S), 
are metabolized by the hepatic cytochrome P-450 system 
into the activated oxon.’ Parathion and malathion are 
examples of oxon activation; they must first be converted 
to paraoxon and malaoxon, respectively (by substitution 
of an oxygen for sulfur), to be physiologically active. 
Because of this activation step, the rapidity of symptom 
onset after OP exposure is partially dependent on the 
OP’s initial state. Rate of activation and rate of enzyme 
inhibition may be equally important for toxicity. For 
example, in Sri Lanka, patients with dimethoate 
ingestions presented extremely ill but had acetylcho- 
linesterase levels about one third to one fourth of nor- 
mal, whereas patients similarly ill from chlorpyrifos and 
fenthion had almost no detectable cholinesterase levels. 
Most deaths from dimethoate occurred 24 to 36 hours 
after ingestion, at a time when their enzyme activity was 
continuing to decrease. All agents shared similar solvents, 
and the difference may reflect the low fat solubility of 
dimethoate, leading to a higher blood concentration.'® 

OPs that are already in the oxon form may cause 
symptoms earlier than those that need metabolic 
activation. However, some agents, such as parathion, are 
rapidly activated and can produce symptoms in less than 
30 minutes.!? Most OPs are readily lipid soluble, but 
certain agents (i.e., azinophos-ethyl, bromophos-ethyl, 
chlorpyrifos, coumaphos, diazinon, parathion, phosalone, 
sulfotep, and fenthion and chlorfenthion) are highly 
lipid soluble and tend to accumulate in adipose tissue.!° 
Initial exposure may not lead to acute signs and symp- 
toms of toxicity. After agent bioaccumulation and a time 
delay, the signs and symptoms of toxicity become evident.’ 

Carbamates have rapid onset but are less fat soluble. 
They may significantly inhibit acetylcholinesterase but 
undergo spontaneous hydrolysis with resumption of 
enzyme activity, usually within 24 hours. This is not an 
absolute, as some carbamates, such as carbosulfan, may 
have prolonged systemic effects.*° 


PHARMACOLOGY AND 
PATHOPHYSIOLOGY 


OPs and carbamates produce toxicity by binding to 
and inhibiting the action of acetylcholinesterase at its 
serine active site. Acetylcholine accumulates at nerve 
terminals, initially stimulating, then paralyzing, cholin- 
ergic neurotransmission at both central and peripheral 
nicotinic and muscarinic receptors. Under normal 
physiologic conditions, acetylcholinesterase hydrolyzes 
acetylcholine into two primary inert fragments, acetic 
acid and choline, decreasing postsynaptic effect and 
neurotransmission and generating choline for reuptake 
and resynthesis. When acetylcholinesterase is inhibited, 
acetylcholine cannot be broken down and accumulates 
at the nerve or myoneural terminal, leading initially to 


postsynaptic excitation followed by inactivation of the 
synapse or myoneural junction.*! Inactivation occurs 
from depolarizing blockade at postsynaptic receptors. 

True acetylcholinesterase (E.C. 3.1.1.7) is important 
for physiologic neurotransmission and is found primarily 
in nervous tissue but is also expressed on the surface of 
red blood cells (erythrocyte or red blood cell cholines- 
terase). Pseudocholinesterase or butyrylcholinesterase 
is found in serum and the liver and is important in 
the metabolism of xenobiotics. Erythrocyte acetylcho- 
linesterase activity closely mimics neuronal acetyl- 
cholinesterase and is a more accurate measure of its 
physiologic activity.27* Because butyrylcholinesterase 
(EC 3.1.1.8) measurements are technically simpler to 
perform, this is the more readily available assay in 
hospitals and in the field.” 

Acetylcholinesterase is a convoluted protein structure 
with a pit containing a serine binding site and a catalytic 
site. Initially, the electrophilic OP oxon forms a reversible 
Michaelis-Menten complex, binding to the serine 
enzymatic active site followed by rapid phosphorylation 
of the serine residue. Once this happens, the leaving 
group (X) on the OP is released. As this reaction occurs, 
the OP becomes covalently bound to the enzyme, sitting 
in the pit and changing the conformation of the enzyme, 
preventing the active site from binding acetylcholine, 
and subsequently inhibiting catalytic activity.*° The 
organophosphorylated enzyme can then undergo two 
different reactions. The enzyme can become “aged” or 
irreversibly bound and inactivated by cleavage of one 
of the R groups. This dealkylation process leads to a 
monosubstituted phosphoric acid residue that remains 
firmly attached to the enzyme. The rate of aging depends 
on the specific OP agent. Alternatively, reactivation of 
the enzyme can occur when the bond between the serine 
and organophosphorus moiety hydrolyzes. Enzyme 
reactivation occurs spontaneously at an extremely slow 
rate for diethyl-containing organophosphates or may be 
markedly accelerated with the addition of a nucleophilic 
oxime. The rate of reactivation and irreversible inacti- 
vation by aging is highly dependent on the attached 
R groups. Smaller side groups allow for more rapid 
reactivation and aging, whereas the presence of 
branched side chains provides steric hindrance and 
greater bond stability, thereby delaying reactivation and 
aging.?’ For instance, dimethyl OPs have significantly 
faster rates of spontaneous reactivation and aging (half- 
lives of about 0.7 hours and about 3.7 hours, respec- 
tively) than diethyl OPs (half-lives of 31 hours and 33 
hours, respectively). Although dimethyl phosphorylated 
OPs age more rapidly than diethyl OPs, they are 
relatively resistant to oxime therapy, particularly pra- 
lidoxime. Although there is more time to reactivate 
diethyl OPs, they require significantly more oxime to 
achieve this reactivation.” ** Regardless of these differen- 
ces, however, once the enzyme has “aged,” it is no longer 
susceptible to reactivation by endogenous hydrolysis or 
oxime therapy.?*9 

Carbamates bind to the same binding site of acetyl- 
cholinesterase by carbamylation (C-O bond). The 
carbamate—acetylcholinesterase covalent bond is not as 
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strong as that produced by OPs (P-O or P-S bond). Because 
of this, spontaneous hydrolysis or decarbamylation occurs 
more readily, usually reactivating acetylcholinesterase 
within 24 hours. Some carbamates may take longer to 
spontaneously hydrolyze. For example, in Sri Lanka, 
carbofuran-poisoned patients required ventilatory support 
for up to 48 to 72 hours.!” Carbamylated acetylcholin- 
esterase does not undergo irreversible binding or “aging” 
and can be reactivated using oximes.**°0*! 

Acetylcholinesterase inhibition is not an equilibrium- 
dependent reaction and is most sensitive to the con- 
centration of OP present at the enzyme interface. After 
a person is exposed to an OP, the formation of oxon 
peaks and then declines in the serum. However, even 
with a declining OP and oxon serum concentration, 
acetylcholinesterase inhibition continues to increase 
because this reaction proceeds by covalent binding. 
Physiologically, the exposed individual can continue to 
function normally until a minimum amount of func- 
tioning acetylcholinesterase is left unbound. Once this 
threshold has been reached, even removal of circulating 
OP will not enhance enzyme function. Enzyme catalysis 
then becomes entirely dependent on the restoration of 
a critical mass of uninhibited acetylcholinesterase. How- 
ever, if the phosphorylated acetylcholinesterase can un- 
dergo a rapid endogenous reactivation such as with some 
dimethoxy OPs, then removal of the offending agent 
may contribute to recovery, but this is not true for 
dimethoate. The ability of a nucleophilic oxime to re- 
activate the enzyme depends then on the structure of 
the OP bound to acetylcholinesterase, the time that the 
reactivator is present at the site, and the concentration of 
the reactivator.?*® 

The actual process of reactivating the phosphorylated 
acetylcholinesterase with a nucleophilic oxime involves 
formation of an intermediate step. At some point, a tran- 
sient complex forms consisting of the phosphorylated 
enzyme and oxime. Because formation of this complex 
undergoes saturation kinetics, further increases in oxime 
concentration does not enhance reactivation. After the 
oxime has pulled off the OP from the enzyme, the phos- 
phorylated oxime complex becomes a strong inhibitor of 
acetylcholinesterase. In addition, oximes themselves can 
inhibit acetylcholinesterase. The net effect is that even 
during treatment of an OP-inhibited enzyme with an 
oxime, there may be a transient, but undocumented, 
increase in inhibited acetylcholinesterase and worsening 
of symptoms.’ This has not been shown to occur with 
pralidoxime because the phosphorylated oxime formed 
is very unstable, transiently present, and likely without 
clinical effect. More likely, there is no net difference. If 
the oxime removes the organophosphate from acetyl- 
cholinesterase and forms an active phosphorylated 
oxime, it can still only react with one acetylcholinesterase 
molecule so the stoichiometry remains unchanged 
(personal communication, Peter Eyer, 2006). Obidoxime 
produces a much more stable phosphorylated oxime and 
could have clinical consequences. This, however, has not 
yet been documented in vivo in humans.** 

Despite oxime treatment, poisoning with highly fat- 
soluble agents (e.g., fenthion) or large exposures to 


1175 





agents that require bioactivation or prolonged elimina- 
tion (e.g., fenthion) may lead to recurrent or delayed 
clinical toxicity. This is because the newly regenerated 
enzyme becomes reinhibited as the OP leaches out of the 
fat tissue or is bioactivated over a longer period of time. 

The signs and symptoms of OP intoxication result 
from the overabundance of acetylcholine. This leads to 
initial excitation followed by paralyzed neurotransmission 
at cholinergic synapses.*° Cholinergic neurotransmission 
occurs throughout the CNS, at the parasympathetic 
nerve endings, at a few sympathetic nerve endings 
such as the sweat glands (muscarinic effects), and in 
the somatic nerves (e.g., neuromuscular junction) and 
ganglionic synapses of autonomic ganglia (nicotinic 
effects). The signs and symptoms of OP poisoning are an 
expression of acetylcholine excess at numerous different 
nerve terminals (Table 76-3) and can manifest predomi- 
nantly as muscarinic or nicotinic effects, or as a combi- 
nation of both. The effects of OPs on acetylcholinesterase 
affect m-receptors differently than n-receptors and may 
account for some of the clinical variation. ‘The OP effect 
on cholinesterase affecting m-receptors appears to be 
long-lasting, whereas n-receptors rapidly desensitize. 
Acetylcholine overstimulation at the neuromuscular 
junction leads to depolarization inactivation of myocytes; 
repolarization and, thus, recontraction are inhibited. 
This leads to muscle paralysis. In addition, the 
cholinergic nervous system has significant interplay with 
other neurotransmitters (i.e., Y-aminobutyric acid 
[GABA]) and results in additional toxic effects. CNS 
effects result largely from m-receptor stimulation but 
also occur from activation of n-receptors and W-methyl-d- 


Clinical Effects of Organophosphate 


Poisoning (Acetylcholine Excess) 





ANATOMIC SITE 


OF ACTION SIGNS AND SYMPTOMS 


Muscarinic Effects 


Sweat glands Sweating 

Pupils Constricted pupils 

Lacrimal glands Lacrimation 

Salivary glands Excessive salivation 

Bronchial tree Wheezing 

Gastrointestinal Cramps, vomiting, diarrhea, 
tenesmus 

Cardiovascular Bradycardia, decrease in blood 
pressure 

Ciliary body Blurred vision 

Bladder Urinary incontinence 


Nicotinic Effects 


Striated muscle Fasciculations, cramps, weakness, 
twitching, paralysis, respiratory 
embarrassment, cyanosis, arrest 

Tachycardia, elevated blood 


pressure 


Sympathetic 
ganglia 


Central Nervous 
System Effects 


Anxiety, restlessness, ataxia, 
convulsions, insomnia, coma, absent 
reflexes, Cheyne-Stokes respirations, 
respiratory and circulatory depression 
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aspartate (NMDA) glutamate receptors and inhibition of 
central GABA neurotransmission.!%°°4 

After the OP-acetylcholinesterase complex has 
undergone complete aging, enzyme resynthesis is the 
only means to restore acetylcholinesterase function. This 
may take weeks to months and necessitate prolonged 
pulmonary support for patients until sufficient enzyme 
resynthesis has occurred.” 


TOXICOLOGY 


Clinical Presentation 


The onset and severity of clinical effects is variable and 
depends on the identity of the agent, its formulation, 
and the dose, duration, and route of exposure. Initial 
symptoms may range from mild to immediately life 
threatening. The most rapid onset of symptoms occurs 
with inhalation, and the slowest with dermal exposure. 
The onset of clinical effects may take up to 24 hours 
after skin exposure to highly lipophilic agents that 
require bioactivation. In contrast, systemic effects and 
respiratory arrest can occur within minutes of inhalation 
of an aerosol or vapor of nerve agents. After OP inges- 
tion, clinical effects usually occur within 30 to 90 mi- 
nutes. Although OP toxicity generally occurs within 4 
to 12 hours, full-blown toxicity may not manifest for 
24 hours.” 

Stimulation of the muscarinic parasympathetic system 
will cause miosis, bradycardia, hypotension, broncho- 
constriction, hyperactivity of GI smooth muscle, and 
oversecretion of the exocrine glands (salivary, lacrimal, 
bronchial, and pancreatic). Stimulation of the autonomic 
ganglia (nicotinic effects) produces sympathomimetic 
effects that include tachycardia, hypertension, and 
mydriasis. Nicotinic effects at the neuromuscular 
junction lead to muscle weakness, fasciculations, and 
muscle paralysis. This is also known as type I paralysis.'® 
(see Table 76-3). GI symptoms are the most common 
manifestations early after ingestion of OPs. Aerosol 
exposure typically presents with respiratory and ocular 
complaints, whereas dermal exposure may cause 
localized fasciculations and sweating. The wide and 
mixed spectrum of clinical effects that occur with signi- 
ficant exposures may lead to misdiagnosis. In one study, 
16 of 20 transfer patients were incorrectly diagnosed as 
having other conditions.” The presence of excessive 
salivation, lacrimation, fasciculations, noncardiogenic 
rales or rhonchi, and muscle weakness during the initial 
phase of poisoning is suggestive of OP poisoning. Miosis, 
a typical muscarinic sign, is not always present because 
mydriasis may result from concomitant and over- 
riding nicotinic stimulation. Senanayake and colleagues 
developed a nonvalidated scoring system for organ- 
ophosphorus intoxications called the Peradeniya Organo- 
phosphorus Poisoning Scale (POP Scale).?’ This system 
ranks the severity of poisonings using five clinical signs 
(miosis, bradycardia, heart rate, level of conscious- 
ness, and respiratory rate). Each sign is graded on 
a scale from 0 to 2, with an additional point given for those 


that seize. Based on results from the initial study, severe 
intoxications (score of 8 to 11) have a higher mortality 
rate, greater need for ventilatory support, and higher 
dose of atropine in the first 24 hours. 

CNS effects generally include anxiety, restlessness, 
agitation, slurred speech, ataxia, confusion, lethargy, 
stupor, coma, seizures, and centrally mediated res- 
piratory depression.”® In addition, chorea, psychosis, 
depression, and choreoathetosis have been described.” 
Muscle weakness and paralysis develop in severe ex- 
posures. The most common cause of death is primary 
respiratory failure with subsequent cardiac arrest.*” Early 
respiratory failure is largely mediated by CNS respiratory 
center depression from increased, uncoordinated CNS 
muscarinic neuronal activity.!"*° In animal studies, such 
early respiratory depression can be prevented by anti- 
cholinergic agents that cross the blood-brain barrier.*° 
Peripheral nicotinic and muscarinic effects contribute to 
respiratory failure and include excessive oral and 
tracheobronchial secretions, laryngospasm, broncho- 
constriction, and paralysis of the diaphragm and inter- 
costal muscles. ‘There may be additional noncholinergic- 
mediated effects.” 

Other findings associated with acute OP intoxication 
include hyperamylasemia with or without clinical pan- 
creatitis.*! Electrocardiogram abnormalities have been 
reported and include conduction disturbances (e.g., 
atrioventricular block, ST-segment elevation, QTc 
prolongation) and arrhythmias (e.g., supraventricular 
and ventricular dysrhythmias, including torsades de 
pointes) .47*° 


Diagnosis 


The diagnosis of acute OP poisoning is made clinically 
and based on history and suggestive physical findings. 
The diagnosis should be considered whenever a patient 
presents with the cholinergic toxidrome or muscarinic 
signs and symptoms such as miosis, increased airway 
secretions, lacrimation, bradycardia, and GI complaints. 
The added presence of nicotinic findings such as mus- 
cle fasciculations and weakness further suggests the 
diagnosis of OP poisoning. A history of exposure is 
helpful but not often available. The simultaneous pres- 
ence of muscarinic and nicotinic findings on physical 
exam are characteristic of organophosphorus poisoning 
and often warrant empiric treatment with atropine and 
oxime therapy. Clinical findings suggestive of severe OP 
poisoning (i.e., mental status changes, coma, seizures, 
bronchorrhea, bronchoconstriction, fasciculations, auto- 
nomic instability, and paralysis) warrant immediate 
treatment presumptively. When multiple victims become 
comatose or seize within minutes of an inhalational 
exposure, a terrorist incident with nerve agents should 
be suspected and empiric antidotal treatment given pro- 
vided that supportive physical findings are present!* (see 
Chapter 105A). When the diagnosis of OP poisoning 
is not evident or when toxicity is mild or chronic, a 
depressed serum or red blood cell cholinesterase level 
may be obtained to assist diagnosis. Cholinesterase 
levels, however, are rarely available in a timely manner. 
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Thus, if OP poisoning is suspected, therapy should be 
initiated before confirmation by laboratory values. 

Laboratory confirmation of poisoning is demon- 
strated by depressed erythrocyte or butyrylcholinesterase 
activity. Because non—hemoglobin normalized acetyl- 
cholinesterase levels are extremely variable between 
individuals, a mild intoxication may not be confirmed 
until serial levels document a steady increase in enzyme 
activity over time.***? Erythrocyte acetylcholinesterase 
that is standardized to hemoglobin does not exhibit the 
same interindividual variability. As erythrocyte acetyl- 
cholinesterase is expressed on the erythrocyte membrane, 
in the absence of reactivation, restitution of normal, 
preintoxication enzyme activity levels are dependent on 
formation of new erythrocytes, a process that takes about 
90 to 120 days and mimics neurologic function.?*7* How- 
ever, erythrocyte acetylcholinesterase regenerates more 
slowly than neuromuscular junction acetylcholinesterase. 
Butyrylcholinesterase is an acute-phase reactant and may 
normalize in 14 to 30 days. There is a genetic variant in 
about 3% of the population, causing baseline depression 
of butyrylcholinesterase activity level. Other conditions 
that may depress butyrylcholinesterase include parenchy- 
mal liver disease, secondary hepatic insufficiency from 
congestive heart failure, metastatic carcinoma, reduced 
levels of serum albumin, pregnancy, and several 
medications.***° 

The remainder of diagnostic studies are nonspecific 
and include elevated leukocyte count and hyper- 
glycemia.*© Occasionally, elevated levels of urinary 
p-nitrophenol may be found in cases of OP intoxication 
in which para-nitrophenol is the leaving group (e.g., 
parathion) .!9-47 


Management 


Treatment of OP poisoning consists of aggressive 
supportive care and antidotal therapy. 

Initial management of the OP- or carbamate-poisoned 
patient requires immediate attention to the airway. 
Cyanosis or other evidence of hypoxia, rales, excessive 
oral secretions, or bronchorrhea should be treated with 
oxygen and rapid atropinization. Although most texts 
state that the patient should be oxygenated before atro- 
pine administration, it may be impossible to oxygenate 
until secretions are controlled. In a large cohort of OP- 
poisoned patients, Eddleston successfully administered 
early atropine without evidence of enhanced cardio- 
vascular toxicity.“ Atropine should be dosed until the 
secretions have dried and evidence of pulmonary fluid 
has diminished. During rapid atropinization, respiratory 
paralysis or excessive secretions should be managed by 
controlling the airway with intubation, ventilation, and 
continuous suctioning. When rapid sequence intubation 
(RSI) is necessary to control the airway of an OP- or 
carbamate-poisoned patient, the use of a depolarizing 
paralytic (e.g., succinylcholine), although not contrain- 
dicated, is discouraged. In such cases, succinylcholine may 
result in prolonged paralysis because it is metabolized 
through butyrylcholinesterase.* In one patient poisoned 
with chlorpyrifos, the use of succinylcholine resulted in 
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neuro-muscular paralysis that lasted 192 minutes.* 
There are no data on the effect of prolonged chemical 
paralysis with a nondepolarizing agent in the OP- 
poisoned patient.°? Thus, the use of rocuronium or 
other rapidly acting nondepolarizing agents is preferable 
for RSI in these patients. Concomitant with atropinization, 
patients should be resuscitated with intravenous (IV) 
fluids. OP pesticides result in significant GI fluid losses 
and probably cause nitric oxide-induced vasodilation.”! 
Rapid IV administration of 2 L or more of an isotonic 
solution may be necessary to return the patient to 
euvolemia. Vasopressors are indicated when hypotension 
is unresponsive to atropine and fluids. A direct-acting 
a-adrenergic agent (e.g., phenylephrine) is preferred 
because poisoned patients have a reduced systemic 
vascular resistance and relatively normal inotropic 
state.°849254 Dopamine and norepinephrine may 
increase the heart rate, which could prove beneficial or 
detrimental, depending on the initial pulse. These pressor 
recommendations, however, are based on pharmacologic 
principles and not animal or clinical data. 

Seizure activity should be rapidly controlled with an 
IV GABAergic agent such as diazepam, midazolam, or 
lorazepam. Aggressive use of benzodiazepines may 
improve survival and prevent cardiac and CNS injury in 
OP-poisoned patients with seizures.**°°°? Many dosing 
regimens have been suggested. Initial dosing recommen- 
dations include the use at least 10 mg IV diazepam or 
5 to 10 mg intramuscular (IM) midazolam in adults 
(pediatric dosing, diazepam 0.1-0.2 mg/kg IV or 
midazolam, 0.1-0.3 mg/kg IM) and then titrate upward 
as needed. There is some evidence to suggest that OP- 
induced seizures involve NMDA-glutamate receptors in 
addition to GABA, suggesting that propofol may be a 
useful adjunct for continued seizure activity. Both central 
GABA and NMDA-glutamate receptor pathways are likely 
involved with seizure production and delayed CNS 
neuropathology associated with significant poisoning 
with these agents (personal communication, M. Eddleston 
and A. Dawson, 2004) .°861,63,64 

After initial stabilization, patient decontamination 
becomes a priority. Patients with liquid contamination of 
skin and clothing may have ongoing percutaneous 
absorption of a pesticide. In addition, they may pose a 
skin contact risk to health care personnel. Interestingly, 
there have been almost no reports of clinically significant 
healthcare worker secondary contamination coming 
from the South Asian and Indian continents, where 
OP intoxicaation is extremetly common.®%®6 Thus, as 
soon as possible, the patient should be disrobed com- 
pletely and the skin thoroughly washed with alkaline 
soap and water. This should not delay initial life-saving 
treatment and administration of antidotes. The removal 
of clothing eliminates 85% to 90% of a contamination 
hazard.” Although hypochlorite solutions deactivate 
OPs in vitro, their use on human tissues is discouraged 
and may lead to corneal burns and other toxicity." A 
standard hypochlorite solution (5%) can be used to 
decontaminate equipment.®’” Alternatively, the U.S. 
Military has adopted dry agents for field decontami- 
nation." In civilian use, agents such as soil, flour, or 
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talcum powder may be applied to the skin and then 
mechanically removed.” 

One of the first priorities in OP and nerve agent 
treatment is health care provider self-protection and 
decontamination. Medical personnel participating in 
the decontamination process should have adequate 
personal protective equipment (PPE) and training. 
Ideally, the patient should have undergone initial decon- 
tamination at the scene by appropriate personnel 
trained in Hazardous Materials in Level A or Level B 
protection. At the Health Care Facility, medical staff 
should be dressed at the minimum in Level C PPE, 
including impermeable gowns and shoe covers; butyl, 
neoprene, or nitrile gloves; and facial splash protec- 
tion’? (see Chapter 103). Standard latex gloves are 
readily permeable to and do not protect from 
transdermal absorption of OP agents. Solutions or dry 
agents used for decontamination are considered 
hazardous materials, and arrangements for their disposal 
should be prearranged. Further discussion on appro- 
priate PPE and training should be directed to the local 
Poison Control Center, Metropolitan Medical Response 
System, HazMat team, Hospital Disaster Plan, or State 
Department of Health.” 

The utility of GI decontamination after ingestion of 
an organophosphorus ester pesticide is controversial. 
Because these agents are highly emetogenic, most 
patients have vomited before presentation. If a patient 
presents early (less than 30-60 minutes) after ingestion, 
empiric nasogastric aspiration of an ingested solution 
seems appropriate. There are, however, no published 
randomized controlled trials (RCTs) that have evaluated 
the efficacy of this modality. Some OP agents are known 
to bind activated charcoal. Thus, the administration of 
oral activated charcoal is usually recommended after 
oral OP pesticide exposure. As for gastric lavage and 
aspiration, the efficacy of activated charcoal for OP 
poisoning by ingestion has been not been adequately 
studied. Because many of the OP agents are dissolved 
in hydrocarbon solvents that can result in significant 
pneumonitis when aspirated, the potential benefits 
of gastric decontamination must be balanced against 
the risk for enhanced morbidity from aspiration for 
each patient treated.°? Currently, there is an ongoing 
large RCT in Sri Lanka investigating these issues.” 
Gastrointestinal decontamination is rarely necessary 
after nerve agent exposure because these patients have 
been poisoned by inhalation or dermal contact (see 
Chapter 105A). 


ANTIDOTAL THERAPY 

The accepted mainstays of antidotal therapy in OP poi- 
soning are adequate use of atropine to treat muscarinic 
symptoms and an oxime to regenerate the acetylcho- 
linesterase.”*> Atropine, a competitive antagonist at mus- 
carinic cholinergic receptors, inhibits the postsynaptic 
binding of acetylcholine. As a tertiary amine structure, 
atropine crosses the blood-brain barrier and works at 
both peripheral and central muscarinic sites. It has no 
effect at nicotinic cholinergic receptors. Although there 
have been no RCTs to demonstrate the efficacy of 


atropine for OP and carbamates poisoning, there are 
innumerable case reports that substantiate its efficacy 
and usefulness for this poisoning.” Atropine is indicated 
for muscarinic symptoms, primarily bronchorrhea and, 
sometimes, bradydysrhythmias and hypotension. The 
dosing of atropine is variable, and the dosing regimen 
used by Eddleston and colleagues is recommended. 
From their experience with OP poisonings in Sri Lanka, 
Eddleston and colleagues have shown that the 
administration of rapid, escalating doses of atropine 
(“rapid atropinization”) followed by an atropine infusion 
is successful in controlling the airway and other 
muscarinic symptoms.**°” With this approach, patients 
with evidence of muscarinic excess are initially given 1 to 
2 mg IV atropine, and doses are then doubled every 
5 minutes as needed. This dosing regimen will rapidly 
yield a cumulative dose of 25 mg by 20 minutes and 
75 mg by 25 minutes.*® Patients with severe toxicity may 
require 75 to 100 mg atropine. The adequacy of atropine 
dosing is determined clinically by clearing secretions 
from the pulmonary tract as assessed by resolution of 
crepitus and rales, a heart rate greater than 80 
beats/minute, dry skin, and a reasonable blood pressure 
(mean arterial pressure > 60 mm Hg or evidence of end- 
organ perfusion). Pupil dilation can be delayed up to 
30 minutes and is not a useful sign initially, but the 
eventual aim is to have nonpinpoint pupils. However, in 
the Sri Lankan experience, patients with severe OP 
poisoning had mid to large but mildly reactive pupils 
after an adequate atropine dose had been administered 
(personal communication, M. Eddleston and A. Dawson, 
2004) .*8°° After the patient has been stabilized, an 
atropine drip is established to maintain the patient at 
the appropriate level of atropinization, usually around 
20% of the total loading dose per hour, and is titrated as 
needed. More than 5 mg/hr of atropine is rarely 
needed.” Glycopyrrolate has been suggested as an 
alternative to atropine. However, because it does not 
cross the blood-brain barrier, it should be reserved 
for patients with a purely peripheral muscarinic 
syndrome.**’°79 The use of inhaled atropine or 
ipratropium bromide has been recommended when 
pulmonary symptoms predominate to minimize systemic 
side effects produced by intravenous atropine admin- 
istration.*>*4 

Although “rapid atropinization” is life saving, this 
method of atropine administration may occasionally 
overshoot and produce an anticholinergic delirium. In 
this situation, the atropine infusion should be halted and 
the patient closely observed until signs of cholinergic 
excess begin to reappear. At this point, the atropine can 
be restarted.*® When this occurs, the patient may need 
sedation until the delirium recedes. Benzodiazepines 
appear to be the safest option in this situation. 

Nerve agent intoxication does not appear to require 
similar atropine dosing (see Chapter 105A). Experience 
from the Matsumoto and Tokyo sarin incidents and 
declassified case reports suggest that 2 to 20 mg atropine 
appears to be adequate.!*!+71808! In the Tokyo sarin 
attacks, only 19% of poisoned patients required more 
than 2 mg of atropine.’ Topical ocular homatropine or 
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atropine preparations may be effective for focal ocular 
cholinergic toxicity (e.g., eye pain, dim vision) produced 
by aerosol nerve agent exposures.”! 

Oximes are used early after OP poisoning to 
regenerate active acetylcholinesterase. The use of oximes 
has become somewhat controversial after several Asian 
studies failed to demonstrate their efficacy for OP poi- 
soning.®*848> The conclusions of these studies, however, 
have been questioned because of flawed trial design and 
other reasons.’ In Western countries, use of oxime 
therapy is fairly well accepted, and there are multiple 
animal studies and human case reports supporting 
its efficacy.2478598692 Pralidoxime (2-PAM chloride, 
Protopam) and obidoxime (Toxogonin) are the most 
commonly used agents, although P2S (pralidoxime 
mesylate), pralidoxime methiodide, TMB-4, HI-6 and 
HL6-7 (experimental use only) are used in other parts of 
the world. The H-series oximes (e.g., HI-6 and HL6-7) 
have greater efficacy against certain nerve agents (e.g., 
soman) and may be preferable for such poisoning. Multiple 
textbooks and the package insert for Protopam suggest 
that oxime therapy should be reserved for nicotinic signs 
and symptoms. There is no scientific basis for this because 
oximes will regenerate acetylcholinesterase at both 
muscarinic and nicotinic receptors. Many patients who 
were treated with only atropine may have had adequate 
endogenous hydrolysis of the phosphorylated acetyl- 
cholinesterase. Use of oxime therapy in carbamate 
poisoning is another area of uncertainty. On average, 
carbamylated acetylcholinesterase will spontaneously 
hydrolyze within 24 hours. Patients poisoned with 
carbamates, however, may become severely ill and require 
ventilatory support for greater than 24 hours, similar to 
an OP poisoning. There is good evidence to suggest that 
oximes are effective for treating these carbamate- 
poisoned patients and shortening intensive care unit 
time.?49!8793-97 The exception to this may be carbaryl 
(Sevin), for which there is animal evidence to suggest that 
oxime use may worsen the cholinesterase block. There 
are no human data that demonstrate enhanced toxicity 
from oxime use in carbaryl-poisoned patients.%°°4%7 
Currently, oxime therapy is recommended for all carba- 
mate poisonings with the exception of carbaryl. 

The apparent ineffectiveness of oximes for OP 
poisoning has several possible explanations. First, 
reactivation of acetylcholinesterase may be slowed and 
ineffective because of steric effects of certain OP com- 
pounds at the active site. Second, the rate of acetyl- 
cholinesterase inhibition may be greater than its rate of 
reactivation because of insufficient oxime dosing relative 
to the degree of OP exposure. Third, formation of 
phosphoryloximes during the reactivation process may 
paradoxically inhibit acetylcholinesterase to a greater 
extent and longer duration than would be present 
without oxime therapy. This is more significant 
with obidoxime than pralidoxime. Finally, oxime therapy 
may not be provided for a long enough time in instances 
in which OP metabolic activation or tissue redistribution 
occurs. Similarly, oxime therapy may not be initiated 
for patients who present late because of the belief that 
all the cholinesterases will have aged. Aging is a process, 
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and it is believed that as the acetylcholine accumulates 
at the receptor, acetylcholinesterase competes with the 
OP for the binding site.?” 

Most oxime controversy relates to appropriate dosing. 
Most U.S. textbooks suggest a pralidoxime dose of 1 to 
2 g IV or IM followed by 1 g every 6 to 12 hours. This 
dose has not been subjected to rigorous scrutiny and 
may lead to low serum oxime concentrations. A serum 
concentration of 4 mg/L has been suggested as the 
minimum oxime “therapeutic level” for OP poisoning; 
this value was derived from animal data.’°°? A sub- 
sequent pharmacokinetic study by Medicis used a 
pralidoxime infusion in human volunteers to maintain 
this serum concentration.'” Further study has suggested 
that 1 g pralidoxime every 6 to 8 hours or the infusion 
rate from the Medicis study are inadequate to treat 
significantly poisoned patients and that larger oxime 
doses are necessary.”*98101-103 There are a number of rea- 
sons for this, which include poor affinity of oximes for 
the phosphorylated enzyme complex, overwhelming in- 
hibition by a large OP exposure, reinhibition of the 
enzyme by sustained or high levels of OP, OP persistence 
in a deep compartment such as seen with extremely fat- 
soluble agents (duration of treatment), and aging of the 
enzyme.”*> The WHO has recommended an initial dose 
of 30 mg/kg pralidoxime IV followed by an IV infusion of 
8 mg/kg/hr. Alternatively, if a continuous infusion is not 
possible, 30 mg/kg pralidoxime should be administered 
IM or IV every 4 hours. Obidoxime is dosed at 4 mg/kg 
initially then 0.5 mg/kg/hr or 4 mg/kg initially then 2 
mg/kg every 4 hours. Both agents may be administered 
IV or IM.'** Based on computer kinetic modeling, Eyer 
and associates have determined that an ideal plasma 
concentration of 50 to 100 pmol/L for pralidoxime and 
10 umol/L for obidoxime should produce an acceptable 
half-life of reactivation of about 10 minutes.!* These can 
be achieved with a pralidoxime dosing of 1 g IV followed 
by 0.5 g/hr or an obidoxime dosing of 250 mg initially 
followed by 750 mg over 24 hours.” Regardless, the ideal 
oxime dose has not yet been established and will 
probably depend on the OP agent, time since exposure, 
body load, pharmacogenetics, and other variables. The 
South Asian Clinical ‘Toxicology Research Collaboration 
initiated a study in 2004 that compares the WHO 
pralidoxime regimen versus placebo in the treatment 
of OP poisoning in Sri Lanka (personal communication, 
M. Eddleston and A. Dawson, 2004). These data should 
help to clarify the optimal pralidoxime dosing strategy. 

It is important to be aware of the treatment distinction 
between diethyl and dimethyl phosphoryl OPs. 
Dimethyl-poisoned patients have a shorter window of 
opportunity for oxime treatment and necessitate higher 
doses. This discrepancy may be partially responsible for 
the variable results reported in the literature. Treatment 
of nerve agent poisoning follows similar precepts but 
uses a different dosing strategy. Because the G nerve 
agents age extremely rapidly, treatment must be started 
immediately (see Chapter 105A). 

Adverse reactions from oxime therapy include hyper- 
tension, transient increases in neuromuscular block, and 
projectile vomiting after bolus administration of pral- 
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idoxime (personal communication, M. Eddleston and 
A. Dawson, 2004) .+%100.104 There are no good data on the 
effects of pralidoxime in the first trimester of 
pregnancy.!°°!07 Pralidoxime is categorized by the U.S. 
Food and Drug Administration as a pregnancy category 
C medication. Thus, it should only be used with initial 
careful consideration of the relative risks and benefits to 
the mother and child.1°8-199 


INTERMEDIATE SYNDROME 

In 1987, Senanayake described a syndrome of proximal 
muscle weakness, weak neck flexors, and respiratory 
failure, which he designated as the intermediate syn- 
drome (IMS) or type II paralysis."!°'!! The IMS has onset 
within 24 to 72 hours after the acute cholinergic crisis 
and can last several days to weeks.'!*"!° Many authors 
have debated the existence of IMS versus continued 
neuromuscular junction (NMJ) acetylcholinesterase 
depression in the face of inadequate oxime therapy.!!7""° 
The syndrome has been characterized by absent muscarinic 
symptoms but continued severe acetylcholinesterase 
inhibition as measured by cholinesterase activity, and 
there is no therapy other than supportive care.!14-140-1%2 
Electromyograms—Nerve Conduction Velocity Studies 
done during IMS have shown decrement pattern in 
neuromuscular transmission with repetitive stimulation 
at low rates consistent with presynaptic and postsynaptic 
impairment at the NMJ and desensitization.'**!** At this 
time, there is no consensus on etiology; the pralidoxime 
study in Sri Lanka may provide some insight on this 
problem. Treatment of IMS is primarily supportive. 
Some recommend the administration of additional 
oxime, but few data support this recommendation. 


DELAYED POLYNEUROPATHY 
(ORGANOPHOSPHATE-INDUCED DELAYED 
NEUROPATHY OR POLYNEUROPATHY) 

Several classes of OPs (phosphates, phosphoramidates, 
and phosphonates) inhibit both acetylcholinesterase 
and neuropathy target esterase (NTE).!*°'°° NTE is 
found on the Schwann cells lining the axons and, when 
aged, causes loss of the myelin sheath with a “dying back” 
axonopathy that is unresponsive to atropine and 
pralidoxime.!?5127129 This leads to a symmetric demye- 
linating process with the patient complaining about 
cramping pain, paresthesias, and distal limb weakness. 
Patients notice the onset of weakness and paresthesias 
about 3 to 6 weeks after initial illness, with subsequent 
progression over weeks to months.!°!%! A lymphocyte 
NTE assay has been developed to assist diagnosis; 
depression of lymphocyte NTE correlates with develop- 
ment of organophosphate-induced delayed neuropathy 
(OPIDN).!15%138 There is no known treatment for 
OPIDN. Resolution may occur over 6 months to a 
year for those with mild symptoms, whereas those with 
severe OPIDN usually have persistent deficits.'*°19°1%° 


CHRONIC NEUROPSYCHIATRIC SEQUELAE 
A number of other neurologic sequelae that have been 
associated with OP intoxication. Acutely, patients may 


develop severe encephalopathy.'*? Long-term effects 
have included short-term memory loss, fatigue, con- 
fusion, depression, psychosis, parkinsonism, and other 
extrapyramidal findings.” Some of these findings 
may resolve over time. 


NEW TREATMENT DEVELOPMENTS 

One of the difficulties in treating OP-poisoned patients 
is determining when to stop oxime therapy. Eyer and 
associates have started to assay whole blood for the 
ability of oximes to reactivate red blood cell cholin- 
esterase before and during treatment. Ongoing acetyl- 
cholinesterase inhibition, recrudescent poisoning, and 
response to therapy could be recognized and diag- 
nosed from a decrease in the ability to reactivate red 
blood cell cholinesterase in patient whole blood.!9 The 
increasing importance of pharmacogenomics is also 
being investigated. Depending on the paraxon con- 
centration, studies in liver microsomal studies have 
shown that paraoxon has variable effects on the 
cytochrome P-450 enzymes (e.g., CYP1A2, 2B6, and 
3A4). During parathion desulfuration, an electrophilic 
sulfur is released, which inactivates the cytochromes, 
leading to significant effects on other metabolic 
processes and detoxification of xenobiotics." 

Research on the use of hydrolases to treat OP toxicity 
has led to the potential for use of bacterial phospho- 
triesterases to cleave OPs.!4#147 The discovery of poly- 
morphism in the PONI genetic coding suggests that 
there is a variable sensitivity to toxicity of OPs.'*!*° This 
may help to explain why some people exhibit a higher 
degree of toxicity when exposed to the same agents. 

Other promising novel therapies for OP pesticide 
poisoning are being researched. There has been at 
least 10 years of work on the Hagedorn agents HI-6 and 
HL6-7. These two agents and others continue to show 
promise as the preferred oximes for nerve agent toxicity 
(see Chapter 105A).7886,89,90,149-152 Alkalinization with 
sodium bicarbonate has increased survival in animal 
models and may be useful in humans.!5%154 A recent 
Cochrane review of alkalinization for the treatment of 
OP intoxication suggested that it may be useful clinically, 
but there is insufficient evidence for routine use.!5? A 
promising new line of investigation is the use of OP 
hydrolases to break down OPs before they can covalently 
bind to acetylcholinesterase. Data from in vitro and 
animal models have demonstrated that the combined 
use of bacterial OP hydrolases and oxime therapy has 
been successful in preventing reinhibition of acetyl- 
cholinesterase.!*'§’ Finally, human butyrylcholinesterase 


has been used to increase survival in soman-poisoned 
rats, 158:159 
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/ / Pyrethrins, Repellants, and Other Pesticides 


STEPHEN W. BORRON, MD, MS 


At a Glance... 


m Pyrethrins, pyrethroids, and newer compounds are rapidly 
replacing the organochlorines, organophosphates, and carba- 
mates in many geographic areas, particularly in the consumer 
pesticide market. 

m Pyrethrins and pyrethroids have low mammalian toxicity, even 
in overdose, compared with the aforementioned pesticide 
families. 

m Amitraz exposure is generally benign; however, large overdoses 
may result in central nervous system depression, bradycardia, 
and hypotension. It is an c,-adrenoceptor agonist. 

m The avermectins may induce coma, metabolic acidosis, and 
rhabdomyolysis after large ingestions. 

m Two newer pesticides, imidacloprid and fipronil, are discussed. 
Serious toxicity has been rarely reported in humans. 

m DEET is the most widely used insect repellant. Neurotoxicity has 
been reported with topical application and with ingestion, but 
the incidence of serious adverse reactions is small in com- 
parison with the widespread use of these products. 

m= = The chemical and physical characteristics (e.g., volatility) of the 
active ingredients of pesticides and of the adjuvants and 
solvents associated with them should be considered in any 
evaluation of their toxicity and approach to treatment. 


The relatively high mammalian (including human) 
toxicity of the organophosphates and carbamates (see 
Chapter 76) and environmentally persistent organochlo- 
rines (see Chapter 81) has led regulators and manufac- 
turers of pesticides to search for safer alternatives. This 
chapter covers the family of pyrethrins and pyrethroids, 
as well as a number of other established and more recent 
compounds used as pesticides or repellants of biting 
insects. These include DEET, amitraz, imidacloprid, 
fipronil, and the avermectins. The pesticides covered 
here represent the present and near future of pesticides, 
owing to improved safety of these products relative to 
organophosphates, carbamates, and organochlorines. 
These compounds, in general, have limited toxicity in 
humans, animals, and the food supply but nonetheless 
require respect in their application and an understanding 
of the risks they pose in acute overexposure. 

Although most life-threatening human poisonings 
have been reduced by the move away from the more 
traditional pesticides, there is concern among some that 
the pyrethroids and newer pesticides also pose 
unnecessary human risk. This chapter briefly examines 
the concerns for potential long-term and subtle forms of 
toxicity but focuses on the acute toxicity of these com- 
pounds in unintentional and intentional overexposure. 


No discussion of the risks associated with chemical 
agents is appropriate without a balancing view of their 
benefits. We are continually placed at significant risk for 
disease and death by infectious disease vectors. Malaria 
continues to kill millions of people throughout the 
world, particularly in developing nations. The World 
Health Organization (WHO) estimated the worldwide 
incidence at 213 million cases in 1998.! Snow and 
colleagues believe that the number is much higher, 
about 515 million cases of Plasmodium falciparum malaria 
alone.* The developed world is not spared from vector- 
borne diseases. The United States has seen significant 
numbers of cases of West Nile Fever, dengue fever, Lyme 
disease, encephalitides, and other arthropod-borne 
illnesses in recent years (see www.cdc.gov/ncidod/ 
dvbid/). The judicious use of pesticides and repellants 
has a significant effect on the incidence of these diseases. 
For example, Alten and colleagues showed a reduction 
of malaria from 8.29% to 1.57% in a test city when mos- 
quito nets impregnated with deltamethrin (a pyreth- 
roid) were employed, whereas malaria incidence slightly 
increased in a control area (no intervention) and in 
two areas where nonimpregnated nets were employed.° 
Flea- and tick-borne diseases have also been diminished 
by the appropriate use of insecticides and repellants by 
humans and their pets. Pesticides also decrease the 
amount of food that is wasted. 

In any evaluation of pesticide safety, it is critical to 
remember the roles of solvents in which the pesticides 
are dissolved and any adjuvants used to increase their 
efficacy or ease of use. It is not uncommon, particularly 
among the newer “insect-selective” pesticides, that the 
solvent has greater acute toxicity to the patient than the 
active ingredient. This is important to recall not only in 
caring for patients but also when reporting cases in the 
medical literature. Furthermore, some cases of reported 
“pesticide poisoning” occurring through inhalation are 
probably solvent exposures because many pesticides have 
low vapor pressures and are unlikely to be inhaled unless 
dispersed as droplets or mists. 

In addition to their accepted mechanisms of action, 
which often involve alteration of neural transmission, 
most of the pesticides show evidence of inducing 
oxidative stress, which naturally raises concern about 
long-term effects, such as the induction of cancer and 
other chronic adverse events. This issue is generally of 
greater concern to scientists and risk assessors on a 
population basis, rather than at the individual level. The 
reader is referred to the article by Abdollahi and 
associates‘ for a current review of the issue of oxidative 
stress induced by various pesticides. 
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PYRETHRUM, PYRETHRINS, AND 
PYRETHROIDS 


Substances and Mechanisms of Action 


Pyrethrum is an oleoresin mixture derived from the 
common chrysanthemums, Chrysanthemum cinerariifolium 
and Tanacetum cinerariifolium. The natural pesticide 
pyrethrins are derived from pyrethrum. To enhance 
certain characteristics, particularly resistance against 
degradation by ultraviolet light, synthetic analogous 
compounds have been developed, which are referred to 
as pyrethroids. Pyrethroids constitute more than 30% of 
worldwide pesticide use, based on their efficacy in 
knockdown and killing of insects, low mammalian 
toxicity, and limited environmental persistence.’ For 
reasons of simplicity and because the use of synthetic 
compounds now outweighs that of natural compounds, 
the term pyrethroids is used hereafter as a collective term 
for this family of pesticides when further precision is not 
required. 

Pyrethroids act by altering the voltage dependence 
and rate of activation of the gated sodium channel and 
by inhibiting inactivation of the channel, increasing the 
likelihood that the channel opens or remains open. 
Although insect and mammalian voltage-gated channels 
share morphologic features and physiologic charac- 
teristics, natural toxins have developed that are highly 
specific for insect channels. The pyrethrins and 
pyrethroids are believed to be relatively specific based in 
part on their greater affinity for insect channels. 
Furthermore, body temperature differences between 
mammals and insects predispose the insect to greater 
effects from a pyrethroid of given toxicity because degrada- 
tive metabolism is faster in mammals. Additionally, the 
insect’s smaller size means that the toxicant is more likely 
to reach its target before deactivation by the organism.’ 


Uses 


Pyrethroids are applied by a variety of methods. They are 
applied directly to fabrics, such as mosquito netting and 
curtains, to serve as insect repellants. Their efficacy 
in reducing disease-carrying insects for malaria and 
Chagas’ disease has been demonstrated.*° They are used 
in smoke coils and intermittent and total release sprays. 
Permethrin is applied in humans as a 5% cream for 


treatment of scabies and as a 1% cream rinse or lotion 
for the treatment of pediculosis capitis. 


Toxicology 


Gamnon (cited in Zlotkin) has divided the pyrethroids 
into two classes, which differ based on the absence (type 
I) or presence (type II) of an O-cyano group and which 
provide them with distinct toxicologic activities? (Fig. 
77-1). Type I pyrethroids induce a tremor syndrome, 
composed of hyperexcitation, ataxia, and convulsions, 
followed by flaccid paralysis. Type II pyrethroids have 
greater effects in mammals and may cause a writhing 
syndrome (hypersensitivity, tremors, hypersalivation, and 
paralysis). 


EXPOSURE ROUTES 

Pyrethroids may enter the body by ingestion, inhalation, 
or dermal absorption, although the first two routes are 
certainly of greatest potential consequence. The “no 
observed adverse effect level” (NOAEL) for ingestion in 
animals is 1 mg/kg/day, above which neurotoxic effects 
may be seen.’ The “acceptable daily intake” of 
permethrin and cypermethrin, as established by the 
WHO, is 0.05 mg/kg/day. Schettgen and colleagues’ 
have provided evidence that most pyrethroid body 
burden is due to ingestion of food-borne residues, based 
on an earlier experimental study by Woollen and 
colleagues.'° Inhalation of pyrethroids is likely of sig- 
nificant concern only during the actual spray appli- 
cation of the products, owing to the low volatility of these 
compounds. For example, permethrin has a vapor 
pressure of only 45 uPa at 25° C (3.4 x 107 mm Hg).° 
Barlow and colleagues recently assessed the risk involved 
with the use of deltamethrin-impregnated bed nets 
for prevention of malaria.’ They identified a NOAEL of 
1000 mg/kg/day in animals. Applying safety factors, an 
“acceptable exposure level” (AEL) of 10 mg/kg/day was 
established for humans. Tests using the nets revealed that 
actual exposures incurred in use are less than one tenth 
of the AEL. The authors concluded that the risk-to- 
benefit ratios for mosquito net use are quite favorable.’ 
The WHO has determined that the use of pyrethroid- 
treated bed nets reduces malaria mortality and 
morbidity, particularly in children and newborns, and 
may reduce transmission of malaria when used on a 
large scale." 


HC OH: ? 
a X CLO 
y= mf Ose O 
O |l 


Permethrin (Type 1) 


O 


Cyfluthrin (Type II) 





A 


B 


FIGURE 77-1 Pyrethroids. A, Permethrin (type I). B, Cyfluthrin (type Il). Note the a-cyano group. 
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METABOLISM 

Pyrethroids are rapidly hydrolyzed by esterases in the 
liver.'* The metabolites are then eliminated in the urine. 
There is no correlation between urinary metabolite con- 
centrations and symptoms. According to Leng and asso- 
ciates, the unchanged pyrethroids must be determined 
in plasma to explain clinical effects, but pyrethroids are 
detectable in plasma for only a few hours after 
exposure.!® 


ACUTE TOXICITY 
Ray and Forshaw have published a useful review of 
the acute toxicity of pyrethroids, particularly as applies 
to animal studies.'* The toxicity can be reduced to two 
clinical syndromes, type I (tremor syndrome) and type II 
(choreoathetosis/salivation syndrome), although some 
pyrethroids may produce a superimposed combination 
of both types. Type I syndrome is compared to the 
toxicity of DDT (see Chapter 81). The tremor may be 
severe, increasing the metabolic rate, and can lead to 
prostration and death in animals. Type II pyrethroids 
induce much longer delays in sodium channel con- 
duction (>10 msec, the normal time constant of the 
unmodified sodium channel being about 0.5 msec). 
The effects of this prolongation include incoordination, 
choreoathetosis, seizures, and direct effects on skeletal 
and cardiac muscles and salivary glands, as well as 
reflex hyperexcitability.'* Most human case reports of 
acute poisoning refer to type II (O-cyano) pyrethroids. 
Descriptions of acute poisoning in humans are relatively 
rare. An International Programme on Chemical Safety 
document cited three cases of deltamethrin poisoning, 
including a report by Rousselin!? of a 13-year-old who 
ingested 5 g of deltamethrin (LD;9 in rats, 30-140 mg/kg!®) 
in a suicide attempt. The patient developed loss of 
consciousness, muscle cramps, miosis, and tachycardia. 
She received gastric lavage, 2-pyridine aldoxime methio- 
dide (2-PAM), sodium nitrite, sodium thiosulfate, and 
high doses of diazepam and had complete recovery 
at 48 hours. The same document further cited an 
unpublished case of a 23-year-old man who ingested 
1.75 g of deltamethrin with no neurologic signs or 
symptoms. Digestive and hepatic signs were attributed to 
the xylene used as a solvent.” He and colleagues 
reported on 573 cases of acute pyrethroids poisoning in 
China. Deltamethrin was involved in 325 cases.!® About 
one third of cases were of occupational origin and due to 
poor utilization conditions and lack of personal pro- 
tection. Two of 158 occupational cases died of con- 
vulsions, whereas the remainder of the 573 total cases 
survived with 1 to 6 days of treatment. Burning skin and 
paresthesias were the most common symptoms reported 
in a group of unprotected cotton workers in China in the 
1980s.'9 Diarrhea, severe headaches, dizziness, fatigue, 
nausea, and anorexia were also reported. Transient 
electroencephalogram changes and fasciculations were 
noted, as well as convulsions in one case, with all patients 
making a complete recovery. 

Yang and colleagues reported on 48 cases of acute 
ingestion of mixtures of permethrin, xylene, and 
surfactant.” Ten of these were accidental and 38 
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intentional attempts at suicide. Gastrointestinal symptoms 
predominated, with sore throat, mouth ulcerations, 
dysphagia, epigastric pain, and vomiting being common 
findings. Pulmonary abnormalities occurred in 29% 
and aspiration pneumonitis in 8 cases, with 1 fatality. 
Confusion (13%), coma (21%), and seizures (8%) were 
observed as well. A small percentage (3 of 48) had 
arrhythmias or shock. Mild renal and liver function 
abnormalities were seen in, respectively, 10% and 6% of 
patients. The authors concluded that this combination 
was responsible for significant poisonings, but that the 
relative contributions to toxicity were uncharacterized. 
Clearly, a number of these symptoms may have been 
attributable to the xylene carrier. LoVecchio and Knight 
recently reported on the case of a 36 year-old man who 
injected 6 mL of Real Kill Ant and Roach Killer 2 into the 
antecubital fossa and another 2 mL subcutaneously in a 
suicide attempt.” This product contains tralomethrin 
0.01% and D-transallethrin 0.05%, as well as mineral 
spirits, a glycol ether, and simple hydrocarbons. The 
patient suffered pain and erythema at the injection site 
during a 4hour observation period with resolution. No 
further symptoms were noted during a 3-day psychiatric 
evaluation. 


Allergic Phenomena 

Both acute exacerbations of hypersensitivity pneu- 
monitis** and asthma, including fatalities,*** have been 
described after pyrethroid exposures. A report from 
the New York City Department of Health and the 
Centers for Disease Control and Prevention (CDC), 
however, revealed that widespread spraying of urban 
pesticides for control of West Nile Virus in 2000 did 
not increase the incidence of emergency department 
asthma visits.” Allergic contact dermatitis*°”’ and irritant 
contact dermatitis*® have also been reported. Amer and 
colleagues found that 70% of pesticide workers exposed 
to pyrethroids had positive patch tests.*° 


Skin Hyperesthesia 

Paresthesia may be produced by dermal exposure 
to these compounds. This is apparently a dose-related 
phenomenon and is reversible. It represents local effects 
on skin nerve terminals rather than systemic toxicity. 
Vitamin E cream has been shown to ameliorate the 
unpleasant sensation.°” 


CHRONIC TOXICITY 

Chronic toxicity from pyrethroids is not a generally 
accepted clinically recognized entity, although it is 
a hotly contested concern in Germany. Altenkirch 
reported in 1996 on 64 cases of “chronic pyrethroid 
toxicity” referred to the Federal Health Office.*! Twenty- 
three of these patients underwent examination in a 
neurologic department on an inpatient basis, using 
clinical neurologic, neuroradiologic, and laboratory 
investigations, including the examination of pyrethroid 
concentrations in blood and urine. The presumed 
sources of chronic exposure included carpets, moth 
repellants, pesticide sprays, and wood preservatives. Nine 
patients were found to have severe somatic or psychiatric 
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disorders determined to be unrelated to pesticide 
exposure, including Guillain-Barré syndrome, pituitary 
tumor, and spinal muscle atrophy. An additional 
eight were determined to meet criteria for “multiple 
chemical sensitivities” (see Chapter 85). In six of those 
cases, “a causal link between acute complaints and 
pyrethroid exposure could be established or not 
ruled out.” However, the authors found no evidence 
for irreversible central or peripheral nervous system 
lesions. Muller-Mohnssen and Hahn published a series of 
cases of cerebro-organic dysfunction, locomotory 
disorders reminiscent of multiple sclerosis or Parkinson’s 
disease, polyneuropathy, and immunosuppression, 
which they ascribed to chronic pyrethroid toxicity.* 
They have recently updated their findings.*? The 
methodology of their findings has been sharply 
criticized.** Hildebrand and colleagues speculated 
that effects of pyrethroids on voltage-gated calcium 
channels may be responsible for “chronic effects of 
low-level pyrethroids poisoning.” This issue will likely 
not be settled in the near future but warrants careful 
analysis. Kolaczinski and Curtis have reviewed the 
literature and provide a useful summary of this 
contentious debate.°*° 


Laboratory Studies and Biologic 
Monitoring 


Biologic monitoring of manufacturing workers and pes- 
ticide applicators of pyrethroids is possible, employing 
either measurement of the intact compounds in the 
blood (possibly useful for very recent high exposures) or 
measurement of the intact compounds or their metabo- 
lites in the urine. Hydrolysis of the ester bond of permethrin, 
cypermethrin, deltamethrin, cyfluthrin, and fenvalerate 
produces acid metabolites and 3-phenoxybenzyl alcohol 
(4-fluoro-3. phenoxybenzyl alcohol in the case of 
cyfluthrin). These metabolites may be measured in urine 
shortly after oral or dermal exposure, up to a maximum 
of 5 days. A variety of methods of detection are described.’ 
For plasma analysis, gas chromatography with electro- 
chemical detection (GC-ECD) has been employed.*® 
Measurement of deltamethrin and fenvalerate has been 
carried out using both high-performance liquid chro- 
matography (HPLC) and GC-ECD.*** Although useful 
for monitoring workers, these tests have little applicability 
to acute poisoning because they are not widely available 
and are unlikely to alter therapy. 


Treatment 


Treatment of pyrethroid overdose is generally supportive 
because there are no specific antidotes. Because of the 
risk for aspiration related to the associated hydrocarbon 
solvents and surfactants, careful attention to the airway 
must be ensured, particularly in the case of intentional 
oral overdose. Seizures are rare and may be expected to 
respond to benzodiazepines. The proconvulsant effects 
of pyrethroids are believed to be due to binding to 
peripheral-type benzodiazepine receptor ligands, to 
which diazepam has significant affinity.” 


FORMAMIDINE COMPOUNDS 


Substances and Mechanisms of Action 


Chlordimeform and amitraz (Fig. 77-2) are the two 
representative compounds of this group of pesticides. 
Chlordimeform was voluntarily withdrawn from the U.S. 
market because of concerns of increased incidence of 
bladder cancer in manufacturing workers.** Amitraz is 
an insecticide and acaricide. Both of these agents act on 
the Qs adrenoreceptors as agonists. Amitraz is available as 
an emulsifiable concentrate in an aromatic hydrocarbon 
solvent. 


Uses 


Amitraz is used in the United States to control red spider 
mites, leaf miners, scale insects, and aphids. On cotton, 
it is used to control bollworms, white fly, and leaf worms. 
On animals, it is used to control ticks, mites, lice, and 
other animal pests. It is approved for use on pears, 
cotton, hogs, and cattle.® It is used in some countries as 
treatment of generalized demodicosis of dogs and for 
control of ticks and mites on sheep. 


Toxicology 


Both amitraz and chlordimeform are thought to exert 
their principle acute toxicity by agonism of Q, 
adrenoceptors, in a manner similar to clonidine. These 
effects are discussed later. In addition, chlordimeform 
has been implicated in the production of symptomatic 
methemoglobinemia (probably through one of its 
metabolites, an aromatic amine) and also hematuria 
(hemorrhagic cystitis). Although amitraz has not been 
associated with either of these in case reports, Garnier 
and coworkers pointed out that amitraz also has as one 
of its main metabolites 2,4-dimethylaniline and that 
methemoglobinemia is a possibility. The oral LD;9 of 
amitraz in rats is 800 mg/kg.” 


ACUTE TOXICITY 
Amitraz poisoning is typically benign® and requires only 


supportive care, but there are reported cases of significant 
toxicity, described later. A NOAEL of 0.125 mg/kg 
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has been established in healthy male volunteers.*” The 
acute toxicity of amitraz is characterized by central nervous 
system (CNS) depression, bradycardia, and hypotension. 
In some cases, miosis is observed. Hyperglycemia may 
also be present. Most of these symptoms are attributable 
to Os -adrenoceptor stimulation. Mydriasis may be seen 
with great stimulation of these receptors. The vomiting 
commonly seen has been attributed to the solvent, most 
often a petroleum distillate, as has aspiration pneu- 
monitis and CNS depression. Agin and colleagues* pub- 
lished a series of seven cases of poisoning admitted to 
a children’s hospital in Turkey between 1999 and 2001. 
Six cases were of oral route and one dermal. Amounts 
ingested were small (25-30 mL) in two cases and 
unknown in the rest. Dermal poisoning resulted from 
its misuse as a treatment for lice. Four children 
presented in coma, two with somnolence. CNS 
depression resolved within 6 to 20 hours. One was 
hypotensive, responding to intravenous fluids. Res- 
piratory failure was noted in four cases, two requiring 
brief mechanical ventilation support (<10 hours). Mild 
increases in blood glucose were seen. Laboratory 
studies were otherwise normal. Some patients received 
up to four doses of atropine for bradycardia and miosis. 
All cases recovered within 3 days. 

Doganay and colleagues previously reported two 
cases, one of which resulted in severe hypotension and 
bradycardia.** One case involved a 35-year-old man 
who drank between 50 and 100 mL (6.25-12.5 g) of 
amitraz in a suicide attempt. On arrival at the hospital, 
about 3 hours after ingestion, his heart rate was 35 beats/ 
minute, and his blood pressure was unobtainable. The 
patient was in respiratory arrest. His Glasgow Coma 
Scale score was 3, and his body temperature was 34.5° C. 
He was intubated and ventilated, and atropine and 
dopamine were administered, along with intravenous 
fluids. He became conscious 22 hours after ingestion 
and was extubated after 24 hours. Hyperglycemia, with 
blood glucose as high as 500 mg/dL, persisted over a 
5-day period. He was discharged without sequelae.*® 


Laboratory Studies 


The presence of cyanosis should prompt obtaining of 
arterial blood gases and methemoglobin levels. Garnier 
and colleagues reported plasma amitraz concentrations 
of 100 ng/mL 2 hours after ingestion in an asymptomatic 
patient and of 500 ng/mL after 2 hours in a patient with 
drowsiness.*° Plasma levels are generally unlikely to be of 
clinical use because of their limited availability. The 
reader is reminded that manufacturers can often be of 
assistance in quantifying or at least confirming the 
presence of particular compounds when there is doubt 
about the diagnosis or when forensic issues exist. 


Treatment 


As in all poisonings, supportive care is vital. Given the 
generally limited toxicity of amitraz and the presence of 
petroleum distillates, gastric emptying is generally not 
recommended, except in cases of massive exposure or if 
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other, more toxic compounds are ingested. The airway 
should be protected if a decision is made to undertake 
gastric emptying by any means. A number of O4-adreno- 
ceptor antagonists have been proposed as potential 
“antidotes” against amitraz. Yohimbine and atipamezole 
have been successfully employed in dogs,” but human 
experience is lacking. Phentolamine has likewise been 
suggested in case of ingestion of a large amount of 
amitraz.°? Chen and Lu”! have recommended dimethyl- 
propane sulfonate (DMPS) for treatment of chlordime- 
form poisoning and cite Chinese animal literature 
demonstrating its efficacy in mice, rats, and pigeons. They 
also report efficacy in clinical treatment of two patients 
poisoned with chlordimeform. The mechanism of 
supposed antidotal efficacy is not clearly explained. 


AVERMECTINS 


The avermectins are natural compounds produced by 
fermentation of the actinomyces, Streptomyces avermitilis.5* 
This species produces eight macrocyclic lactones 
identfied as members of “A” and “B” series. The B series 
has been shown effective against helminths and arthro- 
pods.°? Chemical modification of the natural lactones 
resulted in the production of ivermectin (Fig. 77-3), 
which is approved for use in humans and animals as an 
antihelminthic. It is effective against Onchocerca volvulus, 
the nematode responsible for river blindness. The U.S. 
Food and Drug Administration (FDA) has approved its 
use for strongyloidiasis and onchocerciasis. It is subject 
to widespread off-label use and is effective against 
ectoparasites (scabies and lice) and cutanea larva 
migrans. Its use is restricted to adults and children older 
than 5 years.°*°? Ivermectin has also been shown to 
improve the therapeutic response to chemotherapy 
drugs (paclitaxel [Taxol] and vincristine) by inhibiting 
multidrug resistance.” 





H3C 


CH; 





Ivermectin 


FIGURE 77-3 Ivermectin. 


1190 PESTICIDES 





An additional compound, abamectin, is used in 
agriculture as an insecticide on vegetables and in fruit 
trees. It is widely used in the control of parasites and 
insects, and its use is increasing, particularly as ectopar- 
asites develop resistance to pyrethroids. The avermectins 
have complex effects on both vertebrate and invertebrate 
y-aminobutyric acid (GABA) channels and invertebrate 
glutamate gated chloride channels. The net increase in 
intracellular chloride ions leads to paralysis and death in 
the target organism.°’ A more recently developed 
product, emamectin, is also employed as an insecticide. 
This product is approved in the United States on fruiting 
vegetables (tomatoes and peppers), leafy vegetables, and 
leafy brassica (cole) vegetables, as well as head and stem 
cole crops, head lettuce, and celery, along with aerial 
application. 

The incidence of avermectin poisonings appears to be 
low. None are identified specifically in the 2003 Annual 
Report of the American Association of Poison Control 
Centers (AAPCC) Toxic Exposure Surveillance System 
(TESS). Because these agents are used both as 
insecticides and as antiparasitics, they are likely classified 
under “other” categories in the database and are difficult 
to discern. Clinical use of ivermectin has resulted in 
itching, edema, malaise, cephalgia, and hypotension, as 
well as dyspnea, in a few patients. According to Elgart 
and Meinking, ivermectin has been therapeutically used 
in millions of patients without major adverse effects.°* 
Overdose experience has been extremely limited. Chung 
and colleagues reported on the experience in Taiwan 
with two forms of avermectin, a 2% wt/wt or 2.5% wt/vol 
preparation of abamectin, used as an insecticide, and a 
1% wt/vol preparation of ivermectin, used as an 
antiparasitic in hogs.°” The authors report on the 
management of 19 patients seen between 1993 and 1997. 
Eighteen of the patients were exposed to abamectin and 
1 to ivermectin. There were 15 ingestions, only 1 of 
which was accidental. Four of these patients remained 
asymptomatic, 8 had minor symptoms after a mean 
ingestion of 23 mg/kg or after dermal or inhalation 
occupational exposures. Seven patients had severe 
symptoms: coma (7), aspiration and respiratory failure 
(4), and hypotension (3), after a mean ingestion of 
100 mg/kg. Metabolic acidosis was observed in four 
patients and rhabdomyolysis in three. One of 19 patients 
went on to die; his death attributed to multi-organ 
failure 18 days after exposure. 

More recently, Yen and Lin, also of Taiwan, published 
a case report of an acute suicidal ingestion exposure to 
emamectin, a substituted benzoate salt of abamectin.”® 
The 67-year-old man drank about 500 mL of a fourfold 
diluted solution. He subsequently developed gastro- 
intestinal upset, with esophagoscopy-proven gastric 
erosions and superficial gastritis, mild CNS depression, 
and aspiration pneumonitis. It is worthy of mention 
that the 2.15% concentrate is dissolved in a substituted 
phenol (butylated hydroxyl toluene) and 1-hexanol, 
which may be responsible for the erosive lesions and 
mild CNS depression noted. He left the hospital on day 
7 with no sequelae. 


Drug Interactions 


Avermectins have been shown to be potent inhibitors of 
the multidrug-resistant proteins [P-glycoprotein (Pgp) 
and others].°° This is probably of little concern in an 
isolated avermectin overdose; however, other antiparasitic 
drugs, like colchicine, are largely dependent on elimi- 
nation by Pgp.” This results in a theoretical increased 
risk if the drugs are taken in combination. 


Laboratory Studies 


Given the reports of metabolic acidosis and rhabdomy- 
olysis in suicidal overdose, it seems prudent to obtain 
arterial blood gases and serum creatine phosphokinase 
concentrations in patients with significant ingestions. 


Treatment 


Treatment of avermectin poisonings is supportive. Given 
the propensity of the agents to cause CNS depression 
(whether due to the active ingredient or the carrier 
solvents), careful attention to the airway is in order. 
Rhabdomyolysis may necessitate urinary alkalinization, 
which may also correct the metabolic acidosis sometimes 
observed. Hypotension may respond to catecholamines 
and judicious use of crystalloids. Hsu and coworkers 
demonstrated in a rat model that the hypotension 
sometimes associated with abamectin is due to an 
increase in baroreflex sensitivity and to increased serum 
nitric oxide levels. The latter responds to treatment with 
epinephrine, whereas the baroreflex sensitivity does 
not. 


FIPRONIL 


Fipronil (Fig. 77-4) is an MNphenylpyrazole, which 
competitively antagonizes the B subunit of the GABA 
a receptor. The binding to insect GABA is 1000-fold 
greater than that in human brain,” likely accounting for 
the low toxicity in humans. 


Absorption and Metabolism 


Fipronil appears to be poorly absorbed from the 
gastrointestinal tract, based on a rat model, with 45% to 
75% being excreted in the feces. Jennings and 
associates warned of possible human adverse effects due 
to skin absorption after repeated exposures to dogs 
treated with fipronil.® This conclusion was based on a 
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study of fipronil concentrations in gloves after petting 
treated dogs. Metabolism is by the liver, with CYP3A4 the 
major isoform responsible for fipronil oxidation in 
humans. CYP2C19 is considerably less active. Other 
human CYP isoforms have minimal or no activity toward 
fipronil.™ 


Toxicology 


The oral LD; in rats is 97 mg/kg, and the dermal LD» is 
more than 2000 mg/kg. The no observed effect level 
(NOEL) in rats for neurologic effects is 0.5 mg/kg, and 
the lowest observed adverse effect level (LOAEL) is 
5 mg/kg.” Fung and colleagues reported the accidental 
ingestion of a single ant bait (0.14 mg) of fipronil 
by a 77-year-old woman, who mistook it for a biscuit.® She 
had transient subjective impairment of sensorium 30 
minutes after ingestion, which resolved about 30 minutes 
later. She had no other symptoms and no sequelae. 
Chodorowski and Anand reported on a 50-year-old man 
with occupational exposure while spraying with a solution 
of fipronil (Regent 200 SC) over a 5-hour period.® He 
complained of headache, nausea, vertigo, and weakness. 
All symptoms resolved over a 5-hour period.” The largest 
series of cases published so far comes from Mohamed and 
colleagues in Sri Lanka,®’ where seven patients taking 
intentional overdoses were described. Two patients 
suffered nonsustained generalized tonic-clonic seizures, 
which were responsive to treatment with diazepam. One 
patient with very high plasma concentration (1040 mg/L) 
remained entirely asymptomatic. There are no other 
reports of serious toxicity in humans. 


IMIDACLOPRID 


Imidacloprid (Fig. 77-5) is an insecticide of the chloro- 
nicotinyl neonicotinoid family. It has been suggested that 
mammalian toxicity should be low, as compared with 
insects, because of differences in nicotinic receptor 
subtypes. There have been very few reports of 
overdose from these compounds. Wu and colleagues 
have published a single clinical case involving a 64-year- 
old man who ingested an insecticide formulation 
(Tie-Boo-Tzang) containing 9.6% imidacloprid, less 
than 2% surfactant, and the balance a solvent, methyl 
pyrrolidone.® The patient experienced drowsiness, 
disorientation, dizziness, oral and esophageal erosions, 
hemorrhagic gastritis, productive cough, fever, leuko- 
cytosis, and hyperglycemia. Despite this, the patient 
recovered without sequelae and was discharged on 
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FIGURE 77-5 Imidacloprid. 
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hospital day 4. Follow-up revealed no persistent gastro- 
intestinal lesions on barium studies. The authors 
concluded that the solvent was likely responsible for the 
CNS depression, gastrointestinal irritation, and hyper- 
glycemia. More recently, Proença and colleagues re- 
ported two fatalities involving presumed suicidal inges- 
tions of imidacloprid.® Both patients were found dead 
at home, thus clinical details are lacking. The authors 
provide technical information on the liquid chromato- 
graphy/mass spectrometry (LC/MS) analysis of the 
compound. 


DEET 


DEET is N,Ndiethyl-m-toluamide (Fig. 77-6) and is one 
of the most widely employed insect repellants worldwide. 
It was developed in 1946 by the U.S. Department of 
Agriculture for use by the military and approved for 
civilian use in 1957. DEET has a colorful history in terms 
of its reported human toxicity, having been implicated, 
along with pyrethrins and organophosphates, in the 
development of Gulf War syndrome.” This issue has 
been studied intensively and reviewed by the Institute of 
Medicine, which reached no definitive conclusions about 
the involvement of DEET or other pesticides in the 
syndrome. ”! However, research continues in this area.”2 
The complexity of this matter (multifactorial etiologies, 
problems with case definitions) does not permit its 
further discussion here. 

The U.S. Environmental Protection Agency (EPA) 
issued a Reregistration Eligibility Decision (RED) in 1998 
for DEET. After completing a comprehensive reassess- 
ment of DEET, the EPA concluded that, as long as 
consumers follow label directions and take proper 
precautions, insect repellents containing DEET do not 
present a health concern. Human exposure is expected 
to be brief, and long-term exposure is not expected. 
Based on extensive toxicity testing, the EPA believes that 
the normal use of DEET does not present a health 
concern to the general population. 


Uses 


DEET is widely employed as a mosquito and tick 
repellant in concentrations varying from 5% to 100%. 
The American Academy of Pediatrics previously recom- 
mended application of only dilute (<10%) products in 
children but now states that the safety of DEET does not 
appear to relate to differences in concentrations 
between 10% and 30%, recommending selection of the 
lowest concentration effective for the amount of time 
spent outdoors and no more than one application per 
day. The Academy does not recommend DEET for use in 
children younger than 2 months of age.” 


FIGURE 77-6 DEET. 
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Routes of Entry 


DEET may be toxic by ingestion, inhalation, or skin or 
eye absorption, although most cases of significant 
toxicity and death have followed multiple applications to 
the skin. Studies in normal male adult volunteers found 
dermal absorption in the range of 5.63% to 16.7% after 
single-dose applications.” 


Metabolism 


DEET is metabolized through cytochromes P-450 by an 
oxidation process (CYP2B6 and CYP1A2) to N,N-diethyl- 
m-hydroxymethylbenzamide (BALC) or by dealkylation 
by CYP2C19 and CYP3A4 to Methyl-m-toluamide (ET). 


Toxicity 


Osimitz and Murphy reviewed the literature, clinical 
reports, and poison center records with regard to 
neurotoxicity.” They identified 14 reports concerning 20 
individuals with reported adverse effects. These included 
l report of manic psychosis, 1 of anaphylaxis, a cardio- 
vascular event, and 3 cases of alleged teratogenicity. The 
remaining 14 reports were of neurologic symptoms, 
including headaches, ataxia, seizures (n = 7), opisthotonos, 
disorientation and encephalopathy, myoclonus, and a 
movement disorder. Most were in children younger than 
8 years of age, and three children died. Alternative 
diagnoses were proposed by the authors, including 
idiopathic seizures and various forms of infectious 
diseases and encephalopathy. The authors concluded 
that, given the widespread use of DEET, the paucity of 
such reports of neurologic toxicity and the case records 
of poison control centers, that the risk for adverse 
events was low. They recommended a prospective 
evaluation, in the form of a DEET registry, which was 
established by manufacturers and marketers. Bell and 
associates subsequently summarized the reports of 
DEET human exposures to the TESS database of the 
AAPCC from 1993 to 1997.”° Of 20,764 reported expo- 
sures (oral, inhalation, dermal, ocular, and multiple 
routes), most had no effect, an unknown effect judged 
nontoxic, or minimal toxicity. There were two deaths 
associated with dermal exposures and none with other 
routes. Major effects were reported in just 26 cases 
(0.1%). Interestingly, the percentage of moderate effects 
involving adults (50%) exceeded that in children (38%) 
despite 64% of exposures being reported in children. 
Sudakin and ‘Trevathan also recently reviewed the human 
toxicity of DEET.”* They concluded that reports of adverse 
effects from topical application are rare, compared with 
their widespread use. They pointed out that the 
mechanisms for neurotoxic effects remain elusive, and 
advised prudent compliance with label directions and 
reporting of adverse events and careful identification of 
the implicated formulations. They also underlined the 
limitations of the retrospective review of poison center 
data by Bell and colleagues, pointing out that the medical 
outcome was unknown in nearly 40% of exposure cases, 
making interpretation of the dataset difficult. 


Ingestion of DEET may result in rapid and severe 
toxicity. Petrucci and Sardini reported on a case of 
ingestion of 80 mg/kg (4 mL of a 20% solution) in a 10- 
kg, 3-year-old girl.” The child developed coma, with a 
Glasgow Coma Scale score of 6 and left horizontal 
nystagmus. She subsequently became hypertonic with 
opisthotonic episodes and three brief (<1 minute) 
generalized seizures. She received 15 mg of rectal 
diazepam and assisted ventilation with 100% oxygen. 
The level of consciousness improved over 4 hours, and 
the child was alert and responsive 10 hours later. She 
was discharged after 24 hours, without sequelae.” 
Tenenbein had previously reported on five ingestions of 
DEET. Each patient ingested large amounts of con- 
centrated (47.5%-95%) products. Their common sym- 
ptoms and signs were coma, seizures, and hypotension 
occurring within | hour of ingestion. Two patients died; 
three survivors had no sequelae.” 

In summary, toxic neurologic complications have 
been reported after skin exposures (generally repeated) 
and ingestions of DEET. Toxicity with recommended use 
appears to be rare. 


Laboratory Studies 


DEET may be quantified in plasma and urine by an 
HPLC technique.” This test is not generally available in 
hospital laboratories and therefore is unlikely to guide 
therapy, but it may be useful for forensic purposes. 


Treatment 


Treatment of suspected DEET-related toxicity is sup- 
portive. Careful attention to the airway is necessary in the 
case of CNS depression or seizures. Seizures may be 
treated with benzodiazepines, when necessary. Refractory 
seizures may be treated with phenobarbital. 
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At a Glance... 


m Herbicides form a diverse group of compounds designed to 
selectively or indiscriminately kill plants. 

m While use of herbicides far outweighs that of insecticides, 
Significant poisoning by herbicides is relatively rare. 

m Herbicide toxicity varies significantly, and may be attributable to 
both active ingredients and adjuvants, such as solvents and 
surfactants. 

m The bipyridyls, diquat and paraquat, are highly toxic when 
ingested, through their production of highly reactive oxygen 
species. Diquat is primarily toxic to the kidneys, while paraquat 
causes often irreversible pulmonary injury. Plasma paraquat 
concentrations are helpful in predicting outcomes. Various 
antioxidant therapies have been proposed, but are unproven. 

m = Chlorphenoxy herbicide ingestions likewise may result in severe 
toxicity. This is characterized by early persistent vomiting, 
metabolic acidosis, cardiac conduction and rhythm disturbances, 
and in severe cases, development of coma. Hemodialysis 
enhances removal of these compounds from the blood. 

m Glyphosate is widely used and is available as four different salts 

in association with various surfactants. Discerning the toxicity 

of the active ingredient from the surfactant is thus difficult. 

Severe poisonings may result in corrosive effects on the gastro- 

intestinal tract with hemorrhage, hypovolemia, and cardiogenic 

shock, as well as aspiration pneumonitis. Pulmonary edema, 
metabolic acidosis, and hyperkalemia are poor prognostic 
indicators. Treatment is generally supportive. 

Triazine herbicides rarely result in serious toxicity. 

Urea herbicides may induce methemoglobinemia. 

Bentazon poisoning is rare but may be fatal. 


Herbicides comprise a diverse group of chemicals that 
kill plants either selectively or indiscriminately. They 
may be applied to clear ground of weeds before planting 
the crop to be grown, on ground so that weeds are killed 
as they emerge, and to weeds after they have emerged 
(called preplanting, pre-emergence, and postemergence 
application, respectively). Herbicides can also be classed 
according to chemical groups, as shown in Table 78-1. 
Although the tonnage of herbicides manufactured world- 
wide annually outweighs that of insecticides several-fold, 
herbicide poisoning in humans, both acute and chronic, 
is of considerably less importance than that caused by 
insecticides, especially in the developing world. Indeed, 
acute poisoning of humans with herbicides is uncommon. 
Therefore, despite the long list of herbicides available, 
this chapter considers only those that are likely to be of 
clinical importance today. 


BIPYRIDYL HERBICIDES 


Diquat 


Diquat contains a bipyridyl ring (Fig. 78-1) and exists as 
a divalent cation associated with anions such as bromide 
and chloride. Diquat is classed as a nonselective, contact 
herbicide and is used as a preharvest desiccant on seed 
and fodder crops such as rice and sunflower.! Potential 
toxic effects on the environment are minimized by swift 
photochemical degradation and rapid adsorption to 
aquatic weeds and clay particles in soil.* Although there 
are many formulations containing diquat alone, it is also 
found in formulations with paraquat. 

Most cases of diquat poisoning reported to date have 
resulted from the intentional, usually suicidal, ingestion 
of concentrated solutions, and rarely, accidental inges- 
tion has occurred as a consequence of decanting diquat 
concentrates into soft drink bottles.’ During the period 
from 1968 to 2004, only 34 cases of diquat poisoning 
were reported in detail in the literature,*® of which 13 
(43%) were fatal. 


MECHANISMS OF TOXICITY 

Diquat is a potent redox cycler, and its toxic effects 
depend on its ability to undergo a single electron addition 
to form a free radical. This occurs in the presence of 





Chemical Classification of Herbicides 


CLASS PRINCIPAL HERBICIDES 


Aryphenoxypropionic Diclofop and related compounds 


acids 
Benzoic acids Dicamba 
Bipyridyl* Paraquat, diquat* 


Chloroacetanilides 
Chlorophenoxy* 
Dinitrophenols 
Hydroxybenzonitriles 


Alachlor, propachlor 

2, 4-D* 

Dinoseb, di-nitro-orthocresol 
Bromoxynil, ioxynil 


Organophosphonate* Glyphosate“ 

Sulfonylureas Triasulfuron 

Triazines* Atrazine, simazine, terbutryn* 
Triazoles Amitrole 

Ureas“ Diuron, monolinuron“ 

Others Bentazon(e)* 


“Most likely to be of clinical importance today. 
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nicotinamide adenine dinucleotide phosphate (NADPH) 
and cytochrome P-450 reductase.’ The diquat radical 
formed in this step is highly unstable and transfers an 
electron to molecular oxygen to form a superoxide 
anion radical, a highly reactive species. In this way, 
diquat is cycled in a continuous process of oxidation and 
reduction, hence the term redox cycling. The superoxide 
anion radicals produced react with each other, forming 
hydrogen peroxide and molecular oxygen, a reaction 
that may occur spontaneously or through the enzyme 
superoxide dismutase. Under normal circumstances, 
hydrogen peroxide is detoxified by catalase and glu- 
tathione peroxidase, but when such protective mech- 
anisms are overwhelmed, it is free to cause devastating 
effects on cells.'° In the presence of iron, the superoxide 
anion radical reacts with hydrogen peroxide, generating 
the even more potent hydroxyl radical, which can attack 
the lipid chains of biologic membranes, initiating lipid 
peroxidation that results in membrane damage and 
ultimately cell death.'° 

The oxidative stress induced by diquat is associated 
with the release of iron from hepatic ferritin''* and the 
depletion of reducing equivalents, including glutathione 
and NADPH.*"! In experimental studies, protection 
against the toxic effects of diquat is provided by catalase, 
especially in the presence of the iron chelator, defer- 
oxamine.'* This suggests that hydrogen peroxide and 
transition metal ions may have important roles in the 
cytotoxicity of diquat. Unlike paraquat, diquat is not 
accumulated by the lung,'* where it has a half-life 5 times 
shorter than paraquat.'? 


TOXICOKINETICS 

In rats, less than 10% of an orally administered dose was 
absorbed, the unabsorbed portion being excreted in the 
feces.! Intact human skin is a very effective barrier 
against diquat absorption, and only 0.3% of an applied 
dose was absorbed in one study.!” 


CLINICAL FEATURES 

Local Toxicity 

Local toxicity has been reported after oral, dermal, 
inhalational, eye, and vaginal exposure to diquat- 
containing formulations. Corrosive damage to the oral 
mucosa, leading to burning in the mouth and painful 
hemorrhagic ulceration, is a common early feature of 
diquat ingestion. Mucosal edema of the tongue and 
oropharynx!®*'9 may also develop and be severe enough 
to necessitate endotracheal intubation.'® A male worker 
developed full-thickness burns of the feet after diquat 
dibromide leaked into his boots from a backpack 
sprayer*’; skin grafting was required. Nail growth 
disturbances have been observed after contact of the nail 
base with diquat solutions for a few minutes, and 
shedding of the nail was reported after prolonged contact 
with concentrated diquat.?! 

Epistaxis and throat irritation have followed the 
inhalation of splashes or droplets caused by the careless 
mixing of diquat solutions.*! Conjunctivitis and corneal 
scarring may occur if diquat-containing formulations are 
splashed directly into the eye.** Rudez and colleagues”? 


described extensive mucosal necrosis of the vagina and 
vulva after the intravaginal application of a 6% diquat 
solution. 


Systemic Toxicity 

Because skin absorption is poor, exposure by this 
route is unlikely to lead to systemic toxicity. The latter is 
usually associated with the ingestion of diquat, although 
it has followed the installation of 6% diquat solution 
intravaginally.*° 

Diquat may cause severe and extensive mucosal 
damage not only to the mouth but also to the esophagus, 
stomach, and small intestine.'9**°° As a consequence, 
generalized abdominal pain, vomiting, and diarrhea can 
occur within a few minutes of ingestion.'®?9747°°3 At 
endoscopy, severe panesophagitis and hemorrhagic 
gastritis at the fundus have been observed,”* together 
with first- and second-degree burns of the esophagus and 
stomach.!* Paralytic ileus may develop 1 to 4 days after 
ingestion®*,** and is thought to be responsible for the 
accumulation or “sequestration” of large amounts of fluid 
in the gut, leading to hypovolemic shock.” Deranged liver 
function, as shown by a rise in hepatic aminotransferase/ 
transaminase (SGOT, SGPT) activities, is reported 
commonly but is usually mild and transient and resolves 
spontaneously. !9+5-46,30-35 

Nephrotoxicity has been reported frequently and 
ranges from transient proteinuria**** to acute renal 
failure.318-19,43,26-30,32,33,35,35-39 Renal failure has developed 
between 1 hour*® and 5 days’? after ingestion and was 
invariably present in patients who died. 

Bronchopneumonia has been reported at autopsy in 
four patients,?*9°"* although it was diagnosed clinically 
in only two.°°” However, the radiologic appearances of 
pulmonary infiltration and exudates observed are similar 
to those in the adult respiratory distress syndrome, which 
may be the etiology of these features. 

Coma has also been reported®*’*? and developed 
between 18 hours*? and 4 days after ingestion.’ It has 
been observed in association with pontine hemorrhages, 
and sometimes infarction, in life? and at autopsy.?*?°* 
Grand mal seizures, which progressed to status epilepticus, 
were observed in two patients.!°.° 

Of all the clinical features described, the rapid onset 
of acute renal failure, intestinal ileus, and subsequent 
fluid sequestration, pulmonary complications requiring 
ventilation and coma herald a poor prognosis. 


MANAGEMENT 

The use of methods to reduce diquat absorption may be 
considered. Gastric lavage and the administration of 
activated charcoal may be considered within 1 hour of a 
potentially life-threatening ingestion, although no 
controlled studies have been performed to support the 
value of this approach. If it is considered appropriate to 
undertake lavage, this must be done with extreme 
caution because there is a risk for perforation in the 
presence of corrosive mucosal damage. Oropharyngeal 
ulceration may be severe, and topical preparations, 
including local anesthetics, should be used to alleviate 
discomfort. Skin burns should be treated conventionally. 


Because vomiting, diarrhea, and massive fluid seques- 
tration in the gut can cause clinically significant hypo- 
volemia, vigorous attention should be paid to fluid and 
electrolyte replacement, if necessary with the aid of central 
venous pressure or pulmonary capillary wedge pressure 
measurements. Hemofiltration or hemodialysis will need 
to be employed if acute renal failure supervenes. 

Hemodialysis does not remove clinically and toxico- 
logically relevant quantities of diquat®”** at the serum 
concentrations encountered in acute poisoning. 


Paraquat 


Paraquat contains a bipyridyl ring (Fig. 78-2) and exists 
as a divalent cation associated with anions such as 
chloride. From an agricultural point of view, it is the 
most important of the bipyridyl herbicides and is 
marketed in many countries either in granular form or 
as a water-soluble concentrate. 

Although paraquat can be absorbed through the skin 
if improperly handled, poisoning much more commonly 
follows ingestion or, rarely, injection. Occasionally, food 
and drink may be adulterated with paraquat with intent 
to harm“? or murder.*! Less commonly, poisoning may 
follow careless handling of paraquat during occupational 
use. Normally, the surface epithelium of the skin is an 
excellent barrier to paraquat, but prolonged skin 
contact with the herbicide may cause not only a chemical 
burn with blistering and ulceration but also serious and 
even fatal poisoning. Systemic toxicity is more likely to 
result if the paraquat solution is concentrated, exposure 
is prolonged, and the skin traumatized. These con- 
ditions have been encountered as the result of poor 
occupational practice, including the use of leaking spray 
apparatus,***® the nonuse of protective clothing,” 
prolonged wearing of contaminated clothing and failure 
to wash contaminated skin,*® carelessness as with a 
farmer from Belize who fell off his bicycle with a bottle of 
paraquat in his pocket,* cleaning the perineum with 
paraquat by mistake,’ and a mistaken belief that paraquat 
can be used as a treatment for lice and scabies.*7°!°? 

Systemic toxicity has followed the subcutaneous,”? intra- 
peritoneal, and intravenous”? injection of paraquat. 
There is no conclusive evidence that systemic toxicity has 
ever followed inhalational exposure to paraquat. 


MECHANISMS OF TOXICITY 

Paraquat is thought to exert its cellular toxicity by, first, 
undergoing oxidation and reduction in a cyclical 
manner (redox cycling) to produce free radicals such as 
superoxide anion (O,*-) and, second, depleting NADPH. 
Under anaerobic conditions, NADPH-dependent micro- 
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FIGURE 78-2 Paraquat. 
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somal flavoprotein reductase reduces paraquat from its 
cation (PQ**) to form a stable free radical (PQ**).°° In 
the presence of oxygen, the radical will immediately 
reform the cation,°’ with the concomitant production of 
superoxide anion (O,*). Provided there is a continuous 
supply of electrons to paraquat and that oxygen is 
present, paraquat will rapidly cycle from oxidized to 
reduced forms with the continuous production of 
superoxide anions. 

The mechanism by which the redox cycling of 
paraquat leads to lung damage has not been established 
with certainty. There is indirect in vitro evidence that 
superoxide anions directly or indirectly, through the 
formation of more reactive species of oxygen such as 
hydroxyl radicals (OH?°), cause peroxidation of vital lipid 
membranes.°*°? However, some experiments have failed 
to demonstrate lipid peroxidation in vivo,” although 
there is a report that suggests that such a process can 
occur in humans after paraquat poisoning.®! 

An alternative or additional explanation for cellular 
toxicity of paraquat is that significant depletion of 
NADPH occurs by two mechanisms. First, redox cycling 
occurs to such an extent that NADPH levels within cells 
are decreased. Second, NADPH is used in the detoxi- 
fication of hydrogen peroxide and lipid hydroperoxides 
through the glutathione peroxidase and reductase 
enzyme systems. It is postulated that depletion of 
NADPH not only disrupts essential physiologic and bio- 
chemical functions but also renders cells more susceptible 
to lipid peroxidation.” Baker and colleagues” have 
postulated that if the glutathione peroxide or reductase 
systems, together with endogenous levels of antioxidant, 
are inadequate to defend against peroxidation, it is 
possible that cell damage may occur. The depletion of 
NADPH by the redox cycling of paraquat leads to 
additional use of the remaining NADPH in an attempt to 
provide reduced glutathione for the glutathione enzyme 
activity. Thus, NADPH will be depleted both in the 
production of superoxide anion and in a defense to it. 
Consequently, the pentose phosphate pathway is 
stimulated in an attempt to regenerate NADPH. 

The pathways dependent on NADPH appear to be 
inhibited either as a compensatory mechanism or 
because NADPH is depleted within the cell. With further 
generation of NADPH, this cofactor is available either to 
regenerate reduced glutathione or to further reduce 
paraquat cycling with oxygen. On balance, the evidence 
suggests that the concentration of paraquat in lung cells 
causes a severe redox stress that leads eventually to 
sustained depletion in NADPH levels. This by itself, or in 
combination with lipid peroxidation, initiates the 
cascade of biochemical events that lead to cell death. 

The biochemical effects described previously probably 
also occur in other organs in addition to the lung. It is 
likely that death occurring within a few hours of paraquat 
ingestion is due to massive depletion of NADPH with 
consequent destruction of energy metabolism, particu- 
larly in the liver. On the other hand, the clinical course 
observed in those suffering from less severe intoxication 
is in keeping with cell membrane destruction initiated by 
lipid peroxidation. 
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TOXICOKINETICS 

Paraquat is absorbed incompletely from the gut, and in 
humans, it has been estimated that less than 10% of an 
ingested dose is absorbed over a 1- to 6-hour period.®’64 
Although absorption from the gut may be incomplete, it 
is rapid; paraquat may be detected in the urine as early 
as l hour after ingestion, and peak concentrations in 
humans are attained within 4 hours. 


CLINICAL FEATURES 

Local Toxicity 

Paraquat, especially in concentrated solutions, strongly 
irritates various types of epithelia. Thus, it causes 
erythema, blistering, and ulceration of the skin, and 
eczematous dermatitis has been reported.®° Concentrated 
solutions may also cause localized discoloration or a 
white transverse band affecting the nail plate, although 
the latter may not become apparent for several weeks. 
Transverse ridging and furrowing progressing to gross 
deformity and nail loss may also occur.®®®8! Severe 
inflammation of the cornea and conjunctiva may follow 
the accidental splashing of paraquat concentrate into the 
eye. The inflammation develops gradually, reaches a 
maximum after 12 to 24 hours, and may lead to 
ulceration®” with the risk for secondary infection. 
Lachrymal duct stenosis has also been described.” 
Inhalation of fine spray droplets through careless use 
can Cause epistaxis and sore throat. 

The corrosive action of paraquat when ingested 
causes patients who are moderately or severely poisoned 
to develop a burning sensation, soreness, and pain in the 
mouth, throat, chest (retrosternally), and abdomen 
(usually epigastric and sometimes associated with 
guarding). Ulceration in the mouth, sloughing of the 
oropharyngeal mucosa, inability to swallow saliva 
(“pseudo-hypersalivation”), dysphagia, and dysphonia are 
common. Prominent pharyngeal membranes (“pseudo- 
diphtheria”) have been reported,”! and perforation of 
the esophagus may result in mediastinitis, surgical 
emphysema, and pneumothorax. Most patients develop 
a cough, which may be productive and blood stained. 


Systemic Toxicity 

Three degrees of intoxication may usefully be 
distinguished.” 

GROUP 1. Mild poisoning follows the ingestion or 
injection of less than 20 mg of paraquat ion per kilogram 
body weight. Patients are asymptomatic or develop 
vomiting and diarrhea. Full recovery occurs, but there 
may be a transient fall in the gas transfer factor and vital 
capacity. 

GROUP 2. Moderate to severe poisoning follows the 
ingestion or injection of 20 to 40 mg/kg of paraquat ion. 
Patients suffer vomiting and diarrhea and develop 
generalized symptoms indicative of systemic toxicity. 
Pulmonary fibrosis develops in all cases, but recovery 
may occur. In addition, renal failure and, sometimes, 
hepatic dysfunction may supervene. Death occurs in 
most cases but can be delayed for 2 or 3 weeks. 

GROUP 3. Acute fulminant poisoning follows the 
ingestion of more than (usually considerably in excess 


of) 40 mg/kg of paraquat ion. In addition to nausea and 
vomiting, there is marked ulceration of the oropharynx 
with multiple organ (cardiac, respiratory, hepatic, renal, 
adrenal, pancreatic, neurologic) failure. In this group, at 
least in our experience, the mortality rate is 100%. Death 
commonly occurs within 24 hours of ingestion of 
paraquat and is never delayed for more than 1 week. 

Within 24 hours of ingestion, patients in groups 2 and 
3 develop lethargy, a widespread burning sensation, 
generalized weakness, myalgia, giddiness, headache, 
anorexia, and fever. Fear and apprehension are promi- 
nent features, and restlessness is sometimes observed. 

Oliguria or nonoliguric renal failure may supervene 
and is due usually to acute tubular necrosis, although, 
exceptionally, glomerular and tubular hemorrhage may 
be found.” Proximal tubular dysfunction, which results 
in proteinuria, microscopic hematuria, glycosuria, 
aminoaciduria, phosphaturia, and excessive leaking of 
sodium and urate, is common.” Jaundice, hepatomegaly, 
and central abdominal pain due to pancreatitis, together 
with associated biochemical abnormalities, are frequent 
complications in patients severely poisoned with 
paraquat. Centrilobular hepatic necrosis and cholestasis 
are seen at postmortem examination in these patients. 

Dyspnea is a prominent feature and occurs early in 
those patients who have ingested a substantial amount 
and, in these circumstances, is due to the development 
of the adult respiratory distress syndrome. In less severely 
poisoned patients, the onset of dyspnea may be delayed 
and is then caused by pulmonary fibrosis. Rarely, 
pneumothorax (in association with mediastinitis), 
pleural effusion, and iatrogenic pulmonary edema, may 
precipitate dyspnea. 

In addition to a falling gas transfer factor and vital 
capacity (which may return to normal in patients in 
group l and, less commonly, in those in group 2), 
severely poisoned patients will have a low and falling Pos 
with resultant central cyanosis. Radiologic changes do 
not always parallel the severity of clinical symptoms. 
Thus, the chest x-ray may be normal, particularly in 
those dying early from multiorgan failure. More usually, 
patchy infiltration occurs, which may progress to an 
opacification of one or both lung fields. 

Except for sinus tachycardia, cardiovascular complica- 
tions are not usually observed until the terminal phase 
of intoxication. Then, ventricular tachycardia, intraven- 
tricular conduction disturbances, and nonspecific T-wave 
changes on electrocardiogram (ECG) occur. Sinus brady- 
cardia, hypotension, and cardiac arrest may supervene. 
The chest x-ray may show massive cardiomegaly, and at 
autopsy, toxic myocarditis is found histologically. 

Coma is a common and terminal event, although 
other neurologic features, such as ataxia and facial 
paresis,’ are observed occasionally. Convulsions have 
been reported” and may be due to cerebral edema”® 
precipitated by fluid overload.” 

A polymorphonuclear leucocytosis is a frequent 
finding, but rarely, erythrocyte aplasia leading to a 
normochromic anemia® has been reported. Metabolic 
acidosis, probably secondary to cardiovascular collapse 
and hypoxia, is a common complication. Hypocalcemia, 


which sometimes results in tetany, is usually iatrogenic 
after either inappropriate attempts at forced diuresis 
in the presence of renal impairment” or charcoal 
hemoperfusion.*! In addition, elevation of serum creatine 
kinase activity is seen, secondary to paraquat-induced 
muscle damage. 


MANAGEMENT 


Management has several aspects: 


1. If the patient presents early (<l hour after 
paraquat ingestion), attempts should be made to 
reduce paraquat absorption by the administration 
of activated charcoal. 

2. Fluid loss induced by vomiting and diarrhea 
should be replaced. 

3. The diagnosis should be confirmed and the prog- 
nosis determined by measurement of paraquat 
in blood. 

4. Symptoms due to ulceration of the oropharynx 
must be relieved. 

5. The use of specific therapy should be considered. 

6. Appropriate supportive care for the patient and 
relatives must be provided. 


Methods to Reduce Absorption 

Gastric lavage and the administration of activated 
charcoal may be considered within 1 hour of a potentially 
life-threatening ingestion, although no controlled 
studies have been performed to support the value of 
these approaches. If it is considered appropriate to 
undertake lavage, this must be done with extreme 
caution because there is a risk for perforation in the 
presence of corrosive mucosal damage. 


Supportive Measures 

There is good evidence that, as a result of vomiting 
and diarrhea and the administration of purgatives, many 
patients poisoned with paraquat are fluid depleted." An 
intravenous infusion should therefore be commenced 
on admission to reduce the risk for renal dysfunction 
and diminished renal excretion of paraquat. 


Confirmation of the Diagnosis and Assessment of 

Prognosis 

A qualitative urine test should be performed with 
alkaline sodium dithionite on presentation. If this test is 
negative within 4 hours of the overdose, there is no 
clinical need for a quantitative assay on the blood and 
the patient may be reassured accordingly. If, however, 
the urine test is positive, measurement of the plasma 
paraquat concentration is extremely helpful in 
determining prognosis? and may be interpreted by 
reference to published data,®**®° which are summarized 
in Table 78-2. 


Specific Therapy 

Based on an understanding of the mechanism of 
paraquat toxicity, further management should theo- 
retically be directed toward preventing the accumulation 
of paraquat in the lungs and reducing the acute alveolitis 
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Predictive Plasma Paraquat Concentration 


Separating Surviving Patients and Fatalities 





TIME AFTER INGESTION PLASMA PARAQUAT 


(hr) CONCENTRATION (ug/L) 

4 2000 

5 800 

6 600 

7 480 

8 330 
10 290 
12 230 
15 170 
20 120 
24 100 
48 47 
72 31 
96 23 
120 18 
144 15 
168 13 
192 11 
216 10 
240 9 
264 8 
288 7 
360 6 


Based on Proudfoot AT, Stewart MS, Levitt T, et al: Paraquat poisoning: 
Significance of plasma-paraquat concentrations. Lancet 1979; 2:330; 
and Scherrmann JM, Houze P, Bismuth C, et al: Prognostic value of 
plasma and urine paraquat concentration. Hum Toxicol 1987; 6:91. 





and pulmonary fibrosis that develop in severe cases 
of intoxication. However, there is no current clinical 
evidence that superoxide dismutase, propranolol, vitamin 
E, ascorbic acid, riboflavin, niacin, deferoxamine, clofi- 
brate, acetylcysteine, cyclophosphamide, or corticosteroids 
are effective clinically.8®87 


Use of Techniques to Increase Paraquat 

Elimination 

Excretion of paraquat is almost exclusively renal; 
biliary excretion is very small.166438 The renal clearance 
of nontoxic doses of paraquat exceeds the glomerular 
filtration rate because of an active transport process®’ 
and may be in excess of 200 mL/min when renal 
function is normal.®™®”? As a result, more than 1000 mg/L 
paraquat ion may be excreted within the first few hours 
after ingestion.” Because renal failure supervenes early 
in severely poisoned patients, dialysis and hemoperfusion 
have been employed to increase paraquat elimination. 

The clearance values achieved by hemodialysis are 
impressive (as much as 150 mL/ min’$), yet the amount 
removed is disappointingly small (often only a few 
milligrams of paraquat ion), in comparison to both the 
dose ingested and the contemporaneous renal clearance 
of paraquat.°+°° The very small fraction of the dose 
eliminated by dialysis could not be expected to influence 
outcome in the more severely poisoned. 

Similarly, despite impressive clearance data, the 
amount of paraquat removed by hemoperfusion is 
very small®+9“! and falls in parallel with the decrease in 
plasma paraquat concentrations.'°! Okonek and asso- 
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ciates'"* have proposed that hemoperfusion be per- 
formed for several days (8 hours per day for 2—3 weeks), 
and the authors claim that this approach has reduced 
the mortality from paraquat; their observations have not 
been confirmed. 

Pond and colleagues!” assessed the value of continuous 
arteriovenous hemofiltration (CAVH) in a patient whose 
presenting plasma paraquat concentration 4 hours after 
ingestion was 3 mg/L. CAVH was commenced 180 hours 
after paraquat ingestion (plasma concentration, about 
0.34 mg/L). Over 46 hours of CAVH, 1.1 mg paraquat 
ion was removed, and a paraquat clearance of 6.1 mL/ 
min was achieved. 

In summary, there is no irrefutable evidence” '®' that 
extracorporeal techniques used alone or together 
remove sufficient paraquat to alter the outcome in those 
patients who present with plasma paraquat concen- 
trations above the predictive lines of Proudfoot and 
colleagues and Bismuth and coworkers.” 


3 


Terminal Care: Relief of Local Pain and General 

Distress 

No discussion of paraquat poisoning would be com- 
plete without considering how best to manage patients 
who are dying from this condition. It is of vital 
importance that the patient is not neglected or isolated. 
Frequent visits from medical and nursing staff are 
mandatory because bad or infrequent communication 
increases the suffering of the patient. Those who are 
dying reach out for support and companionship not only 
from their friends and relatives but also from their 
medical advisers. If asked, one should be honest about 
the prognosis while at the same time offering some hope. 

Attention should be directed away from incurable 
organ damage to the alleviation of symptoms because 
there is always something that can be done to provide 
symptomatic relief. Pain and distress should be reduced 
to a minimum. It is difficult to abolish the severe pain 
produced by local ulceration. Mouth washes, ice-cold 
fluids (e.g., ice cream, lemon mucilage), local anesthetic 
sprays, and lozenges have all been employed with varying 
degrees of success. Opiates will be required in most 
patients to relieve general, as well as local, pain and 
distress. Above all, inappropriate treatment should be 
avoided. Thus, for example, the repeated use of cathartics 
when the outlook is hopeless is therapeutically irrelevant 
and clinically harmful. Although oxygen administration 
is theoretically harmful in paraquat poisoning, it should 
not be withheld in the terminal patient with air hunger. 


CHLOROPHENOXY HERBICIDES 


Chlorophenoxy herbicides are chemical analogs of 
auxins, a type of plant growth hormone, and produce 
uncontrolled and lethal growth in target plants. Because 
they are very effective selective weed killers, chlorophe- 
noxy herbicides are used widely for the control of broad- 
leaved weeds in pastures, lawns, cereal crops, and public 
rights of way. In addition, closely related compounds are 
used as the active ingredients in rooting powders. 


Structurally, chlorophenoxy herbicides comprise an 
aliphatic carboxylic acid moiety attached to a chlorine- 
or methyl-substituted aromatic ring. The most common 
is 2,4-D (2,4-dichlorophenoxyacetic acid); its formula 
and that of related compounds are shown in Figure 78-3. 
Dicamba is not a phenoxyacetate but is often considered 
with the chlorophenoxy compounds because it is an 
organic acid. 2,4,5-T has been largely withdrawn from 
worldwide use because of concerns that arose from 
contamination of some formulations with dioxin, the 
most notorious of which was Agent Orange, used as a 
defoliant in Vietnam. 

Chlorophenoxy herbicides often are coformulated with 
ioxynil, bromoxynil, or both, which generally are more 
toxic and similarly uncouple oxidative phosphorylation. 
Formulations may also contain hydrocarbon solvents. 

Chlorophenoxy herbicide poisoning is uncommon 
but may produce severe sequelae. Most cases of serious 
poisoning involve deliberate ingestion of 2,4-D either 
alone or in combination with other chlorophenoxy 
herbicides or ioxynil/bromoxynil. 

Among more than 11.2 million human toxic exposures 
reported by U.S. Regional Poisons Centers to the 
American Association of Poison Control Centers (AAPCC) 
Toxic Exposure Surveillance System (TESS) between 
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FIGURE 78-3 Chemical structure of some chlorophenoxy 
herbicides. 


1998 and 2002,'°*'°8 11,385 involved chlorophenoxy 
herbicides; at least 30% involved children younger than 
6 years old and may not have been toxic exposures. 
Thirty-three exposures resulted in life-threatening or 
significant residual effects, and there were two deaths. 


Mechanisms of Toxicity 


Dose-dependent cell membrane damage is likely to be 
important in the mediation of chlorophenoxy-induced 
central nervous system (CNS) toxicity, for example by 
damage to the blood-brain barrier and disruption of 
neuronal and mitochondrial membranes. Mitochondrial 
membrane damage may trigger apoptosis." In addition, 
chlorophenoxy herbicides are related structurally to 
acetic acid and can form analogs of acetyl coenzyme A 
(CoA; such as 2,4-D-CoA) or enter the acetylcholine 
(ACh) synthetic pathway to form choline esters (e.g., 2,4- 
D-ACh). Thus, they can disrupt metabolic pathways and 
act as “false” neurotransmitters. Uncoupling of oxidative 
phosphorylation is a further likely mechanism of toxicity. 


Toxicokinetics 


Chlorophenoxy compounds are absorbed rapidly after 
oral administration in humans,"®!'! but absorption 
dermally!7"!!" and by inhalation! is limited. They bind 
extensively to serum albumin!'*'!° and have relatively 
high volumes of distribution (between 0.1 L/kg!'® and 
0.2 L/kg'!® for 2,4D in humans). Some 82% of an 
administered dose is eliminated unchanged in urine.” 
Clearance occurs by first-order processes,!!? although at 
high doses, the organic anion secretory system may be 
overwhelmed, and elimination then follows Michaelis- 
Menten kinetics, at least in animals.!"! 

Substantial interindividual and interspecies variation 
in elimination of chlorophenoxy herbicides is apparent.!” 
The elimination half-life in humans of 2,4D 5 mg/kg 
orally varies between 11.6"! and 33 hours.'!® 


Clinical Features 
INGESTION 


Nearly all reported cases of chlorophenoxy herbicide 
ingestion have involved 2,4-D, either alone or with other 
chlorophenoxy herbicides, such that it is difficult to 
distinguish between members of this pesticide class in 
terms of toxicity.''® Vomiting is a prominent early feature 
and may be accompanied by burning in the mouth, 
abdominal pain, diarrhea, and occasionally gastro- 
intestinal hemorrhage. Severe corrosive damage is rare 
and probably due to surfactants or solvents in the 
formulation. Gastrointestinal fluid loss, vasodilation, and 
direct myocardial toxicity contribute to the development 
of hypotension, which is common. Electrocardiogram 
abnormalities such as T-wave flattening or inversion,'’’ 
QT-interval prolongation,'*"'*! supraventricular or 
ventricular tachycardia, and rarely, sinus bradycardia!“ 
have been reported. 

In severe cases, gastrointestinal features are followed 
frequently by the onset of coma, which is an almost 
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invariable feature in fatal cases and often lasts several 
days in those who survive.!!8 Hypertonia, hyperreflexia, 
clonus, and occasionally extensor plantar responses 
suggest upper motor neuron involvement. !!9-123-128 
Cerebral edema,!*? miosis, nystagmus, ataxia, alterations 
in color vision, memory loss, hallucinations, and 
convulsions have also been reported.!!8 

Coma is associated frequently with respiratory distress, 
tachypnea, inadequate ventilation, and occasionally 
pulmonary edema. Hypoventilation secondary to CNS 
depression is the primary cause of hypoxia, although 
respiratory muscle weakness may contribute also as part 
of a generalized myopathy.!!%12? The latter is charac- 
terized by limb weakness, reduced or absent tendon 
reflexes, !!9:123:127.130,181 and increased creatine kinase 
activity. !!%130132 Aspiration of gastric contents may 
contribute to pulmonary complications.!**'°' Hemoptysis 
is a rare complication.'** 

Some degree of peripheral neuromuscular involve- 
ment is common, as evidenced by loss of tendon reflexes, 
muscle twitching, fasciculation, weakness, or myotonia.'!® 
Nerve damage with electromyographic evidence of a 
peripheral neuropathy has been reported rarely.'!%'%4 
These effects may persist for several weeks in patients 
who survive. 

Other reported features of chlorophenoxy herbicide 
ingestion include metabolic acidosis,!''*°'*? hyper- 
thermia in the absence of infection (possibly reflecting 
uncoupling of oxidative phosphorylation) ,'!%!**:!*9 renal 
failure,'*°'%° rhabdomyolysis,'** increased transaminase 
and aminotransferase activities (SGOT, SGPT), and lactate 
dehydrogenase,!°°!°° thrombocytopenia,®?!°7 hemolytic 
anemia, and hypocalcemia.'*° 

Although the prognosis is poor in patients who rapidly 
become shocked and comatose, full recovery can ensue 
over weeks to months despite initial severe toxicity and 
prolonged neuromuscular effects. 

It is not possible to derive a dose-response relation- 
ship from published cases because the dose was rarely, if 
ever, known with accuracy. Flanagan and coworkers!** 
suggested that a total plasma chlorophenoxy concen- 
tration in excess of 500 mg/L was associated with severe 
toxicity. This view is supported by the postmortem 
findings in a 61-year-old woman who ingested a 
formulation containing 2,4-D, mecoprop, and dicamba: 
the blood concentrations for 2,4-D, mecoprop, and 
dicamba were, respectively, 520 mg/L, 530 mg/L, and 
170 mg/L,!*8 but more data are required. 


DERMAL EXPOSURE 

Because dermal absorption of chlorophenoxy herbicides 
is poor, acute poisoning through this route is uncom- 
mon. Local skin irritation may occur, but there are 
few reports of systemic toxicity following such exposures. 
Interpretation of cases in which systemic effects are 
described is complicated, and the etiologic role of 
chlorophenoxy herbicides in many has been challenged.'” 
Five cases were published between 1959 and 1963.!40'# 
All patients recovered, although mild weakness was 
present at 2- to 3-year follow-up in three cases.'*!'* It is 
noteworthy that there have been no published reports of 
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systemic chlorophenoxy herbicide poisoning following 
dermal exposure for more than 20 years, and no 
reported fatalities from such exposures in the history of 
chlorophenoxy herbicide use. 


INHALATION 

Gastrointestinal and peripheral neuromuscular symptoms 
have been reported also following occupational expo- 
sure in which inhalation was an important route, either 
alone or in combination with skin exposure.!**!* 
Features described included nausea and vomiting, 
constipation, abdominal pain, limb paresthesias and 
pain, myalgia, weakness, hypertonia, dizziness, vertigo, 
loss of consciousness, nodal tachycardia, chest pain, and 
palpitation. In some cases, features persisted for several 
weeks after a single exposure. Again, a causative asso- 
ciation in these cases cannot be confirmed. 


OCULAR EXPOSURE 

McMillin and Samples!4’ reported the accidental 
exposure of a previously healthy 30-year-old man to a 2,4- 
D-containing herbicide. Within 3 hours, he developed 
decreased visual acuity, ocular discomfort, photophobia, 
and loss of accommodation in the exposed eye. The 
symptoms persisted despite topical treatment with 
prednisolone and scopolamine, but resolved over the 
ensuing 3 weeks. Whether this toxic iritis was due to 2,4- 
D or to some other component in the commercial 
formulation is unknown. 


Management 


The administration of oral activated charcoal, 50 to 
100 g, to an adult may be considered in patients who 
have ingested a potentially toxic amount of a chlorophe- 
noxy herbicide within 1 hour because in vitro studies 
demonstrate that chlorophenoxy herbicides are adsorbed 
to activated charcoal.!* 

Urine alkalinization and hemodialysis to enhance her- 
bicide elimination should be considered in severely poi- 
soned patients. However, despite several reports claiming 
enhanced elimination with urine alkalinization, 122149150 
only for one patient!!®!51 are there sufficient data to 
justify the claim. This 39-year-old man developed 
features of severe poisoning after ingestion of 2,4-D, 
6.8 g, and mecoprop, 13.6 g (calculated).!!9!°! The 
admission urine pH was 6.4, the plasma 2,4-D concen- 
tration 400 mg/L, and the plasma mecoprop concen- 
tration 751 mg/L. An “alkaline diuresis” comprising 14 L 
of fluid containing 69.3 g sodium bicarbonate (825 mmol) 
over 48 hours!!’ was instituted some 42 hours after 
ingestion, although a urine pH greater than 7.5 was not 
achieved until after 70 to 75 hours. Increased renal 
clearance of both herbicides was achieved with alkalin- 
ization, but to an extent that was highly dependent on 
urine flow rate. Clinical improvement paralleled the fall 
in 2,4-D and mecoprop concentrations, and conscious- 
ness was regained on the fourth day after ingestion when 
the plasma 2,4-D and mecoprop concentrations were 
about 100 mg/L. When clearance data were corrected 
for urine flow rate, urine alkalinization without high 


urine flow was markedly less efficient than hemodialysis 
as a means of removing 2,4-D. 

Durakovic and associates'*! treated four patients with 
2,4-D poisoning by hemodialysis, of whom two also had 
resin hemoperfusion. The dialysis clearance in one 
patient was 68.7 mL/min, and in the two patients receiving 
combined therapy, the clearances were 56.3 mL/min and 
72.9 mL/min, suggesting that hemodialysis with or 
without hemoperfusion is more efficient than urine 
alkalinization, although urine alkalinization, combined 
with a high urine flow (600 mL/hour), produces similar 
clearance values.!!%!5! Nonetheless, in all severe cases, 
hemodialysis is the preferred elimination treatment 
because it greatly enhances clearance without the need 
for urine pH manipulation and the administration of 
substantial amounts of intravenous fluid to compromised 
patients. The final choice may be dictated by the 
availability of hemodialysis. 


GLYPHOSATE 


Glyphosate (Nphosphonomethyl glycine) is a phos- 
phorus-containing organic compound (Fig. 78-4) used 
extensively as an herbicide by both professionals and 
amateurs. It is one of the first herbicides against which 
crops have been genetically modified to increase their 
tolerance. 

Commercial formulations range from concentrates 
containing 41% or more glyphosate as the isopropyl- 
amine (IPA) salt to 1% glyphosate formulations 
marketed for domestic use. They generally include a 
surfactant, antifoaming and color agents, biocides, and 
inorganic ions to produce pH adjustment. !** 

The attractiveness of glyphosate is due to several 
factors, including its plant-specific action, inactivation on 
contact with soil, and suitability for no-till conservation 
of crops. In addition, it has a favorable environmental 
safety profile. 

In the 3-year period from 2001 to 2003, there were 
13,318 reports to the AAPCC TESS relating to glyphosate 
exposure, 107198153 Of these, 3622 involved children 
younger than 6 years. There was a “moderate” outcome 
in 291 patients, a life-threatening outcome in 18, and 
death in 5. Case series of glyphosate ingestions!°*'°® have 
reported mortality rates of 8% to 16%; of the 377 cases 
reported, 38 died. 

Most glyphosate-related reports to the California 
Environmental Protection Agency Pesticide Illness 
Surveillance Program for 1982 to 1997 involved topical 
irritation of the eye or skin without systemic symptoms. 
Systemic features were present in 187 cases, but only in 
22 were they probably or definitely related to glyphosate 
alone. 1- 
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FIGURE 78-4 Chemical structure of glyphosate. 


Mechanisms of Toxicity 


The mechanisms of toxicity of glyphosate formulations 
are complex, not least because glyphosate is used as four 
different salts in combination with surfactants, which 
vary in nature and concentration. It is therefore difficult 
to separate the toxicity of glyphosate from that of the 
formulation as a whole or to determine the contribution 
of surfactants to overall toxicity. 


GLYPHOSATE 
Glyphosate alone is of very low toxicity orally (LD;5o 
> 5000 mg/kg) and dermally (LD; > 2000 mg/kg). It may 
enhance adenosine triphosphatase activity and uncouple 
mitochondrial oxidative phosphorylation,!*?! although 
this has been disputed.'!°° In rats, it decreases hepatic 
cytochrome P-450 and monooxygenase activities and the 
intestinal activity of aryl hydrocarbon hydroxylase.’ 
Although at high concentrations in vitro, glyphosate 
inhibits acetylcholinesterase, there is no evidence that it 
inhibits acetylcholinesterase in vivo. 

There is very limited evidence that products containing 
glyphosate trimesium are more toxic than those with 
other glyphosate salts.!° 


SURFACTANTS 

Surfactants in concentrations of up to 50% are added to 
nearly all glyphosate preparations. In general, they 
interfere with the walls of mitochondria, destroying the 
proton gradient required for energy production, effects 
consistent with the poorly responsive multiple-organ 
failure generally seen after surfactant ingestions. Because 
some are strongly alkaline, adjustment to a neutral pH is 
required when they are coformulated with glyphosate. 

The most widely used surfactant is polyoxyethyle- 
neamine (POEA), although this name refers to a group 
of compounds rather than a single chemical entity. The 
concentration of polyoxyethyleneamine ranges from less 
than 1% in ready-to-use glyphosate formulations to 21% 
in some concentrated professional products. 

Other surfactants used in glyphosate-containing 
herbicides include those derived from plant fats, alkyl 
polyoxyphosphate amine, polyethoxylated-alkyletheramine, 
trimethylethoxypolyoxypropyl-ammonium chloride, and 
ethoxylated phosphate ester. 

The main controversy regarding the toxicity of 
glyphosate formulations is whether toxicity is due to the 
herbicide itself or to coformulants, notably surfactants. 
The evidence suggests that the toxicity of the surfactant, 
POEA, is greater than the toxicity of glyphosate alone. 
There is insufficient evidence to conclude that glyphosate 
preparations containing polyoxyethyleneamine are more 
toxic than those containing alternative surfactants. 
However, the weight of evidence is against surfactants 
potentiating the toxicity of glyphosate; indeed, the reverse 
may be more likely. 


Toxicokinetics 


The existing knowledge of the toxicokinetics of 
glyphosate is mainly derived from animal studies and has 
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been reviewed recently.!® Only some 30% is absorbed 
after oral administration to rats!®®166; peak plasma 
concentrations are attained within 1 to 2 hours!®.167,168 
and decline quickly.'®? Most absorbed glyphosate is then 
rapidly excreted unchanged in the urine. 

A similar pattern of absorption, metabolism, and 
elimination after ingestion is seen in humans, although 
the data are limited. Absorption of glyphosate through 
human skin is poor (<1%).!°!” Two poisoned patients 
reached peak plasma glyphosate concentrations within 
4 hours of ingestion, the concentrations being almost 
undetectable by 12 hours.!”! Severe poisoning is asso- 
ciated with plasma glyphosate concentrations exceeding 
1000 mg/ L,” and occasionally, concentrations as high 
as 1600 mg/L have been encountered.!” 

Only a small proportion of glyphosate is metabolized 
to aminomethylphosphonic acid (AMPA): the ratios of 
glyphosate to AMPA in serum at 8 and 16 hours after 
ingestion were 126:1 and 147:1, respectively.!” 

Absorption after inhalation does not appear to have 
been studied but would not be expected to be significant. 


Clinical Features 


Regardless of the route of exposure, most reports of 
human poisoning with severe features generally involve 
concentrated formulations containing 41% glyphosate as 
the isopropylamine salt and 15% polyoxyethyleneamine. 
Accidental exposure usually causes only mild, transient 
features. 


INGESTION 

Nausea, vomiting, and diarrhea are the only likely 
features following ingestion of glyphosate ready-to- 
use amateur formulations. Up to 30 mL of the 41% 
glyphosate plus 5% tol5% polyoxyethyleneamine for- 
mulations may also cause these symptoms, together with 
burning in the mouth and throat and hypersalivation, 
but has not caused severe systemic effects in adults. 155-156 
Ingestion of more than 85 mL of the 41% glyphosate 
plus 5% to 15% polyoxyethyleneamine formulations is 
likely to cause significant toxicity in adults,’ including 
gastrointestinal corrosive effects with mouth, throat, and 
epigastric pain and dysphagia.!°°!74 The corrosive 
damage is predominantly gastric and esophageal rather 
than duodenal.'” Patients with grade 2 or 3 (multiple 
ulcerations with necrosis) esophageal lesions were more 
likely to have ingested more than 200 mL of glyphosate 
concentrate and to manifest severe systemic sequelae, 
including gastrointestinal hemorrhage, hypotensive 
shock (not always in association with hypovolemia), or 
aspiration pneumonia. The latter complication is 
particularly likely if laryngeal corrosive injury occurs 
during ingestion.!” 

Lower gastrointestinal corrosive injury is rare,!” but 
small bowel infarction has been reported, probably 
secondary to hypotension.!”© A 44-year-old man devel- 
oped acute colitis 1 week after consuming glyphosate- 
contaminated wine.!”” 

Aspiration of glyphosate-containing products con- 
tributes to ventilatory insufficiency in severely poisoned 
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patients,'°° but noncardiogenic pulmonary edema is the 
underlying pathologic process in some cases.!°°:!”6 Acute 
bronchospasm, followed by pneumomediastinum, 
tension pneumothorax, and subcutaneous emphysema, 
has been described in a man who ingested 500 mL of a 
glyphosate-containing product.!”8 

Renal and hepatic impairment (increased amino- 
transferase and transaminase activities) and impaired 
consciousness are not uncommon in more severe 
cases!>4176 and usually reflect reduced organ perfusion, 
although a direct toxic effect of glyphosate or surfactant 
may contribute. Similarly, hypovolemia is an important 
factor in cases complicated by cardiogenic shock or 
acidosis, although direct toxicity, may contribute.!” 
Glyphosate- or surfactant-induced myocardial depression 
may also occur.'®° 

Other reported features include dilated pupils, 
convulsions,!°° confusion, coma, fever,!°* neutrophil 
leucocytosis,'°*°° increased serum amylase activity,!” 
metabolic acidosis,!°* and ECG abnormalities.!°*!°° In a 
recent case,!”° broad complex tachycardia (140 
beats/minute) was a presenting feature after ingestion of 
1 L of glyphosate concentrate; it may be relevant that the 
patient also had a marked metabolic acidosis (pH, 7.25; 
HCO;, 13 mmol/L) and a serum potassium concen- 
tration of 8.2 mmol/L. Bradycardia and ventricular 
arrhythmias may occur as preterminal events. !5°:156179.181 

Table 78-3 lists proposed criteria for classification of 
severity of poisoning resulting from glyphosate formu- 
lation ingestion. 

There is a reasonable correlation between the amount 
of glyphosate ingested, the severity of damage,’ and the 
likelihood of serious systemic sequelae!®”!° or death.'°*1°° 
When a large quantity is ingested, death typically ensues 
within 72 hours.!°* Not surprisingly, not all cases 
conform to these prognostic criteria.!°°'®' Other features 
significantly more likely in patients who die include the 
presence of respiratory distress, impaired consciousness, 
pulmonary edema, infiltration on chest x-ray, shock, 
arrhythmias, and renal failure requiring hemodialysis.' 
The triad of pulmonary edema, metabolic acidosis, and 
hyperkalemia is also a poor prognostic indicator,!”® as is 
advancing age.!°*1°° 


156,179,181 


SKIN EXPOSURE 

Skin contact with glyphosate formulations can cause irri- 
tation,!®? and contact dermatitis has been reported occas- 
ionally.'*° Severe skin burns are rare.'®* Transfer by contam- 
inated hands to the face may lead to swelling, pares- 
thesias, and periorbital edema.'®! Generalized pompho- 
lyx was reported in a man who was accidentally drenched 
with horticultural-strength glyphosate-containing product.'®! 
Although photosensitivity to glyphosate was claimed to 
have developed in a 64-year-old man,'®° the authors later 
concluded that the responsible agent was not glyphosate 
but the coformulant.!®° 


INHALATION 

Inhalation is a minor route of exposure to glyphosate, !®” 
but spray mist may cause oral or nasal discomfort, an 
unpleasant taste in the mouth, tingling, and throat 


Proposed Criteria for Classification of the 


Severity of Poisoning Resulting from Ingestion of 
Glyphosate Formulations 





GRADE OF SEVERITY CRITERIA 


Asymptomatic Absence of symptoms and abnormal 
clinical or laboratory findings 
Mild Short-lived (<24 hr) buccal or 
alimentary tract features 
At least one of the following: 
Buccal ulceration 
Endoscopically confirmed 
esophagitis 
Alimentary tract features lasting 
>24hr 
Gastrointestinal hemorrhage 
Transient hypotension 
Transient oliguria 
Transient renal impairment 
Transient acid-base abnormalities 
Transient hepatic damage 
At least one of the following: 
Hypotension requiring 
intervention 
Loss of consciousness 
Recurrent convulsions 
Renal failure requiring 
replacement therapy 
Respiratory abnormalities 
requiring endotracheal 
intubation 
Cardiac arrest 
Death 


Moderate 


Severe 


Based on Talbot AR, Shiaw M, Huang J, et al: Acute poisoning with a 
glyphosate-surfactant herbicide (“Round-up”): a review of 93 cases. 
Hum Exp Toxicol 1991;10:1; and Tominack RL, Yang G, Tsai W, et al: 
Taiwan national poison center survey of glyphosate-surfactant 
herbicide ingestions. J Toxicol Clin Toxicol 1991; 29:91. 





irritation. A single case of acute pneumonitis alleged to 
be due to inhalation of Roundup in a warm, confined 
space over a 4-hour period has been reported.!88 
Whether the features were due to glyphosate including 
polyoxyethyleneamine or to some other cause was 
subsequently debated but not resolved. 189190 


EYE EXPOSURE 

Eye contact may lead to mild conjunctivitis, and superficial 
corneal injury is possible if irrigation is delayed or 
inadequate. One man who accidentally rubbed glyphosate 
into one eye developed chemosis, palpitations, raised 
blood pressure, headache, and nausea.!8! Permanent eye 
damage is most unlikely. 1°! 


Management 
INGESTION 


Management is symptomatic and supportive. Because 
ingestion of ready-to-use amateur products is unlikely to 
cause systemic toxicity, gut decontamination is unnec- 
essary. Gastric lavage may be considered if a life- 
threatening amount of a concentrated glyphosate 
formulation has been ingested within 1 hour (unless 
there is evidence of buccal irritation or burns), but there 


is no evidence that this procedure reduces absorption of 
either glyphosate or polyoxyethyleneamine. Alternatively, 
if there is no buccal irritation or burns, oral activated 
charcoal, 50 to 100 g for an adult, may be considered. 

Hypotension secondary to fluid loss should be treated 
conventionally. Dopamine or dobutamine may be required 
in severe cases. Early upper alimentary endoscopy should 
be considered in patients with features suggesting 
significant gastrointestinal corrosive effects. 

Intubation and mechanical ventilation are likely to be 
required in the most severely poisoned patients. Significant 
acidosis that persists despite adequate oxygenation and 
perfusion should be corrected by intravenous sodium 
bicarbonate. An ECG should be performed in all 
symptomatic cases. 


SKIN EXPOSURE 

Thorough skin decontamination is the priority with 
removal of contaminated clothing, and washing with 
soap and water. Management is otherwise symptomatic 
and supportive. Severe lesions should be managed as 
burns. 


INHALATION 
Removal from exposure is the priority. Management is 
otherwise symptomatic and supportive. 


EYE EXPOSURE 

Eye contamination should be managed as a chemical 
exposure, with attention particularly to adequate 
irrigation. 


TRIAZINE HERBICIDES 


The triazine herbicides are a class of compounds based 
on asymmetric six-member ring containing three carbon 
and three nitrogen atoms. Some 15 different triazines 
have been marketed and are still used widely as amateur 
and professional herbicides, often formulated with other 
pesticides. The Spanish Poison Control Centre found 
that 9% of all enquiries relating to occupational 
exposure to pesticides involved triazines.!%” 


Clinical Features 


Serious toxicity has not been reported,'’’ except in one 
case in which it is probable that the observed features 
were due to other constituents of the formulation.'%* Any 
features directly attributable to triazines are likely to be 
nonspecific. Exposure to dusts or sprays may cause 
mucous membrane and eye irritation. Contact dermatitis 
may develop in sensitized individuals.!9°1%7 


Management 


Gastric lavage and activated charcoal administration are 
unnecessary. Management is symptomatic and sup- 
portive. The possibility of features developing due to 
coformulated pesticides or from other constituents, most 
notably solvents, should be considered. In one case, the 
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clearance of atrazine by hemodialysis was 250 mL/min 
over 4 hours, and the dialysance was 76%.!%* 


UREA HERBICIDES 


Substituted urea compounds are used as pre-emergence 
and postemergence herbicides and as soil sterilants and 
generally are referred to as urea herbicides. Those that 
have caused clinical illness include diuron (1-[3,4 
dichlorophenyl]-3,3 dimethylurea), monolinuron, and 
metobromuron (Fig. 78-5). They are often marketed in 
formulations containing other active ingredients. The 
toxicity of these compounds is probably due to their 
metabolism to aniline derivatives, which can cause 
methemoglobinemia. They also induce microsomal 
enzymes in animals.'%® 

During the 10-year period from 1994 to 2003, 716 
exposures to urea herbicides were reported to the 
AAPCC. There were no fatalities, but 46 cases were 
classified as being of moderate severity, and 3 were life 
threatening. '0*108.153,199202 Release into the atmosphere 
of an estimated ton of isoproturon did not cause adverse 
effects in the inhabitants of a nearby residential area, 
probably because biomonitoring revealed that exposure 
was below the acceptable daily intake.*°° 


Toxicokinetics 


Diuron is absorbed from both the gastrointestinal and 
respiratory tracts. It undergoes hydroxylation, dealky- 
lation, or both of the terminal nitrogen atom, the urea 
moiety generally remaining unchanged. Several metabo- 
lites have been identified in humans after suicidal 
ingestion of diuron?***°° and are excreted in the urine 
with low concentrations of diuron.” Similarly, several 
metabolites were detected in the plasma and urine of a 
patient who had ingested metobromuron.?0” 


Clinical Features 


Urea herbicides are generally of low acute toxicity, and 
serious poisoning is only likely after ingestion of large 
quantities; four deaths have been recorded (Table 78-4). 
However, it is unlikely that three of these can be 
attributed to the urea herbicide. One was almost certainly 
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FIGURE 78-5 Chemical structure of two urea herbicides. 
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Deaths from Formulations Containing Urea Herbicides 





ESTIMATED DOSE OF AGE AND METHEMOGLOBIN 
ACTIVE INGREDIENTS * UREA HERBICIDE SEX MAIN FEATURES (%) REFERENCE 
Monolinuron (14%) + 40 mg/kg bw 59M Central cyanosis, renal, 52 Casey et al (1994) 
paraquat (10%) respiratory, and hepatic 
failure 
Diuron Several grams 77 ? Severe sedation Unknown Verheij et al (1989)2%4 
Diuron + parathion Unknown 38 F Coma Unknown van Boven et al (1990)? 
Diuron + atrazine + 200 g 35 M Metabolic acidosis 3 Brinquin et al (1993)2% 


aminotriazole + 
propylene glycol 


*Urea herbicide in bold. 





due to the paraquat coingested,*"* one to the solvent 
(propylene glycol) in the formulation,” and one to 
parathion.?° 

Nausea, vomiting, diarrhea, and abdominal pain 
are the initial features. Later, as the aniline-related 
metabolites appear, hemoglobin is oxidized to methe- 
moglobin, accumulation of which is the principal cause 
of urea herbicide toxicity. The onset of clinically 
detectable methemoglobinemia may be delayed for 6 
to 10 hours.?!° It was present in 5 of the 10 published 
cases.??7208,210-212 Sionificant intravascular hemolysis 
followed in four.?°7?!°?!? For that reason, Heinz body 
formation, reticulocytosis, a positive Schumm’s test, and 
brownish discoloration of the plasma and urine due to 
the presence of free hemoglobin may be observed. 
Plasma lactate dehydrogenase activity may be increased. 
Acute renal failure and metabolic acidosis may ensue. 

A slate-gray color of the skin not reversed by supple- 
mental oxygen may be seen when methemoglobin 
concentrations exceed 10% to 15%. The patient often 
appears unduly well for the degree of “cyanosis.” As 
methemoglobin concentrations increase, features of 
hypoxia develop, with headache, fatigue, weakness, 
dizziness, syncope, tachycardia, dyspnea, and increasing 
respiratory distress. Methemoglobin concentrations in 
excess of 60% are life threatening, with coma, convulsions, 
cardiac arrhythmias, and cardiorespiratory arrest. 

Chest discomfort and cough have been reported after 
heavy occupational inhalation of a mixture of diuron 
and 2,4-D,”'* but there are no reports relating to a urea 
herbicide alone. Similarly, there are no reports of toxicity 
after topical exposure, although skin may be irritated. 


Management 


Although gastric lavage may be considered if a life- 
threatening amount of a urea herbicide has been 
ingested within | hour, there is no evidence that it reduces 
absorption. The same is true of oral activated charcoal, 
although administration of 50 to 100 g to an adult may 
be considered in the same situation. Patients should be 
observed for several hours if substantial exposure is 
suspected because the onset of toxicity may be delayed. 
Arterial blood gas tensions and methemoglobin concen- 
trations should be measured. 


Methylthioninium chloride (methylene blue), 1 to 
2 mg/kg given intravenously, is indicated if the 
methemoglobin concentration exceeds 30%. The 
plasma potassium concentration should be monitored 
frequently if hemolysis develops, and hyperkalemia is 
treated conventionally. Red blood cell transfusion 
should, if possible, be avoided until the toxic metabolites 
have been eliminated. Plasmapheresis may have a role in 
removing circulating free hemoglobin and red blood cell 
fragments. Renal function will also need to be monitored 
and failure treated conventionally. 


BENTAZON (BENTAZONE) 


Bentazon (bentazone) is a selective contact herbicide 
with the chemical structure shown in Figure 78-6. 


Mechanisms of Toxicity 


Its mechanism of action in humans is unknown, 
although the clinical features of poisoning suggest that 
bentazon may uncouple oxidative phosphorylation. It is 
likely that coformulants will be responsible for some of 
the toxic effects of some products. 


Toxicokinetics 


What little is known of the toxicokinetics of bentazon in 
humans indicates that it is rapidly and extensively 
absorbed after oral administration and excreted largely 
unchanged in urine. A possible hydroxylated metabolite 
was present in the blood of a farmer who died after 
ingestion of bentazon, the concentration of the parent 
compound in plasma being of the order of 1500 mg/L.?!° 
In another case, the postmortem blood concentration of 
bentazon was 625 mg/kg.?'° 
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FIGURE 78-6 Bentazon. 


Clinical Features 


The three reported cases of acute poisoning in humans 
involve ingestion. Analytic confirmation of the presence 
of bentazon was present in two,”!?!° but not in the third 
case.?!” The emerging pattern of bentazon poisoning is 
that the time required for onset of features may be less 
than 1 hour and that death may result within as little as 
2 hours. Upper and lower gastrointestinal irritation is 
common, and although bentazon is said not to cross the 
blood-brain barrier in rats, drowsiness, agitation, talking 
nonsense, and loss of consciousness in these patients 
suggest that it may do so after consumption of very large 
amounts. Other features include sweating, hyperpyrexia, 
increased heart rate, tachypnea, and difficulty in 
breathing. Limb rigidity was a prominent feature in two 
patients, and one had clear evidence of rhabdomyolysis 
and several other features; those who cared for him 
proposed that acute bentazon poisoning mimicked 
neuroleptic malignant syndrome.*!” Leucocytosis and 
minor disturbances of liver and renal function have been 
reported.?!” 


Management 


The management of acute bentazon poisoning is 
symptomatic and supportive. Gastric lavage or oral 
activated charcoal (100 g for an adult) may be employed, 
although there are no data to indicate that they might be 
effective. Indeed, it is unlikely that they would be 
effective because absorption is so rapid. Liver and renal 
function and the ECG should be monitored. Dantrolene 
may be indicated if muscle rigidity is a problem.” 
Respiratory and renal failure should be managed 
conventionally. Antiemetics may be given if vomiting 
persists. 
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/ Q Rodenticides 


HOLLY E. PERRY, MD 


At a Glance... 


m All rodenticides possess some human toxicity when taken in 
overdose. 

m High-toxicity rodenticides include thallium, sodium monoflu- 
oroacetate, strychnine, aluminum and zinc phosphide, vacor, 
naphthylthiourea (ATNU), and cholecalciferol. Low-toxicity 
agents include superwarfarins and red squill. 

m Originating from multiple classes of compounds, the roden- 
ticides produce a broad range of toxicities. 

m = The treatment of rodenticide overdose is generally supportive. 
For select agents, such as vacor and superwarfarins, specific 
therapies are available. 


Competition between humans and lower animals for 
food and shelter, whether real or imagined, is a constant 
struggle. In an attempt to gain the ecologic upper hand, 
humans have endeavored to develop ways to curb rodent 
populations. The rodenticides encompass a diverse 
group of chemicals with a wide variety of actions. 
Whether organic or inorganic, mildly or highly toxic, all 
these agents are designed to kill in a cost-effective 
manner. A problem arises when humans or nontarget 
animals come into contact with these chemicals. 

Rodenticides are designed to kill rodents considered 
a nuisance, such as rats, mice, gophers, moles, voles, 
ground squirrels, and prairie dogs. ‘These animals damage 
crops in the field and foods in storage, host human 
diseases, bite people, and are capable of causing material 
damage by gnawing. It makes sense from both an 
economic and health perspective to attempt to control 
populations of these animals.!* 

Historically, a wide variety of inorganic and organic 
compounds have been used as rodenticides. Early roden- 
ticides were agents derived from plant material such as 
strychnine and red squill or were inorganic chemicals 
such as arsenic trioxide and thallium. Newer agents tend 
to be synthetic organic compounds. Regardless of type, 
virtually all rodenticides are referred to as “rat poisons” 
by the lay public. 

Some substances used as rodenticides proved to be 
nearly as dangerous to humans and other animals as 
they are to rodents. Thallium and vacor are no longer 
marketed in the United States because of severe toxicity. 
Efforts have been made to lessen the risk of using 
rodenticides by restricting the use of some substances 
and by requiring premarketing studies of potential new 
products. Still, all rodenticides are toxic if misused. ! 

The many chemical agents used as rat poisons are 
listed in Table 79-1. When possible, the container label 
should be used to identify a particular product. Even 
labeling can be a problem if not read carefully. For 
example, bromethalin, a neurotoxin, can be confused 


with bromadiolone or brodifacoum, which are long-acting 
anticoagulants. It is generally worth the effort to find the 
container and positively identify the ingredients in order 
to know what effects might be expected and how to 
approach treatment. 

Rodenticides are regulated by the U.S. Environmental 
Protection Agency (EPA) in accordance with two acts. 
The Federal Insecticide, Fungicide and Rodenticide 
Act (FIFRA) of 1947 regulates distribution, use, and sale 
of these products within the United States. In 1972, the 
Federal Pesticide Control Act was passed as an amend- 
ment to the FIFRA. This is the act that most pesticide 
legislation is based on. According to this act, licensed 
exterminators must undergo a rigorous application 
procedure as well as ongoing training. This act also 
regulates labeling of pesticides. All pesticides must have 
a signal word clearly displayed on the front panel that 
reflects the highest possible toxicity of the product. The 
signal word “Danger” is indicative of a product that has 
an LD; of 0 to 50 mg/kg; “Warning” indicates LDs9 of 
50 to 500 mg/kg; “Caution” indicates an LDs, of 500 to 
5000 mg/kg. Under this categorization, a taste (one 
seventh of a teaspoon) of a rodenticide with signal word 
“Danger” would be enough to kill 50% of children 
weighing 10 kg. The corresponding lethal dose for a 
rodenticide with the signal word “Warning” would be 1 
teaspoon.’ There are a variety of ways that rodenticides 
may be classified, but for the purposes of this chapter, they 
are classified according to the severity of their toxicity. 


HIGHLY TOXIC RODENTICIDES 
(SIGNAL WORD: “DANGER") 


Thallium 
AVAILABLE PRODUCTS 


No thallium rodenticides are sold in the United States, 
but they are available in Mexico. Exposures rarely 
still occur in the United States as a result of homicide 
attempts,*° from contaminated herbal preparations,’ 
and from illicit drugs.’ 


DESCRIPTION 

Thallium sulfate is a tasteless and odorless powder. 
Exposure can occur by absorption through intact 
skin, inhalation, or ingestion. It was introduced in the 
United States as a rodenticide in the 1920s.°” The use of 
thallium as a pesticide was restricted in the United States 
to commercial exterminators in 1965°° and was com- 
pletely banned in 1975 because of continued accidental 
exposures. The LD;ọ in humans is 8 to 12 mg/kg.!° 
Thallium is rapidly absorbed. Cell membranes do not 
differentiate between thallium and potassium because 
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Alphabetical List of Rodenticides by Trade Name and Type of Agent* 


TRADE NAME 


Acme Mole and Gopher Killer 
Anchor Rat and Mouse Bait Packet 
Assault Rat Pellets 

Assault Rat Place Pack 

Assault Rat WR 

Bantu 

Bengal Mouse Bait 

Black Magic Rat Killer 

Blue Ball Rat Killer 

Bromone Mouse Killer 

Caid 

Chopped Poison Peanuts 
College Brand Rodenticide 
Compound 1080 

Compound 1081 

Contrac 

D-Con Mouse Prufe (no longer sold) 
D-Con Mouse Prufe II 

Death to Gophers 

Deathdiet 

Dipaxin 

Diphacin 

DLP 787 Tracking Powder 

Dr. Hess Anturat 

Drat 

Eagles 7 Final Bite 

El Ray Mouse Bait 

Endox 

Endrocide 

Enforcer Rat and Mouse Killer 
Enforcer Mouse Kill III 
Enforcer Rat and Mouse Bars Il 
Final Bite 

Finis Rat and Mouse Killer 
Fluorakil 3 

Fluorakil 100 

Fluoroacetamide 

Formula 163 Rat Kill 

Fratol 

Fussol 

Gopha Rid 

Gopher and Mole Killer Pellets 
Gopher Corn 

Gopher Getter Bait 

Gopher Getter Pills 

Gopher Go 

Gopher Gone 

Gopher Killer Pellets 

Gopher Mix 

Gopher Poison Grain Bait 
Gopher Probe Mix 

Gopher Tabs 

Gopher-Rodent Killer 
Guardian Rat Bait 

Havoc Rodenticide Bait Pack 
Hot Shot Sudden Death Mouse Killer 
Isotrac Tracking Powder 

Just One Bite Rat and Mouse Bait 
Kil-Ko Rat Killer 

Kill Kantz 

Klerat 

Krysid 

Maki Rat and Mouse Meal Bait 


Maki Rat and Mouse Bait Packs Pellets 


Megarox 

Milo Gopher Bait 
Miracle Mouse Bait 
Mouse-B-Gon, Ortho 
Mouse-Con No. 2 


ACTIVE INGREDIENTS 


Zinc phosphide 

Warfarin 

Bromethalin 

Bromethalin 

Bromethalin 

ANTU 

Chlorophacinone 

Pivalyl 

Arsenous oxide 
Bromodiolone 
Chlorphacinone 

Strychnine 

ANTU 

Sodium monofluoroacetate 
Sodium monofluoroacetate 
Brodifocoum 

Warfarin 

Brodifacoum 

Strychnine 

Red squill 

Diphacinone 

Diphacinone 

Pyriminil 

ANTU 

Chlorphacinone 
Diphacinone 

Strychnine 

Coumatetral 

Coumatetral 
Chlorophacinone 
Bromodiolone 
Diphacinone 

Diphacinone 

Diphacinone 

Sodium monofluoroacetate 
Sodium monofluoroacetate 
Sodium monofluoroacetate 
Diphacinone 

Sodium monofluoroacetate 
Sodium monofluoroacetate 
Zinc phosphide 

Zinc phosphide 

Strychnine 

Strychnine 

Strychnine 

Strychnine 

Diphacinone 

Zinc phosphide 

Strychnine 

Strychnine 

Strychnine 

Strychnine 

Strychnine 

Diphacinone 

Brodifacoum 

Bromethalin 

lsovaleryl 

Bromodiolone 
Diphacinone 

ANTU 

Brodifacoum 

ANTU 

Bromodiolone 
Bromodiolone 

Sodium monofluoroacetate 
Strychnine 

Strychnine 

Cholecalciferol 

Zinc phosphide 


TYPE OF RODENTICIDE 


Phosphides 

Warfarin 

Bromethalin 

Bromethalin 

Bromethalin 

ANTU 

Long-acting anticoagulant 
Long-acting anticoagulant 
Arsenic 

Long-acting anticoagulant 
Long-acting anticoagulant 
Strychnine 

ANTU 

Sodium monofluoroacetate 
Sodium monofluoroacetate 
Long-acting anticoagulant 
Warfarin 

Long-acting anticoagulant 
Strychnine 

Red squill 

Long-acting anticoagulant 
Long-acting anticoagulant 
Pyriminil 

ANTU 

Long-acting anticoagulant 
Long-acting anticoagulant 
Strychnine 

Long-acting anticoagulant 
Long-acting anticoagulant 
Long-acting anticoagulant 
Long-acting anticoagulant 
Long-acting anticoagulant 
Long-acting anticoagulant 
Long-acting anticoagulant 
Sodium monofluoroacetate 
Sodium monofluoroacetate 
Sodium monofluoroacetate 
Long-acting anticoagulant 
Sodium monofluoroacetate 
Sodium monofluoroacetate 
Phosphides 

Phosphides 

Strychnine 

Strychnine 

Strychnine 

Strychnine 

Long-acting anticoagulant 
Phosphides 

Strychnine 

Strychnine 

Strychnine 

Strychnine 

Strychnine 

Long-acting anticoagulant 
Long-acting anticoagulant 
Bromethalin 

Long-acting anticoagulant 
Long-acting anticoagulant 
Long-acting anticoagulant 
ANTU 

Long-acting anticoagulant 
ANTU 

Long-acting anticoagulant 
Long-acting anticoagulant 
Sodium monofluoroacetate 
Strychnine 

Strychnine 

Cholecalciferol 

Phosphides 
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Alphabetical List of Rodenticides by Trade Name and Type of Agent*-(Contť'd) 
TPYE OF RODENTICIDE 


TRADE NAME 


Mouse Feast 

Mouse Maize 

Mouse Nots 

Mouse Prufe II 
Mouse Sault 

Mouse Rid 

Mr. Rat Guard 

Nott’s 

Packet Mouse Seed Bait 
Patterson Mole Killer 
PCQ Rat and Mouse Bait 
Phostoxin Fumigant 
Phosvin 

Phosyin 

Piper Mouse Bait Packet 
Pivalyl 

Pival 

Poison Peanut 

Prolin 

Promar Bait Pellets 
Purina Rat Kill 

Quick Ravac 

Quintox 

Ramik Bait Pack 
Ramik Brown 

Ramik Green 
Rampage 

Ratangle Il 
Rat-A-Rest 

Ratak Bait Pack 

Rat Bait Meat Bits 
Rat Busters 

Rat Death Liquid 

Rat Doom 

Rat Dragon 

Rat End 

Rat-Fix 

Rat Free Rat and Mouse Bait Pack 
Rat-I-Cide 

Raticate 

Ratindan 

Ratimus 

Rat Kakes 

Rat Kill Formula 163 
Rat Lunches 

Ratmort 

Rat Nip (Nip-Co) 

Rat Nots 

Rat-O-Cide 

Rat-Ola 

Ratorex 

Rat Poison (Pearson) 
Rat Snak 

Rat Snax 

Rat Squill 

Rattrach 

Rat-tu 

Rat War 

Real-Kill Ratex 
Reardon Mouse Seed 
Ro-Dex 

Rodentin 

Rodent Kill 

Rodent Pellets 
Rodere Paraffinized Rat Bait 
Rodine 

Ropax 

Rozol 

Rumetan 


ACTIVE INREDIENTS 


Strychnine 
Strychnine 
Strychnine 
Brodifacoum 
Strychnine 
Strychnine 
Zinc phosphide 
ANTU 
Strychnine 
Strychnine 
Diphacinone 
Aluminum phosphide 
Zinc phosphide 
Zinc phosphide 
Strychnine 
Pindone 
Pindone 
Strychnine 
Warfarin 
Diphacinone 
Pindone 
Chlorphacinone 
Cholecalciferol 
Diphacinone 
Diphacinone 
Diphacinone 
Cholecalciferol 
Warfarin 
Bromodiolone 
Diphenicoum 
Warfarin 
Warfarin 
Sodium arsonite 
Warfarin 
Warfarin 
Warfarin 
Warfarin 
Bromodiolone 
Warfarin 
Norbromide 
Ratindan 
Bromodiolone 
Warfarin 
Diphacinone 
Strychnine 
Warfarin 

Red squill 

Red squill 
Warfarin 
Diphacinone 
Warfarin 

Zinc phosphide 
Arsenic trioxide 
Red squill 

Red squill 
ANTU 

ANTU 
Warfarin 
Bromethalin 
Strychnine 
Strychnine 
Coumatetral 
Diphacinone 
Zinc phosphide 
Diphacinone 
Red squill 
Brodifacoum 
Chlorphacinone 
Zinc phosphide 


Strychnine 

Strychnine 

Strychnine 

Long-acting anticoagulant 
Strychnine 

Strychnine 

Phosphides 

ANTU 

Strychnine 

Strychnine 

Long-acting anticoagulant 
Phosphides 

Phosphides 

Phosphides 

Strychnine 

Long-acting anticoagulant 
Long-acting anticoagulant 
Strychnine 

Warfarin 

Long-acting anticoagulant 
Long-acting anticoagulant 
Long-acting anticoagulant 
Cholecalciferol 
Long-acting anticoagulant 
Long-acting anticoagulant 
Long-acting anticoagulant 
Cholecalciferol 

Warfarin 

Long-acting anticoagulant 
Long-acting anticoagulant 
Warfarin 

Warfarin 

Arsenic 

Warfarin 

Warfarin 

Warfarin 

Warfarin 

Long-acting anticoagulant 
Warfarin 

Norbromide 

Long-acting anticoagulant 
Long-acting anticoagulant 
Warfarin 

Long-acting anticoagulant 
Strychnine 

Warfarin 

Red squill 

Red squill 

Warfarin 

Long-acting anticoagulant 
Warfarin 

Phosphides 

Arsenic 

Red squill 

Red squill 

ANTU 

ANTU 

Warfarin 

Bromethalin 

Strychnine 

Strychnine 

Long-acting anticoagulant 
Long-acting anticoagulant 
Phosphides 

Long-acting anticoagulant 
Red squill 

Long-acting anticoagulant 
Long-acting anticoagulant 
Phosphides 
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Alphabetical List of Rodenticides by Trade Name and Type of Agent*-(Contť'd) 
TPYE OF RODENTICIDE 


TRADE NAME 


S.L. Cowley & Sons Rat and Mouse Poison 


Shoxin 

Sla-Rat 

Sodium fluoroacetate 
Sodium monofluoroacetate 
Stearn’s Electric Brand Paste 
Strike 

Super Caid 

Sweeney's Ready Mixed 
Sweeney's Mouse Bait 

T&C Gopher Pellets from Sears 
Talon 


ACTIVE INREDIENTS 


Arsenic trioxide 
Norbromide 

Warfarin 

Sodium monofluoroacetate 
Sodium monofluoroacetate 
Phosphorus 

Warfarin 

Bromodiolone 

Warfarin 

Warfarin 

Strychnine 

Brodifacoum 


Arsenic 

Norbromide 

Warfarin 

Sodium monofluoroacetate 
Sodium monofluoroacetate 
Phosphorus 

Warfarin 

Long-acting anticoagulant 
Warfarin 

Warfarin 

Strychnine 

Long-acting anticoagulant 


Talon G Brodifacoum Long-acting anticoagulant 
Thro Pac Rat and Mouse Killer Pellets Diphacinone Long-acting anticoagulant 
Trax-one Bromodiolone Long-acting anticoagulant 
Tri-Ban Pindone Long-acting anticoagulant 
Trounce Bromethalin Bromethalin 

True Grit Tracking Powder Zinc phosphide Phosphides 

True Grit Gopher Rid Zinc phosphide Phosphides 

Vacor Rat Bait Pyriminil Pyriminil 

Vam-o Warfarin Warfarin 

Vengeance Bromethalin Bromethalin 

Yancock Sodium monofluoroacetate Sodium monofluoroacetate 
Zinc-Tox Zinc phosphide Phosphides 

ZP Zinc phosphide Phosphides 

ZP AG Zinc phosphide Phosphides 

ZP Tracking Powder Zinc phosphide Phosphides 


ANTU, o-naphthyl-thiourea. 


*Many trade names sound similar. Package labels should always be checked to verify the type of rodenticide when possible. 





their ionic radii are similar: 1.47 Angstroms versus 1.33 
Angstroms. Thus, thallium is distributed to tissues with 
a high potassium concentration such as the nervous 
system, muscle, and liver. Elimination is primarily by 
feces,!! with significant enterohepatic circulation.” Its 
volume of distribution is estimated to be 3.6 L/kg.® 

Thallium poisoning causes a distinct constellation of 
symptoms. Immediately after exposure, patients expe- 
rience gastrointestinal (GI) symptoms, including vomiting, 
abdominal pain, or constipation. Within 24 to 48 hours, 
exquisitely painful paresthesias of the hands and feet 
occur. Alopecia begins by 10 days after the exposure and 
is complete within 1 month, although facial hair, axillary 
hair, and the inner one third of the eyelashes may be 
spared.'* The amount ingested determines the severity of 
symptoms and the rapidity of onset. The GI symptoms 
tend to be relatively mild in comparison to other heavy- 
metal intoxication, unless the ingestion was large. Other 
symptoms that occur within days of an exposure include 
autonomic instability, cranial nerve palsies, and altered 
mental status—specifically confusion, delirium, and 
psychosis. Optic neuritis and Mees’ lines may be late 
findings. Patients are at risk for sudden cardiac death for 
many weeks after an exposure.!° Persistent neurologic 
sequelae such as impaired memory and weakness are 
common.!* 


MANAGEMENT 
Agreement on a treatment protocol is lacking. Gastric 
lavage should be considered if exposure is recent unless 


the patient has vomited. A dose of activated charcoal 
should be given immediately. Thallium undergoes 
enterohepatic circulation; therefore, multiple doses of 
an absorbent should be continued. Prussian blue is the 
preferred decontamination strategy based on animal 
data'®*° and in vitro models.*!*? The safety and efficacy 
of Prussian blue in humans have not been systematically 
tested, although no adverse effects have been recorded. 
The release of cyanide ions is negligible.” The recom- 
mended dose for adults is 3 g orally three times a day 
and for children 2 to 12 years old is 1 g orally three times 
a day. The recommended duration of treatment is 
6 weeks.** Prussian blue (Radiogardase) was not available 
in the United States until 2003, when it was approved 
by the U.S. Food and Drug Administration (FDA), 
because of concerns of terrorists deploying “dirty 
bombs.” Radiogardase is approved for use in decon- 
tamination of patients exposed to radioactive cesium, 
radioactive thallium, and nonradioactive thallium. 
(For information: 1-888-CALL-FDA.) If it is not avail- 
able, laboratory reagent grade Prussian blue may be 
used. Activated charcoal has also been shown to bind a 
significant amount of thallium?!; therefore, multi- 
dose activated charcoal may be an acceptable alter- 
native. 

Other treatment modalities are of questionable 
benefit. In the past, forced potassium diuresis had been 
used and was shown to decrease the half-life of thallium 
from 30 days to 8 to 10 days.?°?” However, potassium 
diuresis was noted to worsen symptoms in humans*?*°! 


and increase central nervous system (CNS) toxicity 
and lethality in animals.!°°? The use of hemoperfusion 
or hemoperfusion alternating with hemodialysis 
may enhance the elimination of thallium to some 
degree™3334 and may be useful in certain patients such 
as those with renal insufficiency or if combined with 
other therapies. 


Sodium Monofluoroacetate and 
Fluoroacetamide 


DESCRIPTION 

Sodium monofluoroacetate is a white powder that is 
usually mixed with a black dye when used as a roden- 
ticide. Its use is restricted to commercial exterminators. 
It is odorless, tasteless, and highly water soluble and 
remains stable for a long period of time. It is readily 
absorbed through the GI tract, respiratory tract, mucous 
membranes, and abraded skin. In humans, doses of 0.5 
to 2 mg/kg should be considered highly dangerous, and 
5 mg/kg is estimated to be the lethal dose.’ The 
fluoroacetate metabolite, fluorocitric acid, inhibits 
aconitase, a necessary cofactor in the Krebs cycle, 
resulting in lactic acidosis, accumulation of citrate in the 
cells, and chelation of serum calcium.’® It has recently 
received more attention because of its potential use in 
biochemical warfare. Its lethality was highlighted in 2004 
when it was implicated in the mass poisoning of zoo 
animals in Sao Paulo, Brazil. 

There is a latent period before symptoms develop 
because sodium monofluoroacetate must first be metab- 
olized to fluorocitrate for toxicity to occur, Typically, the 
lag time is between 30 and 180 minutes, but symptoms 
can be delayed for up to 20 hours.*” Fluoroacetamide has 
essentially the same actions as fluoroacetate but is less 
toxic.' It has a slightly higher fatal dose (13-14 mg/kg) 
and a more delayed onset.*® 

The clinical effects are variable, although nausea, 
vomiting, and abdominal pain occur in most patients.*” 
CNS effects and cardiac effects predominant. CNS effects 
include agitation, muscle spasm, stupor, and seizures. 
Apprehension, auditory hallucinations, and facial pares- 
thesias often precede seizures. Cardiac effects include 
ectopic beats, ventricular tachycardia, ventricular fibril- 
lation, and sudden cardiac arrest. Hypocalcemia, hypo- 
kalemia, and acidosis are frequent metabolic aberrations. 
Most deaths occur within hours of ingestion and are due 
to ventricular tachycardia or fibrillation; all fatalities 
occur by 72 hours.*” In survivors, delayed effects include 
renal dysfunction, liver dysfunction, cerebellar degen- 
eration, and cerebral atrophy. Paresthesia, neuropathies, 
and weakness may be permanent sequelae.*® 


MANAGEMENT 

Treatment of sodium monofluoroacetate and fluo- 
roacetamide toxicity is supportive. A dose of activated 
charcoal should be given if the exposure is recent. The 
patient should be placed on a continuous cardiores- 
piratory monitor and monitored for hypocalcemia, 
hypokalemia, and acidosis. Seizures should be treated 
with benzodiazepines. Arrhythmias may respond to 
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procainamide or calcium. Asymptomatic patients should 
be observed for at least 24 hours. 

There is no known antidote, but a number of 
potential therapies have been studied. Ethanol, which is 
metabolized to acetate, has been shown to be an effective 
antidote in animals but has not been studied in 
humans.°*® Glycerol monoacetate (monacetin), which 
acts as an acetate substrate in the Krebs cycle, has been 
used experimentally in monkeys.” 


Strychnine 
DESCRIPTION 


Strychnine is a plant alkaloid found in the seeds of 
Strychnos nux-vomica, a tree native to India. It was first 
used as a rat poison during the 16th century in Germany 
and is still used worldwide today.*! Strychnine-impreg- 
nated bait is also used to control pests such as pigeons, 
rabbits, porcupines, and wild carnivores. Strychnine is 
available to the public in concentrations ranging 
from 0.3% to 0.5%. Licensed exterminators may obtain 
preparations that are 5% strychnine by weight. For the 
past 5 years, there have consistently been more than 100 
exposures reported to the American Association of Poison 
Control Centers Toxic Exposures Surveillance System 
(AAPCC-TESS).***° Strychnine has also been reported to 
be an adulterant in both cocaine and heroin.*”*9 

The mechanism of strychnine poisoning is well under- 
stood. Strychnine blocks uptake of glycine, an inhibitory 
neurotransmitter. Inhibition occurs primarily at the level 
of the postsynaptic spinal cord motor neurons and to a 
lesser extent in the brainstem and higher centers.’ Thus, 
strychnine poisoning causes an increase in motor 
impulses reaching the spinal cord. 

Toxic amounts are rapidly absorbed,”! with convulsions 
occurring within 15 to 20 minutes. Because strychnine’s 
effects occur primarily at the level of the spinal cord, the 
patient typically is awake both during and after the 
convulsions. In massive ingestions, the patient may be 
unconscious.°? Characteristic convulsions are trismus or 
facial grimacing (risus sardonicus) and extensor spasm or 
frank opisthotonus. Convulsive episodes are brief but 
very painful. They can be precipitated by any sensory 
stimuli. Convulsions generally decrease within 12 to 24 
hours. Respiratory arrest secondary to spasm of respiratory 
muscles is the usual fatal event.” Animal studies have 
shown that artificial ventilation protects from otherwise 
fatal doses of strychnine. Other complications of strychnine 
poisoning are due to the violent muscle activity. 
Profound lactic acidosis, rhabdomyolysis, hyperthermia, 
and compartment syndrome have been reported.” 


MANAGEMENT 

The primary goals are prevention or control of 
convulsions*!°>*> and ensuring adequate ventilation. 
Because any stimulation may precipitate convulsions, the 
patient should be placed in a nonstimulating environment 
and given benzodiazepines prophylactically. Large 
amounts of benzodiazepines (>1 mg/kg) may be needed 
to control seizures. If seizures are not controlled by these 
measures, pentobarbital or a neuromuscular blocking 
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agent should be considered. Gastric lavage is not 
recommended because strychnine is rapidly absorbed 
and stimulation can precipitate convulsions. If symptoms 
are minimal or absent, activated charcoal should be 
considered. The patient should be monitored for lactic 
acidosis and rhabdomyolysis. The prognosis is generally 
favorable if the patient can be supported for the first 
24 hours.*” 


Aluminum Phosphide, Zinc Phosphide 


DESCRIPTION 

Phosphides are used throughout the world to protect 
stored grains from rodents and other pests.°® They are 
also available as mole and gopher killers. Phosphine gas 
is rapidly formed when zinc or aluminum phosphide 
comes in contact with dilute acids or with water” and is 
thought to be primarily responsible for their toxicity.°°° 
The exact mechanism of action is unclear, but phos- 
phine is thought to produce toxicity by blocking 
cytochrome-c oxidase, which inhibits oxidative phospho- 
rylation and eventually results in cell death.°® Phosphine 
is heavier than air and has an odor of rotten fish, which 
can be detected at levels of 2 ppm.°®°! Unfortunately, 
odor cannot be relied on as either a warning sign or 
diagnostic aid because toxicity can occur below the 
olfactory threshold.°! Oral exposures to phosphides have 
become more numerous, with more than 100 exposures 
being reported to the AAPCC-TESS in 2001 and 
2002.4546 Phosphides are reported to be a common 
suicidal agent in northern India.°°°*** The lethal dose in 
humans is not known, but patients ingesting zinc 
phosphide have died after ingesting as little as 4 to 5 g 
and have survived ingestion of 25 to 50 g. Toxic 
exposures to phosphine gas by inhalation have been 
reported.°°9 The threshold limit value for phosphine 
gas is 0.3 ppm.°! 

Phosphides cause severe GI irritation. Nausea and 
vomiting with epigastric pain is universal and occurs within 
10 to 15 minutes” in the case of aluminum phosphide and 
within 20 to 40 minutes for zinc phosphide.®’ Other fre- 
quent symptoms include hypotension, tachypnea, 
metabolic acidosis, palpitations, and hypocalcemic tetany. 
Pulmonary edema, jaundice, and widened QRS on the 
electrocardiogram occasionally occur.°%* Except for the 
universal occurrence of anxiety and restlessness, CNS 
symptoms are not prominent, although convulsions and 
coma have occurred in fatal cases.°”°° Most deaths occur 
about 30 hours after ingestion but may be delayed up to 
14 days. Death is most likely due to myocardial damage.” 


MANAGEMENT 

Treatment is symptomatic and supportive. A dose of 
activated charcoal is given if the exposure is recent. 
The patient should be placed on a cardiorespiratory 
monitor. Electrolytes and calcium should be followed 
closely and treated as necessary. Renal and liver function 
tests should be monitored daily. Phosphine can be off- 
gassed from emesis, feces, or lavage solution, and these 
fluids should be cleaned up immediately and disposed 
of properly. 


The prognosis for patients with severe cardiovascular 
and pulmonary problems is grave. 


Phosphorus 
DESCRIPTION 


Elemental phosphorus exists in two forms. The red 
form, used in manufacturing matches, is not absorbed 
and is nontoxic. In contrast, the yellow (also called 
white) form is a highly toxic protoplasmic poison and 
is available as a rat or roach paste.°® The acute lethal 
dose has been reported to be about 1 mg/kg.® 

Symptoms have classically been divided into three 
stages. In stage 1 occurring minutes to hours after 
the ingestion, severe oral burns, vomiting, stomach pain, 
garlic-like odor on the breath, and diarrhea may be 
noted. The feces or vomitus may appear phosphorescent 
in a darkened room, and hence phosphorus poisoning 
has been called the smoking stool syndrome. Death in 
stage I has been attributed to ventricular dysrhythmia 
and cardiovascular collapse.® If the patient survives, a 
quiescent period of several weeks ensues (stage II). The 
third stage represents systemic toxicity caused by 
phosphorus. Organ systems primarily affected are the 
GI tract, liver, heart, kidneys, and CNS.°? 


MANAGEMENT 

Treatment is primarily directed toward removing and 
preventing absorption of the phosphorus, as well as 
symptomatic and supportive care of patient. Emesis 
should be avoided. Dilution with milk is not recom- 
mended because digestible fat increases the absorption 
of phosphorous. Gastric lavage with 1:5000 potassium 
permanganate or a 2% solution of hydrogen peroxide 
may be useful if begun before onset of symptoms; these 
solutions oxidize phosphorus to the less harmful 
phosphate. Care must be taken to protect both the 
patient and caregivers from contact with phosphorous, 
which may be present in emesis or feces. 

The patient should be observed for damage to the 
GI tract, liver, kidneys, heart, and cardiovascular system. 
Hypoglycemia, hypoprothrombinemia, and clotting 
abnormalities may be noted with liver damage, and 
clotting studies should be performed in seriously 
affected patients. Hypocalcemia has been reported. 
Asymptomatic patients should be monitored for 24 to 
36 hours. 


Arsenic 
DESCRIPTION 


Although more commonly used as a pesticide or 
herbicide, arsenic finds some limited use as a rodenticide. 
Arsenites are salts of arsenous acid (from arsenic 
trioxide). Arsenites are more soluble and have a faster 
onset of toxicity than other forms of arsenic, thus making 
them likely choices for rodenticides, herbicides, and 
pesticides.! 

For effects and treatment of exposure to arsenic, see 
Chapter 74. 


Barium Carbonate 
DESCRIPTION 


Barium carbonate is one of several soluble barium salts, 
including sulfide, chloride, chlorate, and nitrate. All are 
highly toxic. On the other hand, barium sulfate, an 
insoluble salt, is harmless and is used in medicine as a 
radiopaque contrast medium. In the past, rodenticides 
were used that contained 20% to 25% barium carbonate. 
No barium rodenticides are currently in use, although 
other forms used for poisoning are available.””! The 
lethal dose is estimated to be 2 g. Acute toxicity may 
occur with 200 mg.! 

Barium apparently produces a depolarizing neuro- 
muscular blockade resulting in weakness of striated, 
cardiac, and smooth muscle. Hypokalemia, often pro- 
found, may occur. Symptoms include paresthesias around 
the mouth; this may spread to the hands and feet. 
Vomiting and diarrhea with colicky abdominal pain may 
ensue | to 8 hours after ingestion. Tightness in the throat, 
dysarthria, headache, muscle twitching, general weakness, 
and paralysis may be noted. Paralysis can range from 
weakness of one limb to complete paralysis with respiratory 
failure.” Many of the reported cases have resulted from 
contamination of food. In such cases, the rapidity of onset 
and absence of eye signs can help rule out botulism.” 


MANAGEMENT 
Treatment should start with emptying the stomach by 
emesis or lavage unless substantial vomiting has already 
occurred. A lavage solution of magnesium or sodium sulfate 
(30 g in 250 mL of water) should be used to precipitate the 
barium as insoluble barium sulfate. The patient’s fluids and 
electrolytes should be monitored. Hypokalemia is common 
and should be treated aggressively.’*”? Muscle tone and 
respiratory effort should be followed closely and mech- 
anical ventilation instituted as needed. 

The prognosis is favorable if patients are stabilized and 
are maintained for 24 hours. Recovery is usually complete. 


Pyriminil (Vacor, PNU) 
DESCRIPTION 


This agent was released in 1975 as a one-feeding, acutely 
toxic rodenticide. Because of its severe toxicity, it was with- 
drawn as a general-use pesticide in 1979. The manufacturer 
asked for return of unsold packages but did not request a 
general recall of packages sold to the public. As a result, 
rare exposures continued to occur as recently as 2002.*° 
Pyriminil destroys the B cells of the islets of 
Langerhans in the pancreas, resulting in inadequate 
production of insulin. Patients may present within hours 
of exposure with diabetic ketoacidosis. Death may result 
from dysrhythmias or diabetic ketoacidosis. Sequelae 
are significant and includes brittle diabetes mellitus; 
postural hypotension, which can be difficult to control; 
and sensory and motor neuropathies.’*”° Death has been 
reported with a dose of 780 mg, and symptoms have been 
noted after ingestion of as little as 390 mg (5.6 mg/kg).” 
The exact mechanism of action of pyriminil is not 
known, but in animals, it seems to act as a niacinamide 
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antagonist, interfering with the pentose phosphate shunt, 
particularly in liver, brain, and islet cells, and resulting in 
defects in RNA production. 


MANAGEMENT 
A dose of activated charcoal is given if the exposure is 
recent. Although niacinamide (nicotinamide) may be an 
antidote, it is no longer available, and therefore niacin 
(nicotinic acid) has been substituted. Of note is that 
the vasodilation caused by niacin may exacerbate the 
existing postural hypotension. The recommended dose 
is 500 mg administered intravenously (slow push), 
followed by 100 to 200 mg every 4 hours for 48 hours. If 
symptoms of poisoning are present, the dosing interval 
should be decreased to every 2 hours. 

Monitoring should include glucose, ketones, elec- 
trolytes, and liver function tests. Diabetic ketoacidosis 
should be treated with insulin and fluid as necessary. 


MODERATELY TOXIC RODENTICIDES 
(SIGNAL WORD: “WARNING") 


a-Naphthyl-Thiourea (ANTU) 
DESCRIPTION 


ANTU produces pulmonary edema and pulmonary 
effusion in adult Norway rats. Young Norway rats, roof 
rats, and most other animals except dogs are resistant to 
its effects.! 

Animal studies suggest the lethal dose for humans 
may be between 0.5 and 5 mg/kg.” Expected effects 
after ingestion include vomiting, dyspnea, cyanosis, 
and pulmonary rales or edema. Exposures are rare but 
continue to be reported. There have been no recorded 
human fatalities. 


MANAGEMENT 

Treatment is supportive. Routine decontamination 
should be performed. The patient should be monitored 
for pulmonary edema and treated symptomatically if 
it occurs. 


Cholecalciferol 


DESCRIPTION 

A rodenticide first marketed in 1984, cholecalciferol 
(vitamin Ds) takes advantage of the fact that rodents are 
extremely sensitive to small percentage changes in the 
calcium balance in their blood. Cholecalciferol causes 
hypercalcemia both by mobilizing calcium from bone 
and by increasing absorption of calcium by the gut. The 
hypercalcemic state results in calcification of the organs, 
blood vessels, and soft tissue. It may also lead to nerve 
and muscle dysfunction as well as cardiac rhythm 
disturbances.” 

Cholecalciferol is commonly used by the general 
public as well as licensed exterminators. Pellets are 
available in 30-g packs and in bulk containers. Each 
pellet contains 0.0577 mg, or 2308 IU, of vitamin D.” 
There is wide individual variation in the amount of 
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cholecalciferol required to produce hypervitaminosis D 
in humans, with most reported poisonings a result of 
chronic excess of vitamin D. Continued ingestion of 
50,000 IU or more per day can cause toxicity.®? No 
serious toxicity or death has been reported from the 
rodenticide form of D. However, there are several 
reports of toxicity due to hypervitaminosis D when 
added in error to milk’! and nutritional supplements’? 
or when industrial concentrates of vitamin Ds were used 
as a cooking oil.®*** No information is available on acute 
exposures. Because of the long elimination half-life (>30 
days), however, a very large single dose might produce 
the same effects as long-term exposures. 

Symptoms of hypercalcemia are common with levels 
above 11.5 to 12 mg/dL. These include anorexia, weight 
loss, weakness, fatigue, disorientation, vomiting, polyuria, 
and constipation.®! Levels exceeding 13 mg/dL may 
produce seizures and renal insufficiency. Calcification in 
the kidneys, skin, vessels, lungs, heart, and stomach also 
may occur at this level. In children, one episode of 
moderately severe hypercalcemia may result in growth 
retardation. Six months or more may pass before growth 
resumes.®° 


MANAGEMENT 
Several bait pellets or a small amount of the mouse seed 
should not be toxic, and no treatment is necessary. 
Patients who have ingested a single large dose of chole- 
calciferol should be given a dose of activated charcoal. 
Serum calcium levels must be monitored for 24 to 48 
hours after ingestion. Normal serum calcium by 48 hours 
excludes significant toxicity. Serum potassium and 
magnesium levels should also be monitored frequently. 
Hypercalcemia should be treated aggressively. Forced 
diuresis using normal saline and furosemide increases 
the elimination of calcium. Prednisone (5-15 mg every 
6 hours by mouth) is effective in vitamin D intoxication 
to lower calcium levels. Calcitonin (4-8 IU/kg subcu- 
taneously or intramuscularly every 12 hours) may 
significantly lower calcium levels over the course of 
hours. In severe hypercalcemia (>15 mg/dL), or for 
those patients not responding to other measures, the use 
of mithramycin should be considered. All patients 
should be placed on a low calcium diet. 


LOW-TOXICITY RODENTICIDES 
(SIGNAL WORD: “CAUTION") 


Warfarin and Long-Acting 
Anticoagulants (Second-Generation 
Anticoagulants, Superwarfarins) 


DESCRIPTION 

Warfarin and the long-acting anticoagulants (brodifa- 
coum, bromadiolone, difenacoum, and chlorophacinone) 
act by inhibiting vitamin K epoxide reductase and 
vitamin K reductase. However, the long-acting antico- 
agulants differ from warfarin in two important ways: they 
are more potent, and they have longer half-lives. They 
thus have advantages as rodenticides in that they are 


effective in single or limited feedings (warfarin requires 
repeated feeding for 4 to 5 days), and they are effective 
against animals that are resistant or more tolerant to 
warfarin.” Since their introduction during the mid to late 
1970s as a second generation of anticoagulants, these 
agents have essentially replaced the older warfarin- 
containing products. 

The long-acting anticoagulants are responsible for 
more than 80% of the human rodenticide exposures 
reported in the United States. Most of these exposures 
are reported in children younger than 6 years as a 
consequence of exploratory behavior.*© Significant 
clinical toxicity has never been shown in this subset of 
patients.®°*' In contrast, both single ingestions of a large 
amount and multiple ingestions of small amounts either 
through occupational exposure’*”’ or surreptitious 
exposure**”® can result in toxicity with symptoms lasting 
for months. 

For effects and treatment of warfarin and the long- 
acting anticoagulants, see Chapter 66. 


Bromethalin 
DESCRIPTION 


Bromethalin is one of the newer rodenticides, having 
entered the market in 1985 but not widely available until 
the late 1990s with significant numbers of exposures only 
reported in 2001. Bromethalin acts as a neurotoxin. It 
is metabolized to desmethylbromethalin, which has 
much more potent neurotoxic activity.” The CNS effects 
appear to be secondary to the uncoupling of mitochon- 
drial oxidative phosphorylation. A resultant decrease in 
the production of adenosine triphosphate causes the 
development of fluid-filled vacuoles between the myelin 
sheaths covering the central nerves. Increased CNS 
pressure and pressure on nerve axons result in decreased 
nerve impulse conduction. Resulting paralysis is followed 
by eventual death.” Bromethalin is a nonselective 
mammalian poison. All animals, including humans, are 
vulnerable to its toxic effects. Its effectiveness as a 
rodenticide is based on smaller rodents consuming 
larger quantities per kilogram of body weight than larger 
animals.”” One possible exposure has been reported in 
which the patient presented unconscious with severe 
myoclonic jerks when touched. This patient had almost 
complete neurologic recovery within 48 hours.!°° 

Treatment of a bromethalin ingestion should be 
symptomatic and supportive.”™101103 Effects in animals are 
typically noted within 2 to 4 hours but may be delayed up 
to 12 to 24 hours. Therefore, massive ingestions should be 
observed for at least 12 hours. 


Red Squill 
DESCRIPTION 


Red squill is a botanic rodenticide derived from the red 
variety of Urginea maritima, or sea onion. Red squill contains 
two cardiac glycosides, scillaren A and scillaren B.!" 

Red squill is very bitter and has a powerful emetic 
action; hence, much of the material may be spon- 
taneously removed from the stomach before it is 


absorbed. The scillaren A and B produce effects similar 
to digitalis, and treatment is the same as for digitalis 
toxicity, including the use of Digibind (see Chapter 68). 
A polyclonal assay for digoxin may confirm a significant 
ingestion. However, signs and symptoms may exceed 
what would be predicted from the level because the assay 
does not have equivalent cross-reactivity for all cardiac 
glycosides.'! 


Norbromide 
DESCRIPTION 


Norbromide is selectively toxic to Norway rats, in which 
it acts to produce smooth muscle constriction. Death is a 
result of intense peripheral vasoconstriction.'°° Other 
rats, rodents, and animals, including humans, are 
resistant because they do not have the receptor for this 
compound in their blood vessels. Human volunteers 
given 20 to 300 mg had no symptomatic complaints but 
at the higher doses demonstrated slight decreases in 
temperature and blood pressure. Lowest values were 
seen l hour after ingestion, and values returned to 
normal by 2 hours. 


MANAGEMENT 

After large exposures, activated charcoal should be 
given. Treatment is rarely needed but would be 
symptomatic and supportive. 


CONCLUSION 


A number of groups of persons are poisoned by 
rodenticides. Children are especially at risk. Of 20,507 
calls about rodenticides recorded by members of the 
AAPCC-TESS in 2002, 85% involved children younger 
than 6 years. Other exposures occur in suicide 
attempts, victims of attempted homicide, exterminators 
and others putting out rodenticides, intoxicated 
individuals, psychiatric or mentally impaired patients, 
and people who accidentally eat rodenticides that are 
stored in containers normally used for edible products. 
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3 0 Fumigants 


JUDITH M. EISENBERG, MD, MS m MICHAEL I. GREENBERG, MD, MPH 


At a Glance... 


m Fumigants exist in the gaseous state as nonselective pesticides. 
They pose significant risks to humans when conditions of safe 
use are not observed. 

m Some fumigants may be explosive as well as toxic. Depending 
on their molecular weight, they may be heavier or lighter than 
air, and thus tend to accumulate in corresponding (low or high) 
areas of confined spaces 

m Phosphine has been responsible for numerous human poisonings. 
Patients may complain of headache, dizziness, tremors, cough, 
chest pain, shortness of breath, nausea, vomiting, and 
abdominal pain. Clinical signs include depressed mental status, 
pulmonary edema, hypotension, cardiac dysrhythmias. Seizures 
have been reported. 

m Methyl bromide is a neurotoxicant and may cause status 
epilepticus. It is also a potent vesicant. 

m Sultfuryl fluoride may cause bronchospasm, mucosal irritation, 
nausea, vomiting, and abdominal pain, as well as paresthesias, 
refractory seizures, and coma. Fluoride toxicity may result in 
profound shock, life-threatening cardiac dysrhythmias, and 
pulmonary edema. 


Fumigants are chemical pesticides that exist as gases 
at specific ambient temperatures and atmospheric 
pressures. In their gaseous state, these chemicals are able 
to easily penetrate into treated agricultural product 
stores as well into the crevices of structural materials that 
would be difficult to reach with conventional liquid spray 
techniques. Fumigants are generally not selective with 
regard to target pests, and human exposure to these 
agents may under specific circumstances result in 
significant human morbidity. Individuals who use these 
chemicals must have special training in how to work 
with these chemicals safely before becoming certified 
fumigators. 

This chapter summarizes the chemical and biomedical 
characteristics of the fumigants currently available for use 
in the United States. In addition, several fumigants no 
longer approved for use are discussed because important 
lessons have been learned from their prior use. 


1,3-DICHLOROPROPENE (CAS: 542-75-6) 
(TELONE Il) 


1,3-Dichloropropene (DCP) is a chlorinated aliphatic 
hydrocarbon with a strong chloroform odor. Its chemical 
formula is C3;H,Ci. Used as a soil fumigant, it is useful as 
a fungicidal and nematocidal agent in vegetable and 
tobacco crops. At room temperature, this chemical is a 
yellow liquid, which is applied by injection into soil. After 
injection, it quickly vaporizes. 


Data regarding human exposure to 1,3-dichloropropene 
are limited. A study of commercial fumigant applicators 
in the potato fields of the Netherlands revealed no 
nephrotoxicity or hepatotoxicity after 117 days of 
exposure to an 8-hour time-weighted average (TWA) of 
2 ppm.! The current TWA standard of the Occupational 
Safety and Health Administration (OSHA) is 1 ppm for 
dermal exposure.* 

Animal studies have demonstrated that DCP is 
metabolized in the liver by the glutathione transferase 
enzyme. A study of DCP in rats showed that the main 
excreted product in the urine is Macetyl-S-(cis-3-chloro- 
2-propenyl)-L-cysteine, a mercapturic acid metabolite.’ 
Human studies involving biologic monitoring of 
commercial applicators have used this same mercapturic 
acid metabolite as a marker of exposure to DCP.4 

Symptoms of acute exposure are primarily the result 
of mucosal irritation and include eye burning, tearing, 
coughing, difficulty breathing, and skin rashes.” There 
are also reports of contact dermatitis arising from chronic 
use of this product. Treatment is primarily supportive 
after decontamination measures appropriate for the route 
of exposure have been completed. Pulmonary edema, 
acute renal and hepatic failure, and adult respiratory 
distress syndrome have been described after ingestion of 
this product. Activated charcoal may be beneficial after 
oral ingestion. Copious irrigation using normal saline 
solution or water is recommended for ocular and dermal 
exposures.’® 

DCP has been listed as a possible human carcinogen 
by the U.S. Environmental Protection Agency (EPA). 
Multiple animal studies showed an increase in tumors of 
the stomach, liver, lung and bladder.’ 


PHOSPHINE (CAS 7803-51-2) (PH;) 


Phosphine gas is produced when pellets of aluminum, 
calcium, magnesium, or zinc phosphide are exposed to 
water vapor. Aluminum phosphide is used primarily to 
treat grain and tobacco stores. Its formulation as pellets 
lends itself for use in treating transport containers. 
Phosphine gas is described as having a garlic or rotten 
fish odor. The OSHA threshold limit value (TLV) for 
phosphine gas is 0.3 ppm. The odor is detectable at a 
concentration of 2 ppm. However, this odor threshold 
does not give adequate warnings regarding possible 
dangerous gas concentrations. For this reason, manu- 
facturers of aluminum phosphide include ammonia- 
producing agents in the pellets as the more noxious 
ammonia odor may allow for better detection of possible 
phosphine gas release. This gas is highly explosive, and 
additives are placed within the pellets to slow the rate of 
gas formation to reduce the risk for explosion. 
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Multiple mechanisms of action have been proposed 
for phosphine gas. Animal studies demonstrated inhibition 
of the mitochondrial cytochrome oxidase system as well 
as interference with amino acid incorporation into 
proteins. Small vessels appear to be affected to a greater 
degree than the major vessels, which may explain the 
extensive third spacing and profound cardiovascular 
collapse that may occur with phosphine poisoning.!° 
Numerous cases have been reported of human expo- 
sures both as accidental exposures in a commercial 
fumigation setting and as reports of these agents being 
used in suicidal gestures. One in vitro study showed that 
phosphine induces the formation of excess superoxide 
radicals in red blood cells. This resulted in the 
production of denatured hemoglobin aggregates (Heinz 
bodies) in the erythrocyte in the course of a hemolytic 
anemia.!! Another case report of a 25-year-old man who 
ingested 6 g of aluminum phosphide pellets describes 
the development of methemoglobinemia (32%) occurring 
32 hours after ingestion. !* 

Numerous deaths have been reported when stowaways 
attempt to use grain cars on trains and ships as 
transportation, not realizing that these containers have 
been treated with one of the phosphide chemicals to 
prevent pest and fungi destruction of the grain during 
transport. One report described three adults who 
became ill and a 12-year-old boy who died after spending 
18 hours in a railroad boxcar containing lima beans that 
had been fumigated with aluminum phosphide. At time 
of discovery, the child was dead, and the adults were 
complaining of nausea, vomiting, abdominal pain, 
headache, and dizziness. Another report describes the 
discovery of a 23-year-old man who was found dead after 
he had broken the plastic seal in a rice-filled boxcar in 
order to gain entry. Postmortem toxicologic analysis 
of this individual showed phosphine levels in all tissue 
samples taken.!® 

Clinical findings in acute phosphine poisoning may 
include depressed mental status, pulmonary edema, hypo- 
tension, cardiac dysrhythmias, liver and kidney failure, and 
severe gastritis.'* Inhalation of low levels of phosphine gas 
may produce symptoms of headache, dizziness, tremors, 
cough, chest pain, shortness of breath, nausea, vomiting, 
and abdominal pain. Seizures have been reported. 

OSHA exposure limits for phosphine gas are 3 ppm 
for an 8-hour TWA; exposure to 500 ppm for 30 minutes 
is expected to be fatal, whereas only “a few breaths” of 
phosphine at a concentration of 1000 ppm can be 
lethal.!° Treatment for phosphine toxicity includes 
removing the victim from the source of exposure and 
supportive care. Patients must be closely observed for the 
development of hypoxia due to pulmonary edema or 
methemoglobinemia. Patients who develop hemolytic 
anemia may require the administration of blood 
products. The electrocardiogram may show nonspecific 
ST-T changes, but no one pattern is pathognomonic for 
phosphine toxicity. One study done on rats showed some 
improvement in cardiovascular status and overall survival 
after administration of Nacetylcysteine.'® 

Tachycardia, both supraventricular and atrial fibril- 
lation, has been reported, as well as ST changes and 


various conduction delays and blocks. Reports of patients 
who manifested electrocardiographic changes due to 
their phosphine exposure show that these changes 
resolve within 25 days if the patient survives the first 
24 hours after exposure.!’ There are also reports of 
hypokalemia after acute exposure; serum magnesium 
levels may also be elevated or decreased. Although blood 
phosphine levels have been studied, they are not 
routinely used to manage patients. One author examined 
blood phosphine levels in 40 cases of oral ingestion and 
found that blood phosphine levels correlated with 
severity of clinical symptoms. This study demonstrated 
that patients with a blood phosphine concentration of 
1.067 mg/dL or less survived the ingestion.'® Anger and 
colleagues were able to detect elevated levels of both 
aluminum and phosphorous in blood and tissue samples 
of a 39-year-old man who committed suicide by ingestion 
of aluminum phosphide.'* The authors were unable to 
detect any phosphine in the blood or urine samples; 
however, the phosphine was present in tissue samples 
from the brain, liver, and kidney. 

Decontamination for oral ingestion may include the 
use of activated charcoal. Patients who vomit may risk 
exposing hospital staff to phosphine by means of off- 
gassing from the vomitus. Emesis should be suctioned 
and placed in sealed containers as soon as possible. 
Overdose victims also run a significant risk for chemical 
pneumonitis if they aspirate.”® 

Phosphine gas is not listed as a possible carcinogen 
with the International Agency for Research on Cancer. 
However, there are studies suggesting that fumigators 
who have chronic exposure to phosphine may have an 
increased risk for non-Hodgkin’s lymphoma. One 
investigation found consistent chromosomal abnormalities 
in the pesticides applicator group as compared with the 
nonexposed control group.” 


METHYL BROMIDE (CAS 74-83-9) 


Methyl bromide is a colorless and odorless liquid that 
quickly volatilizes. The gaseous form is heavier than air. 
It is used for pest control in agriculture and home 
fumigation. A lacrimating agent, chlorpicrin, is usually 
added to provide some warning of exposure. Methyl 
bromide has a TLV of 5 ppm, and the concentration 
which is immediately dangerous to life and health 
(IDLH) is 2000 ppm. Aside from use as a fumigant, this 
chemical has also been used in the past in fire extin- 
guishers. The primary route of exposure is by inhalation, 
although dermal absorption may also result in significant 
morbidity. 

Methyl bromide is a severe vesicant. Dermal exposure 
to the gas can result in severe blistering of the skin. It can 
irritate the mucosa of the oropharynx; coughing may be 
sufficiently intense to produce post-tussive emesis. The 
central nervous system is the most profoundly affected in 
cases of methyl bromide poisoning. Early neurologic 
symptoms of an acute exposure may vary from tremors, 
headache, ataxia, blurred or double vision, and vertigo 


to grand mal seizure, status epilepticus, and coma. The 
onset of symptoms after an acute exposure may be 
delayed up to 24 hours. Both acute and chronic 
exposures may result in psychosis, hallucinations, or 
delirium.*’ Chronic exposures of methyl bromide are 
associated with extremity paresthesia, hearing or vision 
loss, balance disturbances, and syncopal episodes. One 
study found symmetric midbrain and cerebellar lesions 
on magnetic resonance imaging of a 30-year-old man 
who worked in a warehouse that was regularly fumigated 
with methyl bromide. His presenting complaints were 
foot paresthesia and a gait disturbance.** 

Exposures to methyl bromide occur under a variety of 
circumstances. Some cases are the result of fumigators 
who did not follow proper procedures or had faulty 
protective equipment. Other reports involve use of the 
chemical in an area that had previously unknown 
venting sources. Underground sewer pipes and other 
similar conduits have been implicated in several deaths. 
In Norway, a newborn infant was killed when the methyl 
bromide that was used to fumigate a house in another 
part of the housing subdivision leaked into the victim’s 
home through the sewer pipes.“ In the United States, 
there is a case report of a 36-year-old woman who died 
from methyl bromide exposure. This woman lived in a 
guesthouse that was connected to the main house by 
eight hidden conduit pipes of which the property owner 
was unaware. Aside from these abandoned pipes, the 
guesthouse was not structurally connected to the main 
house. The property owner had the main house 
fumigated with methyl bromide, and that evening, the 
woman told friends she felt ill. The next morning, she 
was found in status epilepticus, which persisted despite 
multiple anticonvulsants and being placed on a 
pentobarbital infusion. She remained in a persistent 
vegetative state until she died 19 days after fumigation. 
At autopsy, the heart showed areas of edema and 
hemorrhage, the lungs had severe edema with infiltrates 
of neutrophils and macrophages, the liver had areas 
of centrilobular necrosis, and the brain had bilateral 
hippocampal necrosis which was thought to be 
consistent with status epilepticus and anoxia. All tested 
tissue samples, blood, bile, liver, and adipose tissue had 
detectable levels of methyl bromide.** 

Several mechanisms have been postulated for the 
severity of the neurotoxic effects of methyl bromide. Its 
overall toxicity is believed to be the result of alkylation of 
sulfhydryl groups of numerous enzymes involved in 
routine physiologic functioning. Methyl bromide is 
metabolized into methyl glutathione by the enzyme 
glutathione transferase. The methyl glutathione is 
then converted into the neurotoxic metabolites of 
methanethiol and formaldehyde. Animal studies have 
shown that those species with decreased glutathione 
stores manifest lesser neurotoxic effects when exposed to 
methyl bromide.*° This may be one of the few instances 
when treatment with Macetylcysteine may be detrimental. 

Treatment of methyl bromide exposure consists of 
thorough decontamination and supportive care. Seizures 
should be treated aggressively with anticonvulsants, 
benzodiazepines, and barbiturates if needed. Although it 
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is possible to obtain blood and urine methyl bromide 
levels, these assays are not routinely used and have little 
bearing on the management of the patient. Serum 
bromide levels may be used as a marker for exposure. 
Methyl bromide is not listed as a possible carcinogen. 

Under the Clean Air Act passed in 1993, methyl 
bromide was declared to be an ozone-depleting agent. 
Therefore, manufacture and importation of this sub- 
stance was set to be phased out by 2001. However, in 
2003, the EPA announced the phase-out would not be 
completed until 2005. Methyl bromide may still be used 
under a critical use exemption as alternative fumigants 
are still being investigated. Unfortunately, methyl 
bromide has been an effective agricultural fumigant for 
more than 30 years, and some of its uses have no good 
alternative treatments at this time. It is expected that 
total cessation of methyl bromide use will be met with 
some resistance, and the phase-out is expected to take 
longer than expected.*° 


SULFURYL FLUORIDE (CAS 2699-79-8) 


Sulfuryl fluoride gas is colorless, odorless, and heavier 
than air. It has a threshold limit value of 5 ppm for an 
8-hour TWA, a 15-minute short-term exposure limit 
(STEL) of 10 ppm, and an IDLH value of 1000 ppm.?’ 
Aside from agricultural uses, it is also used to eradicate 
termites. The mechanism of action of sulfuryl fluoride 
was shown in a termite study that revealed excretion of 
inorganic sulfate when these insects were exposed to a 
nonlethal dose.” This is consistent with signs and 
symptoms of fluoride toxicity seen in sulfuryl fluoride 
exposure across many different species. Fluoride is 
rapidly absorbed in the body and quickly binds any avail- 
able calcium ion, resulting in profound hypocalcemia, 
which can precipitate cardiac dysrhythmias. 

Exposure to this substance can cause severe bron- 
chospasm, which is why it is shipped as a compressed gas. 
Symptoms of exposure begin with mucosal irritation, 
nausea, vomiting, and abdominal pain. Clinical symp- 
toms then shift to its central nervous system effects, 
which may then predominate with paresthesias, refractory 
seizures, and coma. Finally, effects of the fluoride toxicity 
itself may result in profound shock, life-threatening 
cardiac dysrhythmias, and pulmonary edema. Sulfuryl 
fluoride exposure in some animal studies has resulted in 
symptoms consistent with parasympathetic toxidromes, 
including salivation, lacrimation, vomiting, and diarrhea.*” 

This gas leaves behind a large amount of residue of 
sulfuryl fluoride on the foods it was used to fumigate. 
When heated, this residue may give off dangerous gases, 
such as hydrofluoric acid.°° 

Treatment of ingestion of this substance includes 
gastric lavage with a 0.15% calcium hydroxide solution 
or with any available calcium salt to bind the fluoride ion 
before it is absorbed. In cases of inhalational toxicity or 
after absorption for ingestion, the mainstay of treatment 
is to be aggressive with calcium replacement to prevent 
the life-threatening cardiac dysrhythmias that may result 
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if a hypocalcemic state is untreated. Calcium may be 
replaced with a calcium gluconate solution through a 
peripheral intravenous line, whereas calcium chloride 
may only be administered through a central venous 
catheter because of the irritation it may cause when 
delivered into a small blood vessel. Because the fluoride 
ion is excreted primarily in the urine, fluid resuscitation 
should be delivered to maintain a steady urine output.”® 


METHYL ISOTHIOCYANATE 
(CAS 556-61-6) 


Methyl isothiocyanate (MITC) has a solid crystalline 
structure at room temperature, which sublimes directly 
to a gaseous State. It has a sharp horseradish odor and is 
a severe skin irritant. 

Although it has been restricted from use as a pesticide 
or a fumigant since 1992, this agent is still encountered 
in a variety of sources. It is only available as MITC as a 
wood preservative at this time. This compound should 
not be confused with methyl isocyanate (MIC), which 
was involved in the Union Carbide disaster in Bhopal, 
India. MITC is a breakdown product of two pesticides 
that are still in use: metam sodium, and dazomet.*! This 
substance has been described as a breakdown product of 
many of the carbamate pesticides.** MITC was noted in 
30 name-brand cigarettes after the company discovered 
strange odors appearing to originate from the filters. 
This finding launched a recall of more than 8 billion 
cigarettes in the U.S. market starting in 1995. The 
Centers for Disease Control and Prevention could not 
definitively link this finding as a causative agent in 
complaints regarding respiratory symptoms made by 72 
consumers.**°* Also, Italian wine producers were 
discovered placing MITC in their products to prevent 
secondary fermentation during shipping.” 

MITC is metabolized through glutathione pathways, 
and animal studies in rats and mice show the major 
excretion product is a mercapturic acid derivative found 
in the urine.°*® Clinical signs of exposure are skin and 
mucosal irritation from the vesicant effects. MITC can 
also produce severe bronchospasm. Exposure to metam 
sodium results in similar symptoms of mucosal and 
dermal irritation. There are reports of blistering, papular 
eruptions, and skin discoloration, which responded to 
topical corticosteroids.’ There are no minimal exposure 
limits for MITC, and it is unknown whether this 
compound is carcinogenic. The treatment of exposure 
to MITC is primarily supportive.”® 

MITC was first registered in 1987 as a preventative 
treatment for wood-destroying fungi. It is currently 
under restricted use for this purpose. This substance may 
only be handled by those who have been certified in its 
use. MITC had been used as a soil fumigant until 1992, 
when the producer voluntarily withdrew this application 
from its registration. This withdrawal allowed 1 year for 
the remaining stocks to be destroyed and for retailers to 
use up the stock they already had on hand.®*! 
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8 1 Organochlorine Insecticides 


JAMES W. RHEE, MD Æ STEVEN E. AKS, DO 


At a Glance... 


m Most organochlorine insecticides are widely restricted or 
banned. 

m The major effect of acute toxicity is central nervous system 
excitation. 

m Chronic exposure may result in persistent neurologic disability. 

m Treatment of acute toxicity centers on supportive care and 
control of seizure activity. 


INTRODUCTION AND RELEVANT 
HISTORY 


Organochlorine insecticides (sometimes referred to as 
chlorinated hydrocarbon insecticides) were introduced in the 
1940s with Paul Muller’s effective demonstration of 
dichlorodiphenyltrichloroethane (DDT).' Before this 
time, available insecticides were limited to arsenicals, 
petroleum oils, nicotine, pyrethrum, rotenone, sulfur, 
hydrogen cyanide gas, and cryolite.* The organochlorine 
insecticides proved to be nonvolatile, inexpensive to 
manufacture, environmentally stable, and relatively less 
toxic than previous insecticides. These properties led to 
the widespread use of this class of insecticides. 
Utilization of DDT has had a tremendous impact on 
human health. DDT was used in worldwide mosquito 
abatement programs and is credited for saving millions 
of lives from malaria and typhus. This success led to the 
development of other organochlorine insecticides. 
However, although these organochlorine compounds 
were very effective as insecticides, there were subsequent 
ecological repercussions that developed from their 
use. In 1962, Rachel Carson, in her book Silent Spring, 
described the reduction of the eagle and osprey popu- 
lation as result of DDT’s persistence in the environment 
and its ability to bioconcentrate within certain animals.’ 
These properties eventually led to a ban on DDT in the 
United States, and subsequent bans on other organochlo- 
rine insecticides that demonstrated these properties of 
environmental persistence and bioconcentration. The 
2001 Stockholm Convention on Persistent Organic 
Pollutants (POPs) targeted a number of pollutants, 
including many organochlorine pesticides, and recom- 
mended a worldwide ban on these compounds. This 
agreement became legally binding on May 17, 2004.4 


EPIDEMIOLOGY 


Because organochlorine insecticides are strictly restricted 
or banned in North America and Europe, exposures to 
them are rare in these regions. In 2003, of about 2.4 


million exposures reported to U.S. poison centers, only 
1435 exposures involved chlorinated hydrocarbon 
insecticides. There were only 13 major outcomes, and no 
reported deaths. However, because organochlorine 
insecticides are very effective and cheap, they are still 
widely used in developing countries, despite the 
Stockholm Convention agreement. In 2002, evidence of 
continued poisoning episodes with organochlorine 
insecticides in developing countries occurred in India 
where, due to food contamination, 36 people were 
poisoned by endosulfan, resulting in the deaths of three 
children.°® 

Although chlorinated hydrocarbons are no longer in 
agricultural use in the United States, the organochlorine 
y-hexachlorocyclohexane, better known as lindane, is still 
used for medicinal purposes, as a scabicide. As a result, 
in the United States, lindane is probably the most 
common source of toxicity from a chlorinated hydro- 
carbon insecticide. As safer agents for scabies treatment 
have been developed, lindane has become a second-line 
agent. The U.S. Food and Drug Administration (FDA), 
in 2003, issued a public health advisory regarding the 
risk for potential toxicity from treatment with lindane by 
misuse or therapeutic use. The FDA also required a 
boxed warning, product size limitation, and distribution 
of a medication guide with each prescription. In 2001, 
California banned the use and sale of lindane in the 
state. Texas poison control centers found that accounts 
of lindane exposure declined from 132 to 75 between 
1998 and 2002 as newer, safer therapies became available 
and regulations on lindane increased.’ 


STRUCTURE AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 


Organochlorine insecticides represent a diverse group of 
compounds that contain carbon, hydrogen, and chlorine. 
However, unlike the volatile chlorinated hydrocarbons 
found in solvents, organochlorine insecticides have higher 
molecular weights and are consequently less volatile. 

Organochlorine insecticides belong to four distinct 
structural classes: diphenyl aliphatics (e.g., DDT and 
related compounds), cyclodienes (e.g., aldrin, dieldrin, 
endrin, endosulfan, heptachlor), cyclohexanes (e.g., 
y-hexachlorocyclohexane, known more commonly as 
lindane), and polychloroterpenes (e.g., toxaphene). The 
organochlorine pesticides chlordecone and mirex are 
also called cage compounds; they do not fall into a distinct 
category, although they are sometimes classified with the 
cyclodienes. 

The activity and toxicity of these insecticides do not 
necessarily correlate with structure. In fact, some 
structurally similar compounds can have vastly different 
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activities and toxicities. For instance, the y-isomer of 
hexachlorocyclohexane has insecticidal properties and 
will cause central nervous system excitation, whereas 
other isomers have no insecticidal properties and will 
cause central nervous system depression.® 


PHARMACOLOGY 


Pathophysiology 


In general, the primary means by which organochlorine 
insecticides kill insects is through their neurotoxicity. As 
such, when toxic to humans, the predominant system 
affected is the nervous system. The mechanism of 
toxicity, however, varies among the different organochlo- 
rine insecticides. 

Simplistically, DDT acts on the central nervous system 
by interfering with the movement of ions through 
neuronal membranes. There appear to be multiple 
mechanisms by which DDT affects this ion movement. 
DDT delays the closing of the sodium ion channel and 
prevents the full opening of potassium channels.’ It 
also appears to affect a specific neuronal adenosine 
triphosphatase (ATPase) involved in sodium, potassium, 
and calcium movement through the nerve membrane.'° 
DDT may inhibit the neuron’s ability to transport 
calcium ions by binding to calmodulin and affecting a 
Ca/Mg ATPase; however, this theory has not been 
confirmed. !! 

The combined effect of these actions would lead to 
sustained depolarization of the neuronal membrane, 
resulting in continued release of neurotransmitters and 
central nervous system excitation. 

There is also some evidence to suggest that DDT may 
also have the effect of increasing serotonin and nor- 
epinephrine breakdown as well as increasing levels of 
aspartate and glutamate in the central nervous sys- 
tem.'*!* Because serotonin and norepinephrine modu- 
late (and sometimes inhibit) central nervous system 
activity, and aspartate and glutamate act as excitatory 
transmitters, the subsequent imbalance that results may 
lead to central nervous system excitation. 

Lindane and the cyclodienes, although structurally 
different, seem to have a similar mechanism of neuro- 
toxicity, further demonstrated by the development of 
cross-tolerance between these two classes of organochlo- 
rines in insects.!° Both lindane and cyclodienes inhibit 
y-aminobutyric acid (GABA) activity by interacting with 
the picrotoxin binding site of the GABA, receptor- 
ionophore complex and subsequently blocking the 
influx of chloride through the complex.'®*® As a result of 
this action, a major inhibitory neurotransmitter is 
antagonized. Toxaphene seems to antagonize GABA at 
the GABA, receptor-ionophore complex as well.*” 

Although chlordecone antagonizes the GABA receptor 
at the picrotoxin binding site in cockroaches,” it does 
not appear to do the same in humans. The mechanism 
of chlordecone neurotoxicity in humans is poorly 
understood. 


Organochlorines cause sensitization of the myocardium 
to endogenous catecholamines and predispose test 
animals to dysrhythmias, presumably in a fashion similar 
to the chlorinated hydrocarbon solvents. 


Pharmacokinetics 


In varying degrees, the absorption of organochlorine 
insecticides occurs after ingestion, inhalation, or dermal 
absorption. The efficiency of dermal absorption is 
variable. Lindane and most of the cyclodienes are well 
absorbed across the skin, whereas DDT and its analogs, 
along with toxaphene and mirex, have low dermal 
absorption. 

Most of the solid organochlorines are not highly 
volatile; however, inhalational exposure can still occur 
with pesticide-laden aerosol or dust particles. They 
can then become trapped in respiratory mucus and sub- 
sequently swallowed, leading to significant gastro- 
intestinal absorption. 

Once absorbed, some organochlorines are stored in 
adipose tissue as the unchanged parent compound; 
however, the degree to which this occurs is variable. 
Those compounds that undergo slow metabolism tend to 
be stored in body fat to a greater extent than those 
compounds that undergo rapid metabolism. As a result, 
the organochlorines that are metabolized slowly are 
likely detected in breast milk because of their lipophilic 
nature. 

Most organochlorines are metabolized to some degree, 
being dechlorinated, oxidized, and then conjugated. 
The primary mode of elimination is through biliary 
excretion, although nearly all organochlorines yield 
measurable urinary metabolites. Because many of the 
unmetabolized pesticides are excreted into the bile, 
these organochlorines often undergo enterohepatic and 
enteroenteric circulation, substantially retarding fecal 
excretion.’! The kinetics of elimination after lindane 
ingestion appear to have two phases: a rapid distributive 
phase and a slower elimination phase. The second phase 
parallels the elimination seen with dermal exposure. 
These pharmacokinetics may be due to ingestion that 
results in more rapid absorption and is followed by 
a distributive phase that is not seen with dermal 
administration.” 


Special Populations 


Children are particularly susceptible to toxicity from 
organochlorines, as highlighted by an episode of mass 
endosulfan poisoning that recently occurred in India. 
Although 36 victims of all ages became ill from the 
exposure, the illness first became manifest in children. 
Children were also more severely ill and accounted 
for the only fatalities; only children had electroen- 
cephalogram abnormalities, although their serum 
endosulfan concentrations were comparable to adults.° 
Children may also be more susceptible to developing 
toxicity from topical application of lindane, presumably 
because of their less keratinized, more permeable skin. 


Elderly people may also be predisposed to toxicity 
from topical application of lindane, as highlighted by 
seizures that developed in 3 of 19 geriatric patients who 
were being treated with topical 1% lindane. These 
victims may have been given greater than the normal 
dose and received their applications following hot baths. 
Atrophic skin and age-related sensitivity may have had a 
role as well.°° 


Pharmacologic Agents 


The only pharmacologic agent among the organochlo- 
rine insecticides that has been approved by the FDA for 
medicinal use is lindane. 


Drug Interactions 


Organochlorines have been shown to induce hepatic 
microsomal drug-metabolizing enzymes.** Although this 
liver enzyme induction will accelerate the metabolism 
of the insecticide itself, other theoretical consequences 
include the enhanced metabolism of certain drugs. 
However, there are a few anecdotal case reports 
describing this and no definitive reports of enhanced 
metabolism of therapeutic drugs or adverse reactions 
because of microsomal enzyme induction in humans. 


TOXICOLOGY 


Clinical Manifestations 


Most victims of acute ingestion of organochlorines 
develop nausea, vomiting, and abdominal pain. There 
may be evidence of dermal irritation if the exposure is 
cutaneous. 

The major acute effects of organochlorine pesticides 
are primarily related to central nervous system stimu- 
lation. These effects manifest primarily as convulsions; 
motor overactivity may be limited to myoclonic jerking 
but is often expressed as seizures, which is sometimes the 
only clinical manifestation of organochlorine toxicity. 
Other less severe signs of neurologic toxicity include 
paresthesias, tremor, ataxia, and hyperreflexia. Seizures 
are more characteristic of acute toxicity to lindane and 
the cyclodienes. DDT and its analogs, as well as chlorde- 
cone, tend to cause neurosensory and mild motor 
abnormalities. 

The clinical effects of chronic exposure to chlordecone 
have been well described after the “Hopewell epidemic” 
that came to light during the summer of 1975.5538 
Because of poor industrial hygiene, more than 100 
employees at a chlordecone manufacturing plant were 
chronically exposed to chlordecone during its synthesis. 
Patients with prolonged exposure developed toxic effects 
that included tremors, weight loss, arthralgias, skin 
rashes, chest pains, mental changes, opsoclonus, muscle 
weakness, ataxic gait, incoordination, and slurred 
speech. Patients characteristically had an intention 
tremor and, in severe cases, a resting tremor.*® Although 
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the hands were chiefly involved, fine tremors of the head 
and trembling of the entire body were also noted. This 
condition was termed “Kepone shakes” by the workers. 
An exaggerated startle response was also observed in 
some severely affected patients. Other prominent 
features included visual difficulties with an inability to 
fixate and focus, and bursts of erratic movements of the 
eye. Personality changes were also observed, with 
irritability, poor short-term memory, and mild depression 
being the most common. In a few cases, frank disori- 
entation was also observed.” Nerve biopsies have 
demonstrated that chlordecone causes degenerative 
nerve changes predominantly affecting the unmyelinated 
and smaller myelinated fibers.” 

There has been an increased interest in the potential 
hazards posed by certain substances that may affect 
the endocrine system because of the ability of these 
chemicals to mimic or block endogenous hormones; 
such agents are known as environmental endocrine 
disrupters. In vitro assays have demonstrated that a 
number of organochlorine insecticides have estrogen- 
like activity.°"*° As a result of this characteristic of 
organochlorines, they have been examined very closely 
for potential associations with certain developmental 
and reproductive disorders as well as cancers of 
reproductive organs—breast, testicular, and prostate. 

Although some case-control studies have implicated 
organochlorines as having a possible etiologic role in the 
development of breast cancer,*!** more recent studies 
have found no increased risk due to organochlorine 
exposure.*** The International Agency for Research on 
Cancer (IARC) reviewed DDT and its metabolite DDE 
as a potential carcinogen, and although evidence for 
carcinogenesis was found in a murine model, there is 
no convincing evidence that these compounds are 
carcinogenic in humans. 


Adverse Effects 


Organochlorine insecticides have been associated with a 
number of other adverse effects. A small number of case 
reports have associated lindane and chlordane with 
certain hematologic disorders, including aplastic anemia 
and megaloblastic anemia.*°*? Disseminated intra- 
vascular coagulation has also been reported in asso- 
ciation with chlordane ingestion.°? Rhabdomyolysis and 
profound lactic acidosis have been described with 
lindane ingestion.°! Although not definitive, there may 
also be an association between organochlorine insec- 
ticides and the development of chronic motor neuron 
diseases, such as amyotrophic lateral sclerosis.°2 


DIAGNOSIS 


Laboratory Testing 


Gas chromatography analysis of biologic specimens can 
be used to identify organochlorine levels.” However, 
such testing is usually not necessary for the management 


1234 PESTICIDES 





of acute toxicity. Because many of the organochlorines 
are stored in lipids, adipose tissue biopsies and human 
breast milk have been used to measure organochlorine 
residues. The value of measuring organochlorine 
concentrations in these tissues is primarily to confirm 
past exposure. 


Other Diagnostic Testing 


There are no other specific biomarkers that confirm 
organochlorine exposure. Certain laboratory testing may 
be helpful to help rule out other causes of a patient’s 
clinical manifestations, or to evaluate for possible 
sequelae of toxicity from organochlorines. This evalu- 
ation may include determination of complete blood 
count, renal function, serum electrolytes, creatine 
phosphokinase, urine myoglobin, lactic acid, computed 
tomography of the brain, electroencephalograms, and 
coagulation studies. 


Differential Diagnosis 


The diagnosis of organochlorine toxicity should be made 
primarily by history because there are no pathogno- 
monic features. The common presenting symptoms after 
acute exposures include nausea, vomiting, abdominal 
pain, agitation, irritability, dizziness, drowsiness, lethargy, 
and seizures. However, these are fairly nonspecific. 
Other potential toxic agents that can produce similar 
neurologic symptoms include any toxin that produces 
central nervous system excitation, such as strychnine. 
Other medical causes are numerous and include under- 
lying seizure disorder, meningitis, encephalitis, trauma, 
electrolyte derangements, cancer, and hypoglycemia. 


MANAGEMENT 


Supportive Measures 


Initial supportive measures include airway protection, 
ventilatory support, and maintenance of adequate 
circulation. Meticulous attention to these supportive 
measures is likely the only intervention needed for 
treatment of the acute manifestations of organochlorine 
toxicity because these symptoms are usually self-limited. 
If needed, seizure control can be achieved by the 
administration of GABA agonists such as benzo- 
diazepines and barbiturates. The use of benzodiazepines 
or barbiturates is rational, given that the underlying 
mechanism of neurotoxicity of many of the organochlo- 
rines revolves around the antagonism of GABA. 
Phenytoin, in general, is not a first-line agent for 
toxicant-induced seizures. In fact, for lindane-induced 
seizures, phenytoin may worsen seizures. However, 
phenytoin has been shown in experimental models 
to decrease DDT-induced tremor.!*°* This makes 
mechanistic sense because DDT will keep a sodium 
channel open, leading to sustained or repetitive nerve 
firing, and phenytoin acts as a sodium channel blocker. 
In the same model, phenytoin administered to rats 


exacerbated the neurologic symptoms in those who were 
dosed with chlordecone or lindane.** 


Decontamination 


For dermal exposures, contaminated clothing should be 
removed and the skin decontaminated with copious 
amounts of soap and water. 

Gastric lavage may be considered after ingestion if the 
patient presents in a timely manner. As organochlorine 
insecticides are often found in a liquid form, nasogastric 
aspiration of stomach contents may be less traumatic to 
the patient. However, all precautions should be taken to 
avoid aspiration because a chemical pneumonitis may 
develop, particularly because the insecticides are often 
formulated in a hydrocarbon vehicle. 

Activated charcoal can be administered after an acute 
ingestion in an effort to decrease absorption. However, 
there is some evidence that suggests activated charcoal 
does not adsorb to organochlorine insecticides well.°”°° 

Cholestyramine has been found in a murine model to 
adsorb lindane, decreasing absorption better than 
activated charcoal.”® 


Laboratory Monitoring 


There are no standard laboratory tests to monitor. 
However, measurement of creatine phosphokinase, 
blood cell counts, renal function, liver function, and 
coagulation studies should identify evidence of the serious 
sequelae that have been associated with organochlorine 
toxicity. 


Antidotes 


No specific therapies have been reported effective in 
blocking the toxicities of organochlorine insecticides. 
Treatment centers primarily on supportive care and 
prevention of future exposures. 


Elimination 


Because organochlorine insecticides are highly lipophilic 
and undergo extensive tissue distribution, methods to 
enhance elimination through extracorporeal techniques, 
such as hemodialysis, hemoperfusion, exchange trans- 
fusion, and peritoneal dialysis, are unlikely to be 
efficacious. 

However, for certain organochlorines that undergo 
enterohepatic and enteroenteric recirculation, prolonged 
administration of cholestyramine may be helpful in 
enhancing the fecal elimination and subsequent decrease 
in body burden. This was demonstrated during the 
Hopewell epidemic, when cholestyramine (16 g/day) was 
administered to adult patients who were heavily exposed 
to chlordecone. In this setting, cholestyramine was asso- 
ciated with a sevenfold increase in the fecal excretion of 
chlordecone, a significant decrease in the half-life of the 
compound in the body, subsequent improvement of 
neurologic symptoms, and increased motile sperm.°° 
Cholestyramine has also been found to be effective in 


adsorbing to lindane in the murine model and may 
potentially have a role in the enhanced elimination of this 
compound, but this has not been well investigated.” 


Disposition 


Patients who are exposed to an organochlorine 
insecticide, either through ingestion or inhalation, 
should develop symptoms immediately because these 
compounds are absorbed very quickly. After an 
observation period of several hours, asymptomatic 
patients can be discharged home safely. 
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S 2 Occupational Toxicology 


MICHAEL G. HOLLAND, MD 


At a Glance... 


m Occupational diseases from toxicant exposures often mimic or 
present as common nonoccupational conditions. 

m Occupational diseases and illnesses are underreported because 
of poor recognition. 

m The occupational history is the crucial part of a workup for any 
patient presenting with new onset of symptoms. 

m Occupational toxicants primarily affect the skin and respiratory 
tract. 

m Soluble irritant gases cause primarily upper airway irritation, 
whereas poorly soluble gases can lead to alveolar injury. 

m Systemic absorption following dermal or respiratory exposures 
can lead to other end-organ toxicities. 

m Electronic databases and Poison Control Centers are valuable 
resources for information on the toxicity of the more than 
70,000 chemicals in commercial use. 

m Passage of the Occupational Safety and Health Act of 1970 has 
greatly reduced the incidence of occupational poisonings in the 
United States. 


The U.S. Bureau of Labor Statistics (BLS) reported 5559 
occupational fatalities in private industry for the year 
2003, most due to physical hazards, accidents, homicides, 
and falls. However, 9.0% were due to exposure to harmful 
substances or environments, and 4% were due to fires 
and explosions.' The BLS report for the year 2003 (most 
current year available) reveals there were about 269,500 
newly reported cases of nonfatal occupational illnesses in 
private industry, of which 4.9%, or 43,400, were skin 
disorders; 2.2%, or 19,000, were listed as respiratory 
conditions; and 0.4%, or 3900, were due to poisoning.” 
These numbers may be misleading because illnesses or 
exposures requiring only first-aid treatment are not 
generally reported. Also, the connection between work 
and the illness is often missed because of latent onset of 
symptoms or disease; thus, the actual incidence is probably 
much higher. 


On a global scale, the World Health Organization 
(WHO) estimates more than 200 million workers are 
affected by occupational diseases worldwide.’ The 
overwhelming majority of these diseases are seen in devel- 
oping nations, where workers often do not wear personal 
protective equipment (PPE) and where regulatory 
bodies to ensure worker safety often do not exist or are 
grossly underfunded and understaffed. In addition to 
the human suffering involved, economic costs of these 
occupational diseases constitute a significant percentage 
of each country’s gross national product.* 

There are millions of chemical substances in existence 
and more than 70,000 in common commercial use. 
About 3300 of these are designated high-production- 
volume (HPV) chemicals by the U.S. Environmental 
Protection Agency (EPA), signifying that they are 
produced in excess of 1 million tons per year. These HPV 
chemicals are listed by the EPA as part of the Inventory 
Update Rule of the Toxic Substances Control Act of 
1986, and the list is revised every 4 years.° Given these 
large numbers of potential toxicants, it is not surprising 
that relevant toxicology data regarding human health 
effects are not available for most of these chemicals. As 
an example, the Hazardous Substances Data Bank 
(HSDB) operated by the National Library of Medicine’s 
(NLM) Toxicology Data Network (TOXNET) has com- 
prehensive data on less than 4800 chemicals. Therefore, 
treating physicians need to know what available resources 
can help when confronted with exposures to chemical 
hazards with which they are not familiar. Often, toxicity 
must be extrapolated from the knowledge of familiar 
chemicals with known toxicities that may share similar 
properties or structure—activity relationships with the 
new chemical. 


HISTORICAL PERSPECTIVES 


Physicians have long recognized the connection between 
workplace and environmental exposures and disease 
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states. Georgius Agricola described the diseases associated 
with mining as early as the 16th century. Bernardo 
Ramazzini, generally regarded as the father of occupa- 
tional medicine, in 1713 recognized the connection of 
disease to work in many occupations, noting that the 
route of exposure was usually inhalational. He also 
described numerous occupational diseases, including 
lead and mercury poisoning. He emphasized the critical 
need to delve into the work history when evaluating a 
patient’s symptoms.’ Alice Hamilton was the first American 
physician who dedicated her career to industrial 
medicine. She described the effects of lead poisoning in 
workers, as well as “phossy” jaw of matchmakers, and 
hematologic effects of benzene exposure.’ 

Occupational medicine became a recognized specialty 
of the American Board of Medical Specialties in 1955. 
With the passage of the Occupational Safety and Health 
Act in 1970, the specialty experienced remarkable 
growth. With the creation of the Occupational Safety 
and Health Administration (OSHA) and the National 
Institute of Occupational Safety and Health (NIOSH), 
the United States has since witnessed a marked decrease 
in classic occupational diseases and deaths. However, 
developing nations are experiencing dramatic increases 
in some of these classic occupational diseases. In any 
event, workers everywhere will continue to be exposed to 
chemicals and toxicants, and knowledge of the health 
effects of these exposures is important not only in occu- 
pational medicine but also in primary care and other 
medical specialties. 


RECOGNITION OF OCCUPATIONAL 
DISEASES 


The diagnosis of industrial poisoning is important not 
only for the care of the patient but also because accurate 
diagnosis makes it possible to identify potential work- 
place hazards that may affect the patient’s coworkers or 
the community at large. Emergency physicians and 
primary care specialists should maintain a high index of 
suspicion for the possibility of industrial poisoning, 
familiarize themselves with industrial processes and toxic 
substances used locally, maintain an adequate reference 
library or have on-line access to toxicology databases, 
and obtain occupational histories from their patients. In 
addition, potential hazardous releases can be prevented 
if inadequate engineering controls are identified.’ 
However, there are problems with recognition and 
diagnosis of occupational diseases for numerous reasons, 
discussed next. 


Similarity to Common Diseases 


Many occupational illnesses caused by toxic exposures 
will mimic or duplicate nonoccupational diseases. Unless 
a proper history is taken, along with the knowledge that 
similarly exposed workers were experiencing similar 
effects, the connection of the disease to the work exposure 
might be missed. An example is occupational asthma, by 
far the most common occupational disease in the United 
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States. Asthma is also a very common condition in the 
general population. Exposures to certain industrial 
chemicals (toluene diisocyanate [TDI], maleic anhydride) 
can cause occupational asthma. Knowing the job a 
patient performs and the chemicals used there (e.g., 
polyurethane foam manufacturing and TDI use) may 
help identify the cause as occupational in origin. 


Latency 


Recognition of industrial poisoning may be obvious 
when the acutely ill person is transported directly from 
the workplace where an unprotected exposure to a 
known toxic substance has occurred. However, many 
toxicants have a latent period between the time of 
exposure and the onset of clinical illness. This can 
involve several hours for acute effects, such as acute lung 
injury from phosgene or oxides of nitrogen exposure, to 
weeks for the peripheral neuropathy seen after exposure 
to hexacarbons like n-hexane and methyl-n-butyl ketone, 
to years for dust exposure and pneumoconioses like 
silicosis and asbestosis. 


Toxicants That Exist as Mixtures or Are 
Contaminated with Other Chemicals 


If there are multiple or unknown potential toxicants, 
recognition of the link to work may be missed or 
underestimated. For instance, methyl ethyl ketone 
(MEK), a widely used industrial solvent, does not 
produce peripheral neuropathy. However, when MEK is 
mixed with small amounts of n-hexane, a peripheral 
neurotoxicant, it potentiates the effects of the n-hexane. 
Also, some toxicants may be present only as contam- 
inants of the chemical in use, and therefore are not listed 
on ingredient labels. The herbicide mixture 2,4- 
dinitrochlorophenoxyacetic acid (2,4-D) and 2,4,5- 
trinitrochlorphenoxyacetic acid (2,4,5-T) was known as 
Agent Orange because of the color of the containers in 
which it was shipped to Vietnam. This mixture contained 
a significant amount of 2,3,7,8-tetrachlorodibenzo- 
pdioxin (TCDD, or simply “dioxin”). Dioxin was 
previously an unknown contaminant produced when 
manufacturing the 2,4,5-T component of the mixture 
(but not 2,4-D). Because of the chloracne caused by 
dioxin in 2,4,5-T manufacturing workers, and other 
alleged health effects in exposed soldiers in Vietnam, the 
use of 2,4,5-T in the United States has been 
discontinued. 


Unavailable Information Regarding the 
Chemical in Use 


As mentioned previously, comprehensive toxicologic 
information is available for only a small fraction of 
chemicals in use. Also, many chemical mixtures are 
patented, proprietary mixtures. As such, the ingredients 
may not be listed on the material safety data sheet 
(MSDS), and manufacturers may be hesitant to release 
this information. Also, the fear of litigation may prevent 
an employer from admitting to using a hazardous 


chemical, that proper engineering controls were not in 
place, or that personal protective equipment was not 
provided to their exposed employees. 


Other Nonoccupational Conditions That 
May Affect the Response to Industrial 
Toxicants 


Certain nonoccupational conditions or ingestions can 
exacerbate or ameliorate the effects due to occupational 
exposures. For example, degreaser’s flush only occurs 
after exposure to trichloroethylene and subsequent 
ethanol ingestion. Conversely, it has been demonstrated 
that smokers have a decreased incidence of hyper- 
sensitivity pneumonitis after exposures to appropriate 
antigens when compared with nonsmokers, possibly 
owing to effects on cytokine populations and antigen 
handling.!° 


Inadequate Physician Training 
Regarding Occupational Illnesses 


Medical schools have very few courses or electives in 
occupational health and other preventive medicine dis- 
ciplines. This is true in American," British,'* Australian, 
and New Zealand medical schools.!* In addition, most 
primary care residency programs lack formal rotations in 
occupational medicine, and sadly, the number of 
residents and programs in occupational medicine in the 
United States is declining." 


CLASSIFICATION OF HAZARDOUS 
MATERIALS 


The U.S. Department of Transportation requires all 
shipping papers to have classifications as well as identi- 
fication numbers.® This classification and numbering 
system is used by many other regulatory agencies 
and authorities for identifying potentially hazardous 
substances’ (Box 82-1). 

The National Fire Protection Association (NFPA) 
Committee on Fire Hazards of Materials developed 
a hazard signal system: NFPA-704!° (Fig. 82-1). This 
includes a numeric rating scale to identify the degree of 
hazard in the categories of health, fire, and reactivity 
(Box 82-2). This system is frequently used for labeling by 
chemical manufacturers; however, this system is rarely 
employed for chemicals in transport. Under this system, 
the term health hazard refers specifically to the capacity of 
a material to cause personal injury from contact with or 
absorption into the body of a chemical. In fire fighting 
or other emergency conditions, the term health hazard 
refers to a single exposure, which may vary in duration 
from a few seconds to 1 hour. It is not applicable to the 
situation of an industrial worker who is exposed on as 
routine basis. The NFPA-704 system’s use of the five 
ratings of the degree of hazard of a specific chemical is 
defined as follows: 
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BOX 82-1 


US Department of Transportation 


Class A explosives 

Class B explosives 

Blasting agent 

Poison A 

Flammable gas 

Nonflammable gas 

Nonflammable gas (chlorine) 
Nonflammable gas (oxygen, pressurized liquid) 
Flammable liquid 

Combustible liquid 

Flammable solid 

Flammable solid (dangerous when wet) 
Oxidixer 


Se a ae 


Organic peroxide 

Poison B (nonflammable gas—fluorine) 
Radioactive material 

Corrosive material 

Irritating material 


United Nations Classification Numbers 


Explosives 

Gases 

Flammable and combustible liquids 

Flammable solids, spontaneous combustion substances 
Oxidizers and organic peroxides 

Poisonous materials 

Radioactive materials 

Corrosives 

Miscellaneous hazardous materials 


o ag a ee E ieee a 


0—Materials that on exposure under fire conditions 
would present no hazard beyond that of ordinary 
combustible materials 

1—Materials that on exposure would cause irritation 
but only minor residual injury even if no treatment 
were given 

2—Materials that on intense or continued exposure 
could cause temporary incapacitation or possible 
residual injury unless prompt medical treatment 
is given 

3—Materials that on short exposure could cause 
serious temporary or residual injury even if 
prompt medical treatment is given 

4—Materials that on very short exposure could cause 
death or major residual injury even if prompt 
medical treatment is given 


The MSDS contains detailed information about 
specific chemicals and their toxicity. Because of their 
standard format and availability, these sheets have 
become required by many fire department HAZMAT 
(hazardous materials) units and in right-to-know ordi- 
nances. Since 1986, OSHA has required that an MSDS be 
readily available for any chemical used in the workplace. 
It is the responsibility of the importer or manufacturer of 
each chemical to prepare these forms in a standardized 
format. In 29CFR1910.120, OSHA defines what min- 
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Red 


Blue Yellow 





White 


FIGURE 82-1 Symbol of the National Fire Protection 704 Hazard 
Signal System. See Box 82-2 for explanation. 


imum information must be included in these sheets. The 
employer is required to provide an MSDS to the treating 
physician when an employee is involved in an acute 
exposure. The quality of the medical treatment guide- 
lines of an MSDS varies widely, but in general is poor, 
because these documents are generally produced 
without input by physicians or toxicologists. However, 
they contain useful information regarding the chemical 
content of the material and its reactivity and explosive 
nature, and advice on the proper method to be used for 
decontamination, environmental cleanup, and fire control. 


Te) €700 NFPA HAZARD SIGNAL 


Flammable (Red) 


4—Extremely flammable 

3—lIgnites at normal temperatures below 37.8° C (100° F) 
2—lgnites at temperatures below 93.3° C (200° F) 
1—Must be preheated to burn 

O—Will not burn 


Health Hazard (Blue) 


4—Too dangerous to enter vapor or liquid 
3—Extreme danger 

2—Hazardous 

1—Slightly hazardous 

O—Normal material 


Reactivity (Yellow) 


4—May detonate 

3—Shock and heat may detonate 
2—Violent chemical change 

1— Unstable if heated 

0—Stable 


Specific Hazard (White) 


OXY—Oxidizer 
ACID—Acid 
ALK—Alkali 
COR—Corrosive 
W —Use no water 


ae —Radiation hazard 
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OCCUPATIONAL HISTORY 


Obtaining a detailed occupational history on every 
patient presenting to an emergency department or 
primary care office may not be practical and often is too 
time consuming for use as a screening instrument. 
Goldman and Peters developed a systematic approach 
(Fig. 82-2) for evaluating hazardous exposures.'? The 
algorithm begins with a quick survey that can be 
performed routinely on all patients. The clinician may 
then proceed to a more detailed line of questioning to 
follow any indications of toxic exposure. 


Routine Survey 


The first step includes asking questions about three 
essential topics that are easily incorporated into routine 
history taking: (1) current and past job titles; (2) known 
exposure to fumes, chemicals, dusts, or radiation; and 
(3) any temporal relationship of the chief complaint to 
work activities or other contributory factors. The work 
and exposure history acts as a broad screen to elicit 
potentially hazardous exposures at home or work. When 
conditions with short latency periods are under evaluation, 
such as occupational asthma, the emphasis should be on 
the current job and exposures. For conditions of longer 
latency, such as asbestosis, the history must focus on jobs 
and exposures in the past. Allergic responses to agents 
may develop even after years of asymptomatic exposure. 

A temporal relationship between the onset of symptoms 
and work or home activities can provide an important 
clue to recent sources of exposure. In general, symptoms 
that recede on the weekend or at vacation time and 
return at the start of the workweek indicate some current 
job-related exposure. For example, acute systemic 
solvent toxicity, which includes the symptoms of 
headache, gastrointestinal disturbances, and lighthead- 
edness, usually occurs within a short time of exposure 
and lessens within hours after removal from exposure. 
The expression of toxic symptoms also is influenced by 
the use of medications, preexisting medical diseases, and 
exposure to other hazardous substances. In addition, 
some personal habits (e.g., the use of tobacco or 
alcohol) represent significant environmental exposures 
that may interact with or add to occupational exposures. 

If, after the initial screening survey, there appears to 
be a possible link between the illness and work 
exposures, further investigation is necessary. This will 
consist of a comprehensive occupational and environ- 
mental history as well as an in-depth past medical history. 


Current Occupation 


In assessing the likelihood of the workplace as a source 
of toxic exposure, the physician should obtain a 
complete description of all jobs that the patient has had, 
beginning with the current job and working backward in 
time to prior jobs. Necessary information includes the 
chemicals used, the products manufactured, and the 
processes involved. Many workers are well informed 
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Routine survey on every patient _ 






Review of systems 






List of current and 
longest-held jobs 





If yes, then 


Workplace 


List all jobs 

e not just job title but complete 
description of operation 

Places of employment and 

product manufactured 


Similar illness in other workers? 


Identification and handling of hazardous materials 





Chemical or physical form of agent 


How substance is handled 

e operating and cleanup practices 
e protective equipment 

e ventilation 


Modes of entry 

e ingestion 

e skin absorption 
e inhalation 


Follow-up, consultation, and resolution of problem 


Exposure to fumes, 
dusts, chemicals 
or radiation 


Chief complaint 
















—— Attention to chief 

complaint for 

e any temporal relation- 
ship to work or home 
activities 

e any relationship to jobs 
or review of systems 
questions 

e other contributing 
factors (e.g., cigarette 
smoking, alcohol use, 
medications) 


Home surroundings 


Neighborhood pollution 
(external) 

e nearby industry? 

e work-clothes contamination? 
e neighbors also sick? 

e acute pollution disaster? 
Household poisons (internal) 
e use of household chemicals 
e hobbies 





FIGURE 82-2 Systematic approach to history taking and diagnosis of occupational illness. (From Goldman RH, Peters JM: The 
occupational and environmental health history. JAMA 1981;246:2831-2836. Copyright 1981, American Medical Association.) 


about specific exposures at the workplace, and the infor- 
mation that they provide is sufficient for documentation. 
Often, however, obtaining an exposure history requires 
further detective work for identification of specific 
components of products and for documentation of 
exposure levels. Most jobs have their own jargon for 
processes performed and materials used. Patients may 
know the chemical only by its trade name or process 
name (e.g., “blanket wash” for ink press solvent cleaner) 
and do not know the generic or chemical name. 
Whenever possible, workers should be urged to bring the 
MSDS for all chemicals with which they work to the 
emergency department or clinic visit. Many times a 
simple phone request from the treating physician to the 
worksite will prompt the MSDS to be faxed to the clinical 
site. In the case of multiple casualty incidents, prehos- 


pital medical care personnel or HAZMAT team members 
may be helpful in locating chemical labels, manifest 
sheets, MSDS, shipping papers, or knowledgeable 
personnel who can identify the agent involved. 

Patients should be asked whether fellow workers have 
similar complaints; the cluster of symptoms among 
employees may be the first clue to identifying the 
presence of an occupational hazard, and Hill’s criteria 
require that similarly exposed workers should have 
similar medical conditions.2’ The workplace industrial 
hygienist, occupational medicine physician or nurse, or 
plant manager can often provide the most useful 
information on working conditions and chemicals in use, 
as well as PPE employed and the extent of engineering 
controls employed. In addition, OSHA requires that the 
employer provide a copy of the MSDS. 
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Prior Occupations 


Many occupational illnesses have long latency periods. 
Sensitizer-induced asthma takes at least several months 
of exposure to develop, whereas the latency for pneu- 
moconioses is often 2 to 3 decades. Therefore, it is 
important to obtain a detailed occupational history from 
the start of employment up to the present time. Self- 
employed persons must be carefully questioned because 
OSHA does not regulate this type of work, and recom- 
mended or required exposure limits or regulations often 
are not followed. Prior occupational history must include 
questions regarding work as a child, such as on a family 
farm, and part-time, seasonal employment, as well as 
prior military service. Tailor the questioning of past 
exposures as they relate to the current symptoms, such as 
prior irritant and allergen exposures in the case of 
possible pulmonary disease. 


Environmental History 


In addition to occupational sources, the treating 
physician needs to be aware of possible sources of 
contamination in the home. Home renovation projects 
have become quite commonplace in recent years, and 
these activities have resulted in lead poisoning of family 
members.!’ The patient should be asked about neigh- 
borhood environmental exposure, such as a nearby factory 
or chemical waste dump, because community poisonings 
have occurred in those living in close proximity to 
certain industrial plants.'® An obvious source of external 
pollution is dust or chemicals carried into the home on 
work clothes. The literature contains numerous reports 
of children with excessive blood lead levels caused by 
parents bringing home the toxicant on the hands and 
clothing!*?!; workers involved in small businesses such as 
radiator repair shops have caused lead poisoning in 
multiple family members.** Many toxic industrial 
chemicals are readily available for home use; these include 
pesticides, solvents, cleaning fluids, rust removers, and 
disinfectants. A dangerous situation may arise when two 
common household substances are mixed together in 
the hope of producing a more potent compound (e.g., 
chloramine, a soluble irritant gas, is produced when 
ammonia and household bleach [sodium hypochlorite] 
are mixed; chlorine gas is produced when acid toilet 
bowl cleaners and bleach are mixed). 

The growth and diversification of hobbies have 
introduced a multitude of hazardous substances into the 
household. Artists are generally self-employed, and their 
studios exist in their homes, placing them and their 
families at risk for exposure to toxic chemicals, metals, 
and dusts. Artists and craftspeople, depending on their 
medium of choice, can face daily exposure to diverse 
toxic substances such as solvents, paints, inks, and 
thinners****; lead, cadmium, and other metals in pig- 
ments, pottery glazes, copper enamels, solders, and 
other metalworking materials”; and dusts such as silica 
and asbestos in clays, talcs, and glazes.*° Further 
compounding this problem is the inadequate labeling of 
many art materials and the relative naiveté of the artists 
to the potential risks they face. 
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The Agency for Toxic Substances and Disease Registry 
(ATSDR) publishes a didactic case study entitled “Taking 
an Exposure History,” which is an excellent source for a 
comprehensive environmental history form, and is 
available on-line from the ATSDR.?” 


Assessing Causation 


Many occupational diseases are clearly caused by work, 
and the diagnosis is obvious upon initial presentation in 
most cases. For example, few would dispute the fact that 
irritant contact dermatitis of the hands in a patient who 
uses solvents regularly without gloves is an occupational 
skin disease. Similarly, a patient exposed to unventilated 
engine exhausts presenting with nausea and headache 
and a carboxyhemoglobin level of 15% is clearly carbon 
monoxide poisoned at work. However, in our increas- 
ingly litigious society, the treating physician is frequently 
asked to assign causation on a patient’s initial visit. 
Employers may pressure the physician to deem the 
condition not work related, thereby saving money by 
avoiding premium increases from their worker’s com- 
pensation insurance. Conversely, many temporary or 
part-time workers are not offered health insurance 
through their employers. Many employees covered by 
health insurance have seen their coverage reduced and 
are assigned larger co-pays. Therefore, employees not 
adequately covered by personal health insurance may 
pressure the physician to ascribe the health effects as 
being caused by work, so that their medical bills and 
prescription costs are covered. 

Occasionally, a patient presents with a constellation of 
signs and symptoms that do not readily point to a specific 
diagnosis, and the clinician is asked to determine 
whether this condition represents an occupational 
illness. Sir Austin Bradford Hill wrote a landmark article 
in 1965 regarding assessing causation of a disease. It is 
helpful to keep these principles in mind when evaluating 
a patient for a suspected work-related illness when the 
cause is not clearly evident.'° Among the criteria are 
seven basic principles: 


1. Strength of association: The rate of increase in a 
disease in the exposed population over that seen 
in the unexposed, and disease seen in specific 
organ systems of the exposed population. 


As an example, nylon flock worker’s lung is seen only 
in random-cut flock workers at two plants using this 
process, not in other flock workers exposed to precision- 
cut flocking process, and not in other nylon workers.***” 


2. Consistency: The relationship is seen in multiple 
studies of workers with similar exposures at other 
locations studied by different investigators. 


Workers with similar exposures should have similar 
effects. This is why it is especially helpful to survey an 
individual patient’s coworkers to determine whether 
similar symptoms or physical findings are present. In the 
example cited earlier, nylon flock workers in the other 
random-cut plant had similar findings, and rat studies 


had revealed pulmonary toxic effects due to the nylon 
particles.°*° 


3. Specificity: The exposure causes a specific disease 
or related group of diseases, not a constellation of 
unrelated, vague, multisystem symptoms. 


Symptoms such as cough and dyspnea and chest tight- 
ness after exposure to animal dander at work, along with 
measurable decrements in FEV, on pulmonary function 
testing, is excellent presumptive evidence for diagnosing 
occupational asthma. However, vague, multisystem 
symptoms such as headache, fatigue, mental fogging, 
and body aches in an office worker are more difficult to 
definitively diagnose as an occupational illness. 


4. Temporality: Exposure must precede the disease. 


This seems obvious, but often a review of a patient’s 
past medical history and old charts reveals that similar 
symptoms preceded the exposure. This emphasizes the 
need for a comprehensive past medical history in all 
patients suspected of having an occupational illness. 


5. Dose-response, or the biologic gradient: The risk for 
the disease increases as the dose of the exposure 
increases. 


As an example, low-level toluene vapor exposures can 
cause eye and upper respiratory tract irritation. As 
exposures become more intense, central nervous system 
(CNS) effects such as lightheadedness and dizziness can 
be seen. Higher exposures can cause frank ataxia and 
CNS impairment (feeling drunk or “high”), and over- 
whelming exposure such as that which occurs in an 
unventilated confined space can cause loss of con- 
sciousness. The biologic effect exhibits a definable, 
recognizable dose-response relationship. 

The dose-response criterion is also subject to the 
experimentation test: reducing the exposure causes a 
concomitant reduction in the disease. As a historical 
example, carbon disulfide, a volatile organic solvent, is 
used in the viscose rayon industry. In the early 1900s, 
levels in the workplace were so high that workers 
experienced acute CNS effects, ranging from mood 
changes to frank delirium and psychosis. Workplaces 
even had to have bars across windows to prevent affected 
employees from jumping out. Through the efforts of 
pioneers like Dr. Alice Hamilton, much of the process 
was contained with engineering controls to greatly 
reduce workplace exposure levels (i.e., dose reduction), 
so that this effect of carbon disulfide is no longer seen. 
As a more recent example, reduction of TDI levels by the 
use of engineering controls has reduced the incidence of 
occupational asthma in polyurethane foam production 
workers. 


6. Biologic plausibility: The associated disease and the 
exposure make sense (i.e., it is plausible); the 
subjective and objective findings are explained by 
the exposure. The association should be analogous 
to other well-characterized diseases. 
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For example, suppose that a new organic solvent 
comes into use, and a worker develops a peripheral 
neuropathy after using it for several months. If you find 
that this solvent has a metabolite with a gamma diketone 
structure, it is plausible that this new solvent could be the 
causative agent. Known peripheral neurotoxicants n- 
hexane and methyl n-butyl ketone both have the 
common gamma diketone metabolite 2,5-butanedione. 
Knowledge of this structure—activity relationship makes it 
biologically plausible that this exposure could cause this 
disease. 

Conversely, attributing neuropsychiatric symptoms in 
workers to toxigenic fungi and molds found growing on 
wallboard in an office building with indoor air quality 
issues is not biologically plausible, given the known 
scientific facts of mold growth, mycotoxin production, 
and bioavailability through the inhalational route.*!** 


7. Coherence: The association is consistent with other 
established scientific evidence regarding the 
disease and the toxicant and requires that other 
known common causes of the disease not be 
ignored. 


For instance, a known clinical syndrome caused by 
mycotoxin ingestion is alimentary toxic aleukia (ATA), 
which was seen in Russia in the 1930s when people ate 
overwintered wheat that had been contaminated by 
mold growth of Fusarium species that produced the 
trichothecene mycotoxin T-2. This syndrome consisted 
of bone marrow suppression and gastrointestinal hemor- 
rhage and resulted in thousands of deaths. Similarly, 
aflatoxins are contaminants found in food products and 
are produced by Aspergillus species. Aflatoxins are known 
acute hepatotoxins at high doses, and at lower doses are 
carcinogens contained in the human diet, with daily 
exposure limits set by regulatory bodies. All these effects 
are seen with ingestion of the mycotoxins, none by 
inhalation. 

However, ascribing the vague symptoms seen in some 
sick building syndrome evaluations to mycotoxin 
exposure due to indoor fungi is not coherent with the 
known scientific evidence regarding mycotoxins. 
Mycotoxins are not produced to any significant quantity 
when growing on environmental surfaces, and because 
the contaminated wallboard and carpeting are not 
ingested, employees cannot receive any measurable dose 
of mycotoxin from inhalational exposure in the 
workplace.**** In other words, this association is not 
consistent with known established scientific evidence 
regarding the toxins and the diseases they produce. 
Other factors that can cause these symptoms, such as 
elevated volatile organic compounds, poor air exchange 
levels (as evidenced by high ambient CO, levels), high 
job dissatisfaction, and high work stress levels would have 
to be ignored. 


Exposure Characterization 


In characterizing the health effects of a chemical 
exposure, it is important to determine not only the 
generic ingredients of the compound involved but also 





C 1244 


its physical state and the process employed at the time of 
exposure. For example, chlorinated hydrocarbon 
solvents or chlorofluorocarbon refrigerants are simple 
asphyxiants, which can cause CNS depression and may 
precipitate cardiac arrhythmias when inhaled in 
sufficient concentrations. However, when these 
compounds are heated or burned, such as in torch 
cutting or welding activities, phosgene is produced.” 
This low-solubility irritant gas can then cause acute lung 
injury and adult respiratory distress syndrome.” 
Knowledge of processes occurring near the patient’s 
workspace is important because gases can diffuse and 
travel to other areas of the worksite. In the previous 
example, phosgene has a vapor density that is 3.4 times 
the density of air, and as such will settle in low areas. 
Therefore, employees working below the welder and 
unaware of the inadvertent production of phosgene can 
nonetheless be poisoned. 

In addition to the character of an exposure, the 
quantity and concentration as it exists is often a crucial 
determinant of toxicity. As Paracelsus taught centuries 
ago, the “dose makes the poison.” Simply being at a 
workplace where a certain chemical is used does not 
imply poisoning. If the process is completely contained 
or if the material is not in an absorbable form, then 
toxicity is not likely. Whenever possible, engineering 
controls and personal protective equipment should be 
used to reduce exposures. Workplace monitoring of 
chemical levels will determine exposure risks and dictate 
the need for personal protective equipment. 


Workplace Exposure Levels and 
Monitoring 


Many employers using potentially hazardous chemicals 
will have exposure monitoring programs in place. These 
include general workplace air monitoring and personal 
breathing space monitoring. Air monitoring is also 
performed because certain toxicants have OSHA- 
regulated permissible exposure limits (PELs). These air- 
monitoring samples are taken during normal work 
processes and are irrespective of PPE being worn. ‘Those 
that do not have OSHA-mandated PELs often have 
NIOSH-recommended exposure limits (RELs), which 
employers can use as a guide to reduce exposures. In 
addition, the American Conference of Governmental 
Industrial Hygienists (ACGIH) develops threshold limit 
values (TLVs) and biologic exposure indices (BEIs) that 
can also be helpful (see later). Workplace air monitoring 
is performed using various methods for a specified time 
period, and then expressed as an 8-hour time-weighted 
average (TWA). The goal of setting exposure limits is to 
find a level to which it is safe to be exposed for 8 hours 
per day, 40 hours per week. 

With the passage of the Occupational Safety and 
Health Act of 1970, the U.S. Congress created two new 
federal agencies, OSHA, the regulatory arm, and NIOSH, 
the research and training arm. OSHA has published 
mandatory PELs for a number of chemical agents. ‘These 
are available at the OSHA website.*” Several hazardous 
substances also have their own standards regarding PELs, 
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action levels, and medical monitoring requirements. 
These are listed in the Code of Federal regulations, CFR 
1910 subpart Z, and are available at the OSHA website.*® 
For most of these chemicals, workplace air monitoring 
must be performed to determine the exposure level. If 
the airborne concentration is above the mandated “action 
level,” then compliance with airborne monitoring, 
employee biologic monitoring, and necessary PPE is 
required. Many of these regulations also mandate pre- 
exposure and periodic medical examinations, as well as 
when biologic monitoring indicates excess employee 
exposure or absorption (e.g., elevated blood lead level). 

OSHA levels are a balance between recommended 
safe levels and practicality of achieving these levels, and 
the cost and industry lobbying efforts. However, NIOSH 
recommended levels, like the ACGIH TLVs, are levels 
that are believed to be safe based on best available 
science and toxicologic data, and are not particularly 
influenced by economic or political concerns. This 
explains the frequent discrepancy whereby the NOISH 
RELs or ACGIH TLVs are lower than the OSHA PELs. 

The ACGIH, formed in 1938, publishes the TLVs on 
642 chemical substances and physical agents, and BEIs 
on 38 different chemicals. The ACGIH developed their 
TLVs and BEIs as guidelines to assist in the control of 
health hazards, not to be used as legal standards, and 
ACGIH does not advocate their use as such. The TLVs 
and BEIs represent conditions under which ACGIH 
believes that nearly all workers may be repeatedly 
exposed without adverse health effects.°*” 

NIOSH publishes the MOSH Pocket Guide to Chemical 
Hazards (NPG), which is intended as a source of general 
industrial hygiene information for workers, employers, 
and occupational health professionals. The NPG 
presents key information and data in abbreviated tabular 
form for 677 chemicals or substance groupings (e.g., 
manganese compounds, tellurium compounds, inorganic 
tin compounds) that are found in the work environ- 
ment. The current version contains information on all 
substances for which NIOSH has recommended 
exposure limits (RELs) and those for which OSHA has 
established PELs.*° 

NIOSH has also defined exposure levels that are 
considered immediately dangerous to life or health. The 
current NIOSH definition for an immediately dangerous 
to life or health (IDLH) condition is a situation “that 
poses a threat of exposure to airborne contaminants 
when that exposure is likely to cause death or immediate 
or delayed permanent adverse health effects or prevent 
escape from such an environment.” It is also stated that 
the purpose of establishing an IDLH is to “ensure that 
the worker can escape from a given contaminated 
environment in the event of failure of the respiratory 
protection equipment.” These levels are published in the 
NPG as well at the NIOSH IDLH home page.*! 


Exposure Route 


The normal routes of exposure in the occupational 
setting are inhalation and dermal. The most common 
effects are the dermatoses, consisting mainly of irritant 


contact dermatitis and allergic contact dermatitis. Most 
of these effects are confined to the skin and are not 
usually an acute problem. Systemic absorption may occur 
and cause systemic effects when large skin areas are 
exposed, or when prolonged contact occurs, such as 
when clothing becomes soaked and is not removed, or 
when the skin is not decontaminated. Certain toxicants, 
such as phenol, are very well absorbed dermally, and 
significant systemic toxicity from skin spills can occur in 
these cases.” 

Inhalation exposures to toxic fumes, vapors, and gases 
pose the greatest danger to life and health. Irritant gases 
cause airway and pulmonary injury depending on the 
length of exposure and the water solubility of the gas. 
Simple asphyxiants displace oxygen from ambient air 
and cause hypoxia due to decreased FIO». Systemic 
asphyxiants cause toxicity either by interfering with 
hemoglobin’s ability to carry oxygen (CO, methemo- 
globin-forming agents), or interfering with mitochon- 
drial ability to utilize molecular oxygen (CN, HS, azides). 
Also, in the case of gaseous releases, the potential to 
affect many people simultaneously is very real, both in 
the industrial setting and after a hazardous chemicals 
(HAZMAT) incident. See Chapter 9 for more detailed 
description of inhalational toxicity of specific agents and 
recommended management. 

Accidental or intentional toxic ingestions occur much 
less commonly in the occupational setting. However, 
eating or smoking in the workplace may put the worker 
at increased risk for absorption of toxicants, such as 
metallic dusts (lead, cadmium). Smoking at work when 
fingers are contaminated with certain chemicals can 
cause systemic effects, like polymer fume fever in the 
case of polytetrafluoroethylene (PTFE, Teflon). 


PATHOPHYSIOLOGY OF WORKPLACE 
EXPOSURES 


The pathologic effects that may occur with exposure to a 
specific hazardous substance include direct injury, 
sensitization, asphyxiation, or systemic toxicity. Effects 
such as carcinogenesis, mutagenesis, and teratogenesis 
have long latency periods and thus are not considered in 
the category of toxicologic emergencies. 


Dermal Exposures 


Irritant contact dermatitis is the most common 
occupational skin disorder and is associated with a wide 
variety of chemical and physical agents. The chemical 
agents involved may be acids, alkalis (caustics), certain 
metal compounds, detergents, or solvents. Strong cor- 
rosives may incite an acute injury that manifests as a 
vesicular (blistering) or ulcerative injury. Milder irritants, 
such as soaps, detergents, and solvents, remove surface 
lipids and cause dryness and cracking of the skin. 
Chronic exposure to these agents can result in the skin 
becoming thickened (lichenified) along with erythema, 
dryness, and fissuring due to the chronic irritation. 
Workers commonly affected are metalworkers who use 
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degreasing solvent and metalworking fluids, as well as 
printers using ink solvents. Mechanical irritation, heat, 
cold, and low humidity are important contributing 
factors in many cases. An example is the hand dermatitis 
seen in health care workers in northern states that occurs 
during the winter months as a result of the frequent 
hand washing and the associated low-humidity winter air. 
Exposures predominantly to oils and greases can incite 
acneiform lesions as well. After avoidance and corti- 
costeroid treatment, most workers can resume work with 
the substance as long as barrier creams or gloves are used 
to minimize future contact. Specific toxicants are 
addressed in their respective chapters of this textbook. 

Allergic contact dermatitis is a delayed type IV, cell- 
mediated hypersensitivity reaction. The prototypical, 
common example of this type of reaction is ivy poison 
dermatitis due to urushiol resins found in poison ivy, 
poison oak, and poison sumac. Chemicals commonly 
associated with allergic contact dermatitis include 
permanent hair dyes (p-phenylenediamine), epoxy 
resins, and rubber accelerants, which can occur with 
both natural and synthetic rubber gloves and products. 
Allergic contact dermatitis requires prior sensitization, 
which takes a minimum of a few days of contact to occur, 
but can occur even after years of asymptomatic expo- 
sures. The reaction in sensitized individuals takes place 
within 1 to 2 days after contact with the allergen and 
manifests as intensely pruritic erythema followed by 
papular lesions and vesicles. Treatment consists of drying 
the weeping areas, and topical corticosteroids can be 
helpful. Rarely, systemic glucocorticoids are necessary 
when large areas are involved. Contact urticaria can occur 
in sensitized individuals using natural rubber latex gloves 
and may progress to systemic anaphylaxis (see later). 

The amounts of toxic chemicals absorbed systemically 
from dermal exposure of intact skin are usually minimal. 
Exceptions include chlorinated hydrocarbons, warfarin, 
organophosphates, organic mercury, tetraethyl lead, and 
dimethylsulfoxide.*” However, systemic effects can occur 
under certain circumstances, and because of recent 
improvements in airborne toxicant reductions and 
respiratory protection, the relative importance of dermal 
exposure has increased. Certain toxicants are listed by 
the regulatory bodies of several countries as having skin 
designation in addition to their allowable airborne 
exposure levels. The most common systemic poisoning 
from dermal exposure is cholinergic excess, occurring in 
the agricultural setting as a result of carbamate and 
organophosphorus pesticide exposures. Significant 
effects can also be seen after dermal contamination by 
aromatic amines, chlorinated hydrocarbons, and poly- 
cyclic aromatic hydrocarbons.** Concentrated hydrofluoric 
acid can cause systemic fluoride poisoning from even 
relatively small body surface area burns. Topical phenol 
can Cause systemic poisoning as mentioned above. 


Inhalation Exposures and Pulmonary 
Toxicity 


Highly water-soluble irritant gases cause upper airway 
burning immediately, and if exposure continues, they 
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can cause lower airway and alveolar injury as well. Low- 
solubility gases such as phosgene and oxides of nitrogen 
cause little upper airway burning, so that workers 
tolerate prolonged exposures, only to suffer delayed 
acute lung injury hours later. Late effects can include 
reactive airway dysfunction syndrome/irritant-induced 
asthma, bronchiectasis, bronchiolitis obliterans fibrosa, 
and pulmonary fibrosis (for a more in-depth discussion, 
see Chapter 9). 

Hypersensitivity reactions are caused by repeated 
exposure to specific organic and inorganic agents. 
Occupational asthma can occur after exposure to various 
high-molecular-weight antigens encountered in the 
workplace, most commonly animal and plant antigens 
such as bird feathers, animal excreta, and serum 
proteins. Plant antigens include wheat flour proteins, 
natural rubber latex, and wood dusts. 

Most recently, latex allergy has become a significant 
problem among health care workers. Exposures to 
natural rubber latex have increased since 1980 because 
of increased glove use for protection from blood-borne 
pathogens. This has caused many workers to become 
sensitized, with an estimated prevalence of 2% to 17%. 
Natural rubber latex gloves can induce an immediate 
type I hypersensitivity reaction to the protein allergens, 
or a type IV delayed hypersensitivity reaction to the 
chemicals used to process the rubber gloves. Cornstarch 
powders used as donning agents act as vectors to increase 
inhalation and mucosal exposures to the allergens, and 
gloves with higher protein contents correlate with higher 
allergenicity. The use of powder-free, low-protein gloves 
has been shown to be effective in reducing symptoms 
and decreasing markers of systemic sensitization. As a 
minimum, all latex gloves in use should be low protein 
and powder free. Whenever possible, nonlatex gloves, 
such as those made of nit rile or vinyl, should be used. 
Use of these safer products will likely decrease the 
incidence of latex sensitization in health care workers.“ 

Certain low-molecular-weight antigens can induce 
occupational asthma as well, most notably isocyanates 
and trimellitic anhydride. The basic mechanism involved 
is type I, immunoglobulin E-mediated hypersensitivity 
reactions. Low-molecular-weight antigens and chemicals 
(TDI, TMA) can also cause occupational asthma. They 
sensitize by acting as a hapten and combining with serum 
proteins to become a complete antigen. 

Hypersensitivity pneumonitis, also known as extrinsic 
allergic alveolitis, is an immunologic reaction probably 
involving type I and type IV mechanisms, and occurs 
after exposures to various antigens in the occupational 
setting. The most common is the prototypical disease 
Farmer’s lung, caused by exposure to the antigens 
from thermophilic actinomyces from moldy hay (see 
Chapter 9). 

Numerous gases encountered in the workplace act as 
asphyxiants. Simple asphyxiants exert their toxic effects 
by decreasing available oxygen concentration of inspired 
air. These include carbon dioxide, methane, propane, 
chlorinated hydrocarbons, and the noble gases. This 
usually occurs in confined spaces. The hydrocarbons 
also carry significant explosive risks as well. Chemical 
asphyxiants cause systemic poisoning by either 
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disrupting natural hemoglobin’s ability to carry oxygen 
(methemoglobin-forming agents such as nitrites; carbon 
monoxide causing carboxyhemoglobin) or by inter- 
fering with cellular utilization of oxygen (cytochrome 
oxidase poisoning by cyanide, hydrogen sulfide, or azide). 

Inhalation absorption of toxicants is very rapid owing 
to the huge alveolar absorptive surface and the rich 
pulmonary capillary blood supply. In fact, inhalational 
absorption approaches the rapidity of intravenous 
administration. Once an agent has been absorbed, the 
clinical manifestations depend on many factors, 
including the inherent toxicity of the chemical, the total 
dose, and the duration of exposure. Exposure to other 
agents such as alcohol or drugs may modify the response 
(Table 82-1). The clinical spectrum is accordingly very 
broad. 


OTHER ORGAN-SPECIFIC TOXICITY 


Hepatotoxicity 


The liver is the primary organ involved in the 
detoxification of xenobiotics, both from orally ingested 
drugs and toxicants and from inhaled or dermally 
absorbed toxicants. Hepatic enzyme systems metabolize 
lipid-soluble xenobiotics through phase I biotrans- 
formation reactions, usually through oxidation and 
reduction or hydration. Phase II reactions involve 
conjugation with glucuronides or glutathione, causing 
them to become more polar and excretable in the urine. 
In some instances, the oxidation system converts inactive 
chemicals to highly reactive electrophiles that can then 
cause hepatocellular necrosis (carbon tetrachloride). 
The most potent hepatotoxicants are chlorinated 
hydrocarbons (e.g., CCl, CHCl;), white phosphorus, 
and dimethylformamide. Table 82-2 lists the common 
occupational hepatotoxicants. 


Renal Toxicity 


The kidneys will be exposed to most excreted toxicants 
because they receive 20% of the cardiac output. There 
are numerous P-450 metabolic enzymes present in renal 
tissue, and therefore certain toxicants can cause 
nephrotoxicity through reactive intermediates. Because 
renal excretion is the major elimination pathway, the 
kidneys will have significant exposure to these reactive 
species. The most common nephrotoxicants are metals 
and chlorinated solvents, but any agent that produces 
rhabdomyolysis or hemolysis can induce acute renal 
failure by pigment precipitation in the renal tubules. 
In such cases, adequate intravenous fluids and diuretics 
as needed to maintain high urine flow rates, as well 
as urinary alkalinization with intravenous sodium bicar- 
bonate to prevent precipitation, can prevent renal injury. 
Table 82-3 lists industrial toxicants that can cause 
renal toxicity. 


Cardiac Toxicity 


Numerous industrial chemicals can cause cardiovascular 
toxicity. The most common acute toxicity is from in- 
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Factors that Modify Risk for Occupationally Related Illness 


MODIFYING FACTOR 


General 
Age 
Sex 
Smoking status 
Current smoker 
Smoker at time of exposure 
Smoking during exposure 
Family history 


Exercise 

Conditioning 

At time of exposure 
Metabolic states 


Medical 


Atopy 
Asthma 
Eczema 
Chronic respiratory disease 
Respiratory insufficiency 
Bronchitis 
Chronic cardiovascular disease 
Cardiac insufficency 
Coronary artery disease 
Infection 
Acute viral illness 
Exposure to infectious agents 
Immune deficiency states 
Hereditary 
Immunosuppressive therapy 
Renal disease 
Renal insufficiency 
Chronic renal disease 
Neurologic conditions 
Diminished mental capacity 
Neurologic disease 
Seizure disorder 
Impaired perceptive ability 
(visual or hearing impairment, 
anosmia) 
Dermatologic conditions 
Subtance abuse 


Hepatic insufficiency 


Systemic conditions 
Malnutrition (general) 
Vitamin deficiency (selective) 
Inborn errors of metabolism 
Genetic diseases 

Mental status 


KNOWN OR PROBABLE EFFECT 


Youth—latency for cancer; elderly—more susceptible to toxicity 
Sex differences exist for some toxicity states; reproductive effects 


Confers additive risk in some situations 

Confers synergistic risk in some situations 

Modifies toxic exposure in some situations, such as polymer fume fever 

Hereditary conditions or predispositions may be exacerbated or triggered, such as in 
cancer-prone families 


Fitness may reduce susceptibility in some situations 

Generally increased susceptibility 

Activity of certain enzyme systems involved in activation, detoxification, and 
adaptation to toxic exposures may modify response bout within range of normal 


Generally, any debilitating condition may enhance clinical susceptibility 


Tendency toward easy sensitization 
Increased bronchial reactivity 


Diminished pulmonary reserve 
Increased bronchial reactivity; exacerbated bronchial irritation 


Increased susceptibility 
Angina in some situations, such as carbon monoxide, methylene chloride exposure 


Increased susceptibility to bronchial irritation; possibly synergistic effect 
Certain exposures may depress host defenses 
Increased susceptibility to infections 


Additive or synergistic effects may occur with exposure to nephorotoxic agents 
Increased susceptibility to toxic agents excreted via renal route 
Immunodeficiency; increased susceptibility to toxic effects 


May affect judgement and response to exposure situation 
Toxic effects may be additive; increased clinical susceptibility 
Certain toxic exposures may alter threshold 

Impaired ability to avoid hazard 


Skin rashes may increase dermal absorption; may condition response 

Concomitant alcohol and drug abuse may have additive or synergistic effects in some 
situations 

Increased susceptibility to toxic agents detoxified by liver; increased susceptibility to 
hepatotoxic agent; reduced hepatic reserve 


Increased susceptibility to toxic effects 

Diminished host defenses againts toxic effects 

Selective susceptibility (depending on abnormality) 

Certain genetic diseases associated with increased susceptibility to mutagenic effects 

Stress may increase susceptibility to some toxic exposure. Stress, affective disorders, 
neuroses, or psychoses may mask, mimic, or subtly modify the clinical presentation 


(From Occupational and Environmental Health Committee of the American Lung Association of San Diego and Imperial Counties: Taking the 
occupational history. Ann Intern Med 1983;99:641-651.) 





halation of hydrocarbons, especially halogenated hydro- 
carbons. They can sensitize the myocardium to 
endogenous as well as exogenous catecholamines, and 
ventricular arrhythmias can result. Historically, occu- 
pational toxicology studies showed carbon disulfide to be 
atherogenic, but newer data have called this effect into 
question. Chronic exposure to nitrates can precipitate 
angina in workers when they withdraw from the chronic 
vasodilatory effects. Any systemic asphyxiants (HS, CO, 


CN, methemoglobin formers) can precipitate acute 
coronary syndromes in workers with preexisting 
atherosclerotic disease. 


Neurotoxicity 


Any of the simple asphyxiants can cause CNS depression 
and even death by displacing oxygen from the inspired 
air. Very high concentrations can cause rapid uncon- 
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Occupational Illnesses, Selected Associated Agents, and Associated Uses and Occupations and 


Industries ™* 





ILLNESS 


Pulmonary injury 
ALI, ARDS, RADS/IIA, 
BOF 
Degree of injury, injury 


AGENT 


Irritant gases 
Soluble 
HCl, HF, H,SO,, HNO3, NH3, and 
other alkali and acid mists 


type, and sequelae,depend SO, 
on exposure duration and Tear gas 


agent. See text for 
discussion. 


Occupational asthma 
(see Chapter 9 for 
expanded detail) 


Popcorn worker's lung 
Nylon flock worker's lung 
Pneumoconioses 
Lung cancer”! 

(IARC Class | carcinogens) 


Isocyanates 
Insoluble 

Phosgene 

Ozone 


NO, 
Medium solubility 
Chlorine 
Acrolein 
Smoke inhalation 
Pesticides 
Organophosphates (OP), carbamates, 
type Il pyrethroids, dinitrophenol, 
pentachlorophenol (wood 
preservative), paraquat 
Metals and metal compounds 
Cd, Hg, Mn 
Nickel carbonyl—Ni(CO), 
High-molecular-weight antigens 
Animal proteins (danders, 
feathers, excreta, serum) 
Plant proteins 
Natural rubber latex 
Wheat flour 
Low-molecular-weight antigens 
Certain antibiotics, drugs 
Metals: Cr, Co Ni, Pt, various others 
Chemicals: Inorganic 
Ammonium persulfate 
Fluoride 
Chemicals: Organic 
Plicatic acid (Western red cedar) 
Abeitic acid (colophony: pine rosin) 
Isocyanates: TDI, MDI 
Many others 
Diacetyl from artificial butter flavor 
Random-cut nylon flock 
Asbestos fibers: asbestosis 
Coal dust: coal workers’ pneumoconiosis 
Silica: silicosis 


Mica: combination of asbestosis and silicosis 
Asbestos 


Arsenic (mainly arsenic trioxide) 


Beryllium 


Cadmium 


Chloromethyl ethers 
bis(chloromethy) ether (BCME) and chloro- 
methyl methyl ether (technical grade) 
Chromium (Cr VI) 
Crystalline silica 


Enviromental tobacco smoke (ETS) 


USE/OCCUPATION/INDUSTRY 


Acid, alkali production workers; manure pits (NH3 + H,S) 


Sulfuric acid production; air pollutant 
Law enforcement 


Polyurethane industry, firefighters 

Polymer industry, welders—burning chlorinated metal 
degreasers 

Any worker exposed to air pollution: city workers, bus 
drivers, cab drivers, etc. 

Silo fillers, high temp arc welders, nitric acid workers 


Water purification, paper pulp, swimming pool workers 
Polymer industry, firefighters (component of smoke) 
Firefighters 


Farmers, exterminators, crop dusters, pest control 
workers, lumber industry 


Smelters, welders 
Mond process of nickel refining 


Animal handlers, lab workers, farmers, many others 


Health care workers 
Bakers (Baker's asthma) 


Pharmaceutical industry 
Metal plating, metal workers, others 


Beauticians 
Aluminum pot-room workers 


Lumberjacks, sawmill workers 


Polyurethane foam workers 

See Chapter 9 

Microwave popcorn workers 

Nylon flock workers in random-cut factories 

Asbestos miners, shipbuilders, insulators, brake linings 

Coal miners 

Miners, sandblasters, foundries, quarries, stone carvers, 
ceramics 

Miners 

Asbestos miners, shipbuilders, insulators, brake linings, 
vermiculite miners 

Smelting lead, copper, gold, others; Arsenical pesticides; 
coal burning 

Beryllium extraction and processing; aircraft and 
aerospace industries; electronics and nuclear industries; 
jewelers 

Cadmium-smelter workers; battery production workers; 
cadmium-copper alloy workers; dyes and pigments 

Production; chemical intermediate; alkylating agent 
laboratory reagent; plastic manufacturing; ion- 
exchange resins and polymers 

Chromium mining, chromate production 

Granite and stone industries; ceramics, glass, and related 
industries; foundries; and metallurgical industries; 
abrasives; construction; farming 

Bartenders, waitresses, etc.; other workers exposed to 
ETS 
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Occupatinal Illnesses, Selected Associated Agents, and Associated Uses and Occupations and 


Industries! ™*—(Cont’d) 





ILLNESS 


Lung cancer 
(IARC Class 1 carcinogens) 
cont'd. 


Acute toxic encephalopathy 


Seizures 


Peripheral neuropathy 


AGENT 


lonizing radiation 


Mustard gas 


Nickel 

Polycyclic aromatic hydrocarbons (PAHs) 
Radon 

Talc (containing asbestos fibers) 

Wood dusts 

Acrylamide monomer 

Azides 


Carbon disulfide 
Carbon monoxide 


Cyanide (CN) 
Hydrogen sulfide 


Mercury 


Simple asphyxiant gases (CO, CH4 
propane) 

Toluene, xylene, other hyrocarbon solvent 
vapors 

Metals 
Arsenic 
Copper 
Lead 


Manganese 
Nickel carbonyl 
Pesticides 
Organochlorines* (lindane, cyclodienes, 
DDT) 
Organophosphates 
Paraquat, Diquat (herbicides) 
Pentachlorophenol (PCP) 
Dinitrophenol 
Chlorophenoxyacetic acid herbicides 
Rodenticides* (thallium, SMFA, strychnine, 
Zn phosphide, As, methyl bromide) 


Phosphine, methyl bromide (fumigants) 
Any general CNS depressant producing 
hypoxia 
Toxic inhalants (CN, H-S, CO) 
Simple asphyxiants 
(hydrocarbons, CO;, He, Np, etc.) 
See also Toxic Encephalopathy, above 
Chlorinated HC solvent vapors 
Acrylamide monomer 
Arsenic 


Carbon disulfide 
Lead 


Mercury 


Methyl bromide 

n-Hexane, methyl n-butyl ketone 
Organophosphates 

Thallium 

Trichloroethylene 


USE OCCUPATION INDUSTRY 


Radiologists; technologists; nuclear workers; radium-dial, 
painters; plutonium workers; cleanup workers 
following nuclear accidents; aircraft crew 

Mustard gas production; used in research laboratories; 
military personnel 

Nickel refining 

Fossil fuel burning, exhaust smoke 

Uranium miners, other underground mining 

Manufacture of pottery, paper, paint, and cosmetics 

Loggers, carpenters, sawmills, etc. 

Wastewater treatment, grouting 

Lab reagent, preservative, weed control; inflates 
automobile air bags 

Viscose rayon workers, rubber manufacture* 

Any exposure to incomplete burning, improper 
ventilation, or exhaust: garage workers, firefighters; 
paint strippers (methylene chloride) 

Metal plating, jewelers, firefighters (smoke inhalation) 

Farmers (manure pits), sewer workers, petroleum 
refineries 

Chlor-alkali workers (electrolytic production of chlorine 
and caustic soda), manufacturing mercury-containing 
instruments, fungicide users, topical antiseptics* 

Gas production, various industries with confined space 
issues 

Painters, chemical production, solvent use (confined 
space) 


Smelting lead, copper, gold, others; arsenical pesticides 

Coal burning, leather tanning, pesticides 

Copper smelters, miners 

Lead-acid battery, HAZMAT site cleanup, automobile 
radiator repair, lead reclamation, solder 

Mn miners, chemical industry, metal refining 

Model nickel refining process 


Farmers, agriculture, forestry, landscapers, pest control 


Rodenticide users: graineries, longshoremen, 
exterminators (many of these rodenticides are 
no longer in use in the United States) 

Grain workers 


See Acute Toxic Encephalopathy, above 


Wastewater treatment, grouting 

Smelting lead, copper, gold, others; arsenical pesticides; 
coal burning, leather tanning, pesticides 

Viscose rayon, rubber manufacturing 

Lead-acid battery, HAZMAT site cleanup, automobile 
radiator repair, lead reclamation, solder 

Chlor-alkali workers (electrolytic production of chlorine 
and caustic soda), manufacturing mercury-containing 
instruments, fungicide users, topical antiseptics* 

Fumigation 

Solvent users, glues 

Pesticide users 

Rodenticide users 

Solvent, degreasers 
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Occupatinal Illnesses, Selected Associated Agents, and Associated Uses and Occupations and 


Industries! ™*—(Cont’d) 





ILLNESS AGENT USE OCCUPATION INDUSTRY 
Cyanosis Methemoglobin-forming agents: organic 
amino and nitro compounds* Synthetic dyes, leather and shoe industry, fabric dyeing* 
CNS depressants causing hypoventilation Various industries; see Toxic Encephalophathy, above 
and hypoxia 
Hyperthermia/fever Pentachlorophenol (wood preservative) Lumber production, landscaping 
Nitrophenol pesticides Exterminators, pest control, agriculture, farmers, forestry 
workers 
Chlorophenoxyacetic acid herbicides Landscapers 
Inhalational fever syndromes See Fume Fever Syndromes, below 
Hematologic toxicants Methemoglobin (MetHgb) producers 
Aniline, nitroaniline, Rubber industry, dye manufacturing, dye users, 
p-chloroaniline dyes pharmaceuticals 
Toluidine Dyes 
Napthalene Clothing fumigant (mothballs) 
Paradichlorobenzene Clothing fumigant (mothballs) 
Nitrates Fertilizers 
Trinitrotoluene (TNT) Explosives 


Hemolytic agents 
Any methemoglobin- producing agent As above 
(above) in G6PD-deficient workers, or 
with large exposures in normal workers 


Arsine (AsH), stibine (SbH3) Dopant gases for n-type semi-conductors in the 
microelectronics industry; zinc smelting 
Chlorate salts (MetHgb unresponsive to Match and explosive production, dye manufacture, paper 
methylene blue antidote, denatures pulp bleach manufacturing (CIO;), pesticides, 
hemoglobin) herbicides 
Organic nitro and amino compounds Synthetic dyes, leather and shoe industry, fabric dyeing 
Toxic porphyrias (acquired) 
Hexachlorobenzene Herbicide (accidental ingetion) 
2,4-D, 2-4-5-T herbicides (? due to Herbicide 


TCCD contaminant 
Lead (when whole blood level > 60 g/dL) Lead-acid battery, HAZMAT site cleanup, automobile 
radiator repair, lead reclamation, soldering 


Vinyl chloride monomer PVC production 
Bone marrow toxicants 
Leukemogen 
Benzene (acute myelogenous Chemical intermediate, glues, solvents, inks, paints; 
leukemia AML) components of gasoline-petrochemical workers 
lonizing radiation Military exposures, uranium miners, nuclear power 
personnel 
Ethylene oxide (possible leukemogen) Health care industry gas sterilizers; chemical 


intermediate 
Multiple myeloma (increased risk 
suggested, causation not proven) 


Benzene Chemical intermediate, glues, solvents, inks, paints; 
component of gasoline-petrochemical workers 
lonizing radiation Military exposures, uranium miners, nuclear power 
personnel 
Myelodysplastic syndromes (implicated 
toxicants); Chemical intermediate, glues, solvents, inks, paints; 
Benzene component of gasoline-petrochemical workers 
lonizing radiation Military exposures, uranium miners, nuclear power 
personnel 
Chemotherapeutic agents (association Nurses, oncologists, pharmacists 
seen, risk not proved) 
Rhabdomyolysis Any agent causing seizures (see above) See above 
Any agent causing hyperthermia Farmers, lumber industry, pest control, exterminators 


associated with hypermetabolic 
state such as pentachlorophenol, 
dinitrophenol, chlorophenoxy herbicides 
CO (direct cellular toxicity) Any exposure to incomplete burning, improper 
ventilation, or exhaust: garage workers, firefighters; 
paint strippers (methylene chloride) 
Any CNS depressants causing coma and See Toxic Encephalopathy, above 
thereby inducing rhabdomyolysis from 
pressure 
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Occupatinal Illnesses, Selected Associated Agents, and Associated Uses and Occupations and 


Industries! ™*—(Cont’'d) 





ILLNESS 


Fume fever syndromes 


Organic dust toxic 
syndrome (ODTS) and 
other inhalation fevers 


Hypersensitivity 
pneumonitis (HP) 


Cardiovascular disease 


(atherosclerosis, myocardial 


infarction, and ischemia) 


Cardiac arrhythmias 
Tachydysrhythmias 


Bradydysrythmias 
Nephrotoxicants 


AGENT 


Metal fume fever: Zn, Cu 
Polymer fume fever (PTFE) 


ODTS: Bio-aerosols of fungi, bacteria, 
exotoxins 
Moldy hay, moldy silage, compost 
Sewage sludge 
Grain dust 
Cotton dust 
Animal confinement buildings 
Other inhalation fevers 
Contaminated humidifiers 
Contaminated water cooling systems, 
spas, fountains 
Contaminated wood dusts/chips/bark 
(moldy wood chip exposure) 
Organic antigen exposures 
Moldy hay 
Moldy compost 
Contaminated humidifiers, 
dehumidifiers, HVACs 
Bagasse (moldy pressed sugarcane) 
Animal products (excreta, serum, 
feathers, dander) 
Chemicals 
Trimellitic anhydride (TMA), phthalic 
anhydride 
Diisocyanates 
Plicatic acid (red cedar) 
Pyrethrum insecticides 
Sodium diazobenzene-sulfonate 
(Pauli's reagent) 
Many others (see Chapter 9) 
CO: acute MI and/or angina 
due to carboxyhemoglobin formation 


Methylene chloride (metabolized to CO) 
Carbon disulfide (CS-) (recent evidence 
weak) 
Organic nitrates: 
Ethylene glycol dinitrate 


Chlorinated HC 
Hydrocarbon (HC) solvents 
CO 


Organophosphates, carbamates 

Arsine, stibine (due to massive hemolysis) 

Halogenated hydrocarbon solvents (CCl4, 
CHCI3, ethylene dichloride, 
trichlorethylene, tetrachloroethane, 
others) 

Vinylidene chloride 

Ethylene glycol ethers 

Ethylene chlorohydrin 

Toluene (ATN) 

White phosphorus 


Any agent associated with rhabdomyolysis 


Beryllium (granulomatous renal disease, 


only seen with concomitant lung disease) 


Cadmium 


Lead 


USE OCCUPATION INDUSTRY 


Welders (galvanized metal), foundries, smelting, metal 
refining 

Welders (cutting through Teflon coatings or polymer 
pipes), polymer workers 


Farmers (silo-unloader’s disease) 

Sewer workers, plumbers 

Grain mills (“grain fever”) 

Cotton mills (“mill fever”) 

Veterinary, laboratory workers 

Any building with contaminated humidifiers (humidifier 
fever) 

Any building with contaminated cooling system or 
fountain (Pontiac fever) 

Sawmills, pulp and paper mills, landscapers (wood 
trimmer’s disease 

Farmers (farmer's lung) 

Mushroom workers (mushroom worker's lung) 

Office workers (any contaminated building)—humidifier 
lung 

Sugarcane workers (bagassosis) 

Animal handlers, etc. (pigeon breeder's disease, duck 
fever) 


Painters, epoxy resin users 


Polyurethane foam industry 

Red cedar workers, lumber industry, carpenters 
Exterminators, pest control, insecticide manufacturing 
Chromatography 


Varied industries 

Jobs with exposure to exhaust or poorly ventilated 
combustion: miners, forklift operators, mechanics, 
firefighters, etc. 

Paint strippers, solvent use 

Viscose rayon workers,* rubber industry workers, 
chemical intermidiate 


Explosive industry (TNT) 


Mechanics, degreasers, dry cleaners 

Printers, painters, mechanics, degreasers, dry cleaners 

Paint strippers (CH3Cl), jobs with exposure to exhaust or 
poorly ventilated combustion: miners, forklift 
operators, mechanics, firefighters, etc. 

Farmers, pest control applicators 

Semiconductor industry 

Dry cleaning, degreasers, plastics industry, other solvent 
use 


Monomer used in polymer industry 

Solvents, paints, coatings 

Solvent, chemical intermediate; penetrates skin readily 

Painters 

Match production (historical); military exposures 

See above 

Beryllium extraction and processing; aircraft and 
aerospace industries; electronics and nuclear 
industries; jewelers 

Cadmium-smelter workers; battery production workers; 
cadmium-copper alloy workers; dyes and pigments, 
welders 

Lead-acid battery, HAZMAT site cleanup, automobile 
radiator repair, lead reclamation, soldering 
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Occupatinal Illnesses, Selected Associated Agents, and Associated Uses and Occupations and 





Industries! ™*—(Cont’d) 
ILLNESS 


Acute hepatoxicants”!! 


Chronic hepatotoxicants 


Hepatic carcinogens 


Skin disorders 
Chloracne 


Occupational acne 


Contact dermatitis 


Skin cancer 


Reproductive toxicants 
Female reproductive 
system 





AGENT 


Mercury 


Anesthetic gases (halothane) 
Hydrazine (steatosis) 
Halogenated hydrocarbons: CCl,, CBra, 
CHCI;, bromobenzene, others 
White phosphorus 
Methylene dianiline (MDA): cholestatic 
“Epping jaundice” 
Trinitrotoluene (TNT) 
Dimethylacetamide 
Dimethylformamide (DMF) 
2-Nitropropane 
Cirrhosis 
Arsenic 
CCl, 
Tetrachloroethane 
Trinitrotoluene 
Granulomatous hepatic disease 
Beryllium (only seen with concomitant 
lung disease) 


Copper 

Arsenic: hepatic angiosarcoma, 
hepatocellular carcinoma 

Vinyl chloride monomer: hepatic 
angiosarcoma 

DimethyInitrosamine: hepatocellular 
carcinoma 


Chlorinated herbicides (2,4-D, 2,4,5-T) 
PCBs 
TCDD (“dioxin”) 
Lubricating oils 
Petroleum oils 
Vegetable oils 
Irritant contact dermatitis 
Solvents, oils 
Soaps, frequent hard washing 
Allegic contact dermatitis 
Biocides 
Chromate 
Epoxy resins 
Formaldehyde 
p-Phenylenediamine (hair dye) 
Para-aminobenzoic acid (PABA) 
sunscreens 
Arsenic 


lonizing radiation 

Polycyclic aromatic hydrocarbons 

Ultraviolet radiation (sunlight) 

Chemotherapeutic agents 
anesthetic gases 


Chlorinated hydrocarbon solvents 
lonizing radiation 


Environmental tobacco smoke (ETS) 
Mercury 


Lead 


USE OCCUPATION INDUSTRY 


Chlor-alkali workers (electrolytic production of chlorine 
and caustic soda), manufacturing mercury-containing 
instruments, fungicide users, topical antiseptics* 

Anesthesiologists, nurses 

Rocket fuels 

Mechanics, degreasers, dry cleaners, plastics industry, 
solvents 

Match production (historical); military exposures 

Epoxy resins 


Explosives 

Textile workers 

Solvents, chemical manufacturing 

Painters 

Smelting lead, copper, gold, others; arsenical pesticides; 
coal burning, leather tanning, pesticides 

Chemical intermediate 

Solvent 

Explosives 


Beryllium extraction and processing; aircraft and 
aerospace industries; electronics and nuclear 
industries; jewelers 

Copper smelting, production workers 

Smelting lead, copper, gold, others; arsenical pesticides; 
coal burning, leather tanning, pesticides 

Polyvinyl chloride industry 


Rocket manufacturing 


Herbicide use (probably due to TCDD contaminant) 
Electrical transformer insulators 

As above 

Metalworkers, mechanics 

Refinery workers, highway workers 

Fry cooks 


Solvent users, metalworkers, mechanics 
Health care workers, food workers 


Water treatment, pool workers 

Inks, dyes, paints, corrosion inhibitors 

Epoxy resin manufacturers 

Formaldehyde workers, pathologists, deniers, morticians 
Beauticians, rubber workers, rubber workers 

Outdoor workers 


Smelting lead, copper, gold, others; arsenical pesticides; 
coal burning, leather tanning, pesticides 

Radiologists; technologists; nuclear workers; radium-dial, 
painters; plutonium workers; claenup workers 
following nuclear accidents; aircraft crew 

Coal tar workers, petroleum products, chimney sweeps 

Outdoor workers 


Health care workers, nurses, anesthesiology 


Solvent users 

Radiologists; technologists; nuclear workers; radium-dial, 
painters; plutonium workers; cleanup workers 
following nuclear accidents 

Bartenders, waitresses, etc.; other workers exposed to ETS 

Chlor-alkali workers (electrolytic production of chlorine 
and caustic soda), manufacturing mercury-containing 
instruments, fungicide users, topical antiseptics* 

Lead-acid battery, HAZMAT site cleanup, automobile 
radiator repair, lead reclamation, soldering 
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Occupatinal Illnesses, Selected Associated Agents, and Associated Uses and Occupations and 





Industries! ™*—(Cont’'d) 
ILLNESS 


AGENT 


Male reproductive Carbon disulfide 
toxicants 
Dibromochloropropane (DBCP) 


lonizing radiation 


Lead 


Pesticides (chlordecone, carbaryl, 2,4-D, 


ethylene dibromide) 


USE OCCUPATION INDUSTRY 


Viscose rayon workers,* rubber industry workers, 
chemical intermediate 

Nematocide users, applicators; DBCP production workers 

Radiologists; technologists; nuclear workers; radium-dial, 
painters; plutonium workers; cleanup workers 
following nuclear accidents; aircraft crew 

Lead-acid battery, HAZMAT site cleanup, automobile 
radiator repair, lead reclamation, soldering 

Farmers, pest control applicators 


*Many of the chemicals/toxicants may no longer be used or manufactured in the United States but still are in common use in other parts of the world. 
U.S. industries with modern IH practices have limited or eliminated many exposures to industrial toxicants, but workers in developing nations may 


remain at substantial risk. 


iHazardous Substances Database (HSDB). Available at: http://toxnet.nlm.nih.gov/. 
liMcCunney RJ (ed): A Practical Approach to Occupational and Environmental Medicine, 3rd ed. Philadelphia, Lippincott Williams & Wilkins, 2003. 
iiRom WN (ed): Environmental and Occupational Medicine, 3rd ed. Philadelphia, Lippincott-Raven, 1998. 


VZenz C (ed): Occupational Medicine, 3rd ed. St. Louis, Mosby, 1994. 


YLaDou J (ed): Occupational and Environmental Medicine, 3rd ed. New York, Mc Graw-Hill, 2004. 
viSiemiatycki J, Richardson L, Straif K, et al: Listing occupational carcinogens. Environ health Perspect 2004;9112(15):1447-1459. 
viiLeikin JB, Davis A, Klodd DA, Thunder T, et al: Selected topics related to occupational exposures. Part IV. Occupational liver disease. Dis Mon 


2000;46(4): 295-310. 


ALI, acute lung injury; AML, acute myelogenous leukemia; ARDS, adult respiratory distress syndrome; BOF, bronchiolitis obliterans fibrosa; G6PD, 
glucose 6-phosphate dehydrogenase; IARC, International Agency for Research on Cancer; IIA, irritant-induced asthma; MDI, methyl diphenyl 
diisocyanate; MI, myocardial infarction; PCB, polychlorinated biphenyl; PTFE, polytetrafluoroethylene; PVC, polyvinyl chloride; RADS, reactive 
dysfunction airway dysfunction syndrome; SMFA, sodium monofluoracetate; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TDI, toulene diisocyanate. 
Chart adapted from Holland MG: The critically poisoned worker. In Brent J, Wallace KL, Burkhart KK, et al (eds): Critical Care Toxicology. St. Louis, 


Mosby, 2005, used with permission. 





sciousness. Numerous volatile hydrocarbons, both aliphatic 
and aromatic, as well as halogenated hydrocarbons, can 
have general anesthetic effects when inhaled, leading to 
CNS depression and even to coma in high doses. Lower 
doses cause dizziness, lightheadedness, or a drunk or 
“high” feeling. Chemical asphyxiants cause CNS depres- 
sion by interfering with oxygen transport or utilization 
(discussed previously). 

Peripheral neuropathies can be induced by n-hexane 
and methyl n-butyl ketone, which share the common 
toxic metabolite 2,5-hexanedione. This effect is poten- 
tiated when these hexacarbons exist in mixtures 
containing MEK. Acrylamide monomer can induce both 
CNS effects in high concentrations and a peripheral 
neuropathy following an acute high-dose exposure or 
chronic exposure. These hexacarbons, as well as carbon 
disulfide, ethylene oxide, and heavy metals (arsenic, 
thallium, lead, mercury), are commonly cited as causes 
of peripheral neuropathy. Certain organic phosphorus 
compounds (e.g., tri-ortho cresyl phosphate) can induce 
peripheral neuropathy through inhibition of the enzyme 
neuropathic target esterase, which is independent of its 
acetylcholinesterase inhibition. 


Reproductive Toxicology 


Few toxicants have been definitively shown to adversely 
affect female reproduction, mainly because few have 
been adequately investigated. Those that have shown 
strong associations with an increased incidence of spon- 


taneous abortions are environmental tobacco smoke, 
ionizing radiation, chemotherapeutic agents, mercury, 
and lead. In addition, chlorinated hydrocarbon solvents, 
anesthetic gases, and chemotherapeutic agents have 
been associated with birth defects. 

There exists slightly more evidence for male 
reproductive toxicants. The most notable historically 
is dibromochloropropane (DBCP), a nematocide. DBCP 
production workers developed dose-dependent decreased 
sperm counts, with azoospermia in the highest exposure 
groups. Lead can cause oligospermia and decreased libido. 
Other reproductive toxicants include carbon disulfide, 
ionizing radiation, and other pesticides (chlordecone, 
carbaryl, 2,4-D, ethylene dibromide). 


LABORATORY EVALUATION 


The current role of the clinical laboratory in the medical 
management of industrial poisoning is to help provide 
effective supportive care (e.g., arterial blood gases, 
acid—base status, complete blood count). Blood and urine 
levels of most occupational toxicants are not available 
acutely and are used primarily to document exposures. 
Some are obtained as mandatory medical monitoring and, 
if elevated to a certain level, may require medical removal 
from further exposure. Twenty-four-hour urine collections 
and blood levels for some metals can guide the need for 
chelation therapy. Elevated BEIs can indicate over- 
exposure in the workplace, or improper use of PPE. 
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Internet Sources of Information on Toxicologic Properties of Various Chemical Agents 


WEBSITE COMMON 


INTERNET SERVICE NAME WEB ADDRESS DESCRIPTION 
Toxicology Data TOXNET http://toxnet.nim.nih.gov Allows searching of nine different databases below 
Network all at once 
The following databases 
are all included in 
TOXNET and can be 
searched individually 
or simultaneously 
via TOXNET. 
Hazardous HSDB http://toxnet.nim.nih.gov/ Included in TOXNET search; broad scope in human 
Substances cgi-bin/sis/htmlgen?HSDB and animal toxicity, safety and handling, 
Data Bank environmental fate, and more. Scientifically 
peer-reviewed. 
Integrated Risk IRIS http://toxnet.nim.nih.gov/ Data from the EPA in support of human health risk 
Information System cgi-bin/sis/htmlgen? IRIS assessment, focusing on hazard identification and 
dose-response assessment. 
International Toxicity ITER http://toxnet.nim.nih.gov/ Provides chemical risk information from authoritative 
Estimates for Risk cgi-bin/sis/ntmlgen?iter groups worldwide (EPA, ATSDR, Health Canada, 
IARC, etc.) peer-reviewed. 
Genetic Toxicology Gene-Tox http://toxnet.nim.nih.gov/ Peer-reviewed mutagenicity test data from the EPA 
(Mutagenicity) cgi-bin/sis/htmlgen? 
GENETOX 
Chemical CCRIS http://toxnet.nim.nih.gov/ Carcinogenicity, mutagenicity, tumor promotion, 
Carcinogenesis cgi-bin/sis/ntmlgen?CCRIS and tumor inhibition data from the National 
Research Cancer Institute 
Information System 
Toxicology Toxline http://toxnet.nim.nih.gov/ Biochemical, pharmacologic, physiologic, and 
Bibliographic cgi-bin/sis/htmlgen? toxicologic effects of drugs, chemicals 
Information TOXLINE 
Developmental and DART/ETIC http://toxnet. nlm.nih.gov/ Current and older literature on developmental and 
Reproductive cgi-bin/sis/htmlgen? reproductive toxicology 
Toxicology and DARTETIC 
Environmental 
Teratology 
Information Center 
Toxica Release TRI http://toxnet.nim.nih.gov/ Annual estimated releases of toxic chemicals to the 
Inventory cgi-bin/sis/ntmlgen? TRI environment—EPA’s TRI (Toxics Release Inventory)— 
reporting years, 1995-2000. 
Chemical ChemIlD plus http://chem.sis.nim.nih.gov/ Numerous chemical synonyms, structures, regulatory 
Identification Plus chemidplus/chemidlite.jsp list information, and links to other databases 
containing information about the chemicals. 
Haz-Map Haz-Map http://nazmap.nim.nih.gov/ Chemicals and biologic agents in Haz-Map are linked 
to industrial processes and other activities such as 
hobbies. Occupational diseases and their symptoms 
are associated with hazardous job tasks and possible 
exposure to hazardous agents. 
MSDS online MsDSonline http://www.msdsonline. On-line access to millions of MSDS 
com/ 
Agency for Toxic ATSDR ToxFAQ http://www.atsdr.cdc.gov/ Series of summaries about hazardous subtances 


Substances and 
Disease Registry 
Agency for Toxic 
Subtances and 
Disease Registry 


National Pesticide 


Information Center 


New Jersey 
Department of 
Health 


ATSDR toxicologic 
Profiles 


NPIC 


Hazardous 
Substances Fact 
Sheets 


EPA, U.S. Environmental Protection Agency. 


toxfag.html 


http://www.atsdr.cdc.gov/ 
toxpro2.html 


http://npic.orst.edu/ 


http://www.state.nj.us/ 
health/eoh/rtkweb/ 
rtkhsfs.htm 


developed by the ATSDR Division of Toxicology 


ATSDR produces “toxicologic profiles” for hazardous 
substances found at National Priorities List (NPL) 
sites.Ranked based on frequency of occurrence at 
NPL sites, toxicity, and potential for human 
exposure. 

Developed from a priority list of 275 substances. 

Cooperative effort between Oregon State University 
and the EPA, offers objective, science-based 
pesticide information 

Brief fact sheets containing physical, chemical, 
toxicologic, and medical data on hundreds of 
substances 





Acutely, some tests are helpful after inhalation 
exposures to toxic gases, such as carboxyhemoglobin 
and methemoglobin levels. Whole blood lead levels can 
often be obtained acutely, and guide therapy. Central to 
the evaluation of pulmonary problems are chest radio- 
graphy and pulmonary function testing. Radiography 
may reveal aspiration pneumonitis, noncardiogenic 
pulmonary edema, pleural effusions, or interstitial fibrosis. 
High-resolution computed tomography of the chest is 
more sensitive in detecting subtle opacities in many 
occupational lung diseases, such as hypersensitivity 
pneumonitis (HP), coal worker’s pneumoconiosis 
(CWP), and other pneumoconioses. A xenon ventilation- 
perfusion lung scan may be useful in patients with 
suspected inhalation injury. 

Electrocardiography is neither very sensitive nor 
specific for diagnosing occupational exposures or 
illnesses. Chemical asphyxiants or arsenic may produce 
an ECG picture of myocardial ischemia by interfering 
with cellular respiration, and the ECG may reveal 
ischemic changes. Both arsine and antimony have 
been associated with abnormalities of the T waves. 
Overexposure to phosphorous, hydrofluoric acid (due to 
subsequent hypocalcemia), or arsenic can cause QT- 
segment prolongation. 


INFORMATION SOURCES 


The clinician is often faced with incomplete toxicologic 
data on which to base treatment. If adequate infor- 
mation on the toxic agent is not available on site or from 
the manufacturer, the nearest poison control center 
should be contacted once the chemical has been 
identified. Poison control centers rely on a wide variety 
of information sources and specialty consultants to assess 
toxicity and can offer treatment advice. The Regional 
Poison Control Center can be accessed by the national 
toll-free number at 1-800-222-1222. 

There is no comprehensive database available any- 
where that will have information on every chemical that 
is in commercial use. Information on the toxicologic 
properties of chemical agents is available in various 
forms and from various agencies and organizations. 
Therefore, the clinician should be familiar with the 
readily available sources of information for chemicals 
and how to readily access them. Table 82-3 lists useful 
websites that have information regarding toxicologic 
properties of various agents. 


SUMMARY 


Legislative measures, such as the Toxic Substances 
Control Act of 1976, alone may not be sufficient to 
reduce occupational disease significantly. Millions of 
chemicals exist, about 70,000 chemical substances are in 
common use, and several hundred new compounds are 
added by industrial processes each year. Unpredicted 
health hazards from new processes continue to emerge, 
and “well-known” occupational exposures still escape 
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surveillance and control. As a result, any patient 
presenting with an unusual symptom or group of 
symptoms should always prompt suspicion of an 
occupationally related disease. A systematic approach to 
recording the occupational history serves as a guide to 
discovering a specific toxic exposure that may be the 
cause of the presenting symptoms. Even when such a 
history is unavailable, a thorough physical examination 
and initial laboratory analysis may suggest a toxidrome 
that can lead the clinician to an early toxicologic 
diagnosis. 

The predominant route of exposure to toxicants in 
the occupational setting is through inhalation. Irritant 
gases, metal dusts or fumes, and chemicals of extreme 
pH or reactivity may produce mucosal damage to the 
respiratory tract. The location of injury depends on 
the water solubility and particle size of the substance. 
The highly water-soluble gases—ammonia, hydrogen 
chloride, and hydrogen fluoride—dissolve readily in the 
moisture associated with the mucous membranes of the 
eyes, nose, and upper respiratory tract. Inflammation, 
ulceration, edema, and necrosis may acutely obstruct the 
upper airway. Recovery may be incomplete, and reactive 
airways dysfunction syndrome, also known as zrritant- 
induced asthma, may result. Gases with a low solubility in 
water, such as ozone, nitrogen dioxide, and phosgene, 
reach the lower airway and can produce acute lung 
injury pneumonitis and pulmonary edema. Potential late 
effects from the inhalation of these substances include 
bronchiolitis obliterans fibrosa, bronchiectasis, chronic 
bronchitis, and varying degrees of pulmonary fibrosis. 

Most respiratory irritants are gases or vapors, but they 
may also exist as particulates (e.g., mist) or may be 
absorbed onto particulates (e.g., sulfur dioxide).*° The 
particle size largely determines the extent of accessibility 
to small airways. Particles measuring between 1 and 5 um 
can reach the alveoli. Phneumoconiosis is the result of 
chronic exposure to dusts (e.g., asbestos) and leads to 
the development of fibrorestrictive disease. Systemic 
absorption of inhaled occupational toxicants can lead to 
effects on many other organ systems. 

Occupational dermatoses are the most common 
occupational diseases, with irritant contact dermatitis 
and allergic contact dermatitis predominating. Dermal 
absorption can also lead to systemic poisoning, especially 
with certain toxicants such as phenol, hydrofluoric acids, 
and pesticides. Table 82-2 lists some common occupa- 
tional illnesses and their causative agents seen in various 
industrial and occupational settings. 
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At a Glance... 


m Environmental exposure pathways include the ambient air, 
water, dust, soil and other solids, and other living organisms. 

m In situations of chemical environmental contamination, an 
obvious and clearcut relationship of an exposure and a health 
impact is relatively uncommon. 

m When the health impact of an environmental exposure is 
unclear, public health and environmental authorities are the 
clinician's best source of guidance. 

m Risk assessment is the process used to determine the 
relationship between toxicant exposure and the development of 
adverse health effects. 

m Risk assessment requires: (1) identification of the hazard; (2) 
assessment of the toxicity of the hazard (e.g., dose-response 
relationship); (3) characterization of the exposure of the 
population; and (4) characterization of the risk (e.g., risk 
quantification). 

m Risk management includes plans to separate people from the 
substances that may harm them. 

m Certain federal agencies have developed standards for 
nonoccupational exposure limits, which represent an estimated 
daily human exposure below which there is a minimal risk for 
developing adverse health effects. 

m Knowledge of the various environmental and public health 
agencies and their responsibilities can facilitate the care of 
patients exposed to environmental contaminants. 


Environmental toxicology is the study of adverse effects 
that occur in living organisms from exposure to 
hazardous substances or pollutants in the surrounding 
ecosystem. The impact of these chemicals on human 
health is one focus of this discipline. Environmental 
toxicology is defined by context and not by a specific set 
of toxicants or agents. Toxicology is “environmental” by 
virtue of the routes, doses, and contexts underlying the 
exposures. Generally, the term environmentalis applied to 
exposures that occur outside the workplace and in the 
area where a patient lives. Exposures are usually either 
unavoidable or difficult to avoid. 

The concept of environmental toxicology as it relates 
to humans may be more easily understood from 
examples: Exposure to silica dust in a facility specializing 
in finishing quarried stone would be considered 
“occupational” rather than environmental, since the silica 
in inspired air can be reduced by adequate personal 
protective equipment, by a change in work practices, by 
relocating workers, or by other means. Indeed, one can 
avoid the exposure entirely by choosing other employ- 
ment. On the other hand, the airborne mercury exposure 
of populations located downwind of coal-fired power 
plants is not easily controlled by the individual. Likewise, 
where arsenic is present in higher than recommended 


levels in finished drinking water or polychlorinated 
biphenyls (PCBs) are present in fish sold for human 
consumption, these are exposures in a person’s physical 
surroundings or environment. 

Environmental media or exposure pathways include 
all of the principal classes of substances with which 
people regularly come in contact and which may convey 
environmental toxicants. These media include the 
ambient air (both indoor and outdoor), recreational 
water and drinking water, dust, soil and other solids, and 
other living organisms. Food and drink should be 
considered environmental media unless the toxins or 
toxicants they may contain are sufficiently familiar for 
them to be easily identified and avoided. For example, it 
is possible to avoid exposure to nicotine and to the 
carcinogens in cigarettes or to abstain from ingestion of 
ethanol in beer and other alcoholic beverages. Rarely, 
the clinical, social, and political contexts concerning 
certain parenteral exposures allow them, too, to be 
considered “environmental.” Recent concerns about 
thimerosal in pediatric vaccines fall into this category.! 


HISTORY 


Environmental health in the United States arose as an 
active field of endeavor in the 19th century. Indeed, it 
was the principal component of public health during 
that era. However, early environmental health was 
concerned primarily with the control of infectious 
diseases. The field was based on the work of such scientists 
as Joseph Lister, who used disinfectants (carbolic acid 
or phenol) in medical procedures to decrease the 
incidence of (and mortality from) wound infection and 
sepsis.” In 1854, another leader in the environmental 
control of infections, John Snow, interrupted transmission 
of cholera in London by identifying and restricting 
access to a source of contaminated drinking water.’ 

Based on the work of these and many other public 
health leaders, the “sanitary revolution” of the late 19th 
and early 20th centuries transformed the spectrum of 
health and disease in Europe and North America, 
resulting in substantial decreases in the deaths of 
newborns and infants from diarrhea and consequent 
dehydration.* The availability of pure drinking water was 
a major contributor to the dramatic increases in overall 
life expectancy that occurred during this period. 

The possible admixture of toxic substances into food, 
water, and other ingested products has caused public 
concern since at least the early 20th century. After World 
War II, however, the continuing increase in the industri- 
alization of North America and the burgeoning use of a 
wide variety of chemical products brought noninfectious 
environmental problems to the forefront. Chemical 
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pollution generated increased concern about water 
quality. Air pollution, previously a safety concern in the 
workplace, became a major health concern in the 
general environment, although concerns about outdoor 
and indoor air differed. By the late 1970s, the docu- 
mentation of many instances of extensive land and soil- 
surface pollution from highly toxic substances located in 
close proximity to residential areas (as occurred at Love 
Canal in Niagara Falls, New York) generated worry about 
human proximity to highly toxic environmental solids. 


CLINICAL CONSIDERATIONS 


Situational Factors 


The special considerations pertaining to toxicants found 
in the environment are most relevant to physicians 
attending or consulting on individual cases in two broad 
sets of circumstances: 


1. Active Community Discussion. There may be ongoing 
discussions and concern in the larger community or 
region about a particular environmental exposure or 
set of exposures. Such concerns may or may not 
represent a realistic view of the risks involved. 

2. Individual Concern. Fears about the consequences of 
a particular exposure or perceived exposure may be 
patient specific and independent of any particular 
community concern about the environment. Patients 
develop such concerns (a) on their own, (b) based 
on interactions with other health practitioners, (c) 
based on findings of laboratories specializing in 
biomonitoring of various substances, or (d) based on 
their interactions with advocacy groups. 


Under any of these sets of circumstances, the physician 
should be mindful of the broader set of societal issues 
that likely constitute the patient’s frame of reference. 
Where an active community discussion exists about a 
specific environmental exposure or set of exposures, 
there are typically broader social, economic, and political 
forces at work. For example, concerns about decreased 
residential property values may energize assertions of a 
negative health impact. On the other hand, the threat to 
bottom line corporate profits may lead a company to 
disclaim responsibility for any illness. The practitioner 
should be aware that assertions made on either side of an 
environmental debate often lack clear-cut scientific 
support. 

To the extent possible, the physician should deter- 
mine the patient’s individual relationship to these larger 
processes. He or she should attempt to understand how 
community concerns of all types may serve as stressors or 
otherwise influence the clinical presentation at hand. 
It is particularly important for the physician not to 
prejudge the medical importance of the presenting com- 
plaints. A relationship of the symptoms to an environ- 
mental exposure should not be assumed, nor should it 
be summarily discounted. The diagnostic workup should 
involve a careful history and physical examination, with 
due weight given to all reasonably possible causes of the 
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presenting symptoms, whether or not they relate to the 
community concerns about the environment. 

Nor should the clinician assume that the lay press 
has described a possible environmental exposure or 
the type(s) of environmental contamination either 
accurately or completely. Press stories may be unduly 
influenced by the unverified assertions of interested 
parties. Where specific data about the environment are 
needed to properly evaluate the patient, the physician 
should contact the relevant public health officials or 
environmental authorities who will likely have detailed 
and reliable information. 


Clear-cut Exposures 


There are few doubts about the clinical status of patients 
who present with a typical history of an exposure and 
matching clinical findings. However, in situations of 
chemical environmental contamination, an obvious and 
clear-cut relationship of an exposure and a health impact 
is relatively uncommon. It occurs, for example, in the 
context of abrupt releases of toxic environmental 
contaminants causing familiar syndromes with short 
latencies (e.g., the abrupt onset of respiratory findings 
following chlorine gas exposure due to derailment and 
rupture of a chlorine-containing tanker car). At such 
times, the authorities responsible for handling acute con- 
tamination events should convey information regarding 
the nature of the contamination to local health care 
providers. The means for this notification should be 
written into local emergency management plans. Ideally, 
local environmental officials will communicate this 
information to departments of public health and to 
relevant health care organizations, including those 
responsible for emergency medical services and also to 
the directors of poison control centers in the affected 
areas. If they do not receive information about the 
exposure through their hospitals or health care organi- 
zations, clinicians may wish to contact environmental or 
public health officials directly in an emergency. 

Less commonly, typical illness from an environmental 
exposure will emerge over a period of days to weeks (or 
even months) as an ongoing intoxication epidemic comes 
to medical attention. Such retrospective identification of 
an environmentally mediated epidemic occurred in the 
eosinophilia-myalgia syndrome episode that occurred in 
the United States in 1989.° More recently, hundreds of 
residents of Libby, Montana, who did not necessarily 
have any direct occupational exposure to asbestos were 
found to have clinical findings consistent with asbestosis, 
apparently from exposure to asbestos-containing mineral 
tailings distributed widely throughout the community.’ 


Poorly Defined Exposures 


Because of the evident danger to people potentially 
affected by the environmental exposures with a clear-cut 
etiologic and demonstrable health impact, such occur- 
rences are typically treated as emergencies. The immediacy 
of an unambiguous threat prompts an unequivocal call 
for environmental remediation and for appropriate 
treatment or management of affected persons. 


Commonly, however, the health impact of environ- 
mental exposures is less clear. Whether a putative envi- 
ronmental toxicant is capable of causing the reported 
health complaints may be at issue. Alternatively, there 
may be questions as to whether a dose sufficient to cause 
the health effects has actually reached the population 
that is potentially at risk. There may be inconsistent or 
contradictory data or assertions regarding the nature of 
the health impact at a population level. In these and 
similar circumstances, the appropriate clinical approach 
to individual patients may be unclear, especially if expert 
opinion is divided as to whether there are sufficient data 
of the kinds required to infer a causal link (see Chapter 
82). Again, public health and environmental authorities 
are the clinician’s best source of guidance. 


Roles of Clinical Toxicologists 


With increasing frequency, clinical toxicologists also 
function as public health officials and may have to balance 
the competing demands of clinical work and public 
health. The American College of Medical Toxicology has 
designated particular individuals as points of contact and 
referral into the medical toxicologic community for 
situations in which environmental and health authorities 
in government need specific clinically based advice. 
Currently, at least two states (Iowa and Pennsylvania) 
have given specific physicians the title of State Medical 
Toxicologist. In some states, entire poison control 
centers operate in an official or quasi-official manner, 
representing state, local, or regional health authorities. 

Clinical toxicologists filling these roles must be aware 
that public health officials’ responsibilities differ some- 
what from those of their clinical colleagues. Public 
health organizations serve the community as a whole, 
whereas clinical toxicologists typically act on behalf of 
their specific patients. Nevertheless, supporting clinical 
health care professionals is one of the most important 
duties of public health officers. Clinicians require—and 
should expect public health officials to provide—up-to- 
date and accurate information about environmental 
exposures that may affect their patients. 

Clinicians’ primary concerns are individual patients, 
on whose behalf they must advocate. Where available 
information is inadequate for clinical decision making or 
for optimal clinical care, they can and should advocate 
for better information to be obtained or developed. 
Although clinicians will be best served if they understand 
the constraints and context within which public health 
officials operate, they should not necessarily accept those 
limitations as their own. Where necessary for the benefit 
of their patients, clinicians should advocate for further 
studies and for the means to care properly for patients who 
may have been affected by environmental contamination. 

Clinicians also have a duty to oppose the practices of 
providers and laboratories that exploit current fears 
regarding environmental contamination. For example, 
some practitioners use chelating agents extensively with 
neither a recognized indication nor a proper basis in 
scientific theory that would stand up to careful scrutiny. 
When such agents are used for extended periods, they 
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may be harmful. The overuse of chelating agents and 
other similar excesses in medical practice tend to 
undercut the trust of both the public and the medical 
community in clinical toxicologists who undertake a 
more judicious and scientifically based approach to the 
assessment and treatment of the health impacts of 
environmental agents. 


BACKGROUND FOR THE CLINICAL 
ENCOUNTER 


Formal Approach to Risk 


In the years following World War II, the U.S. public 
became sensitized to the potential dangers of long-term 
low-dose exposure to the many new chemicals being 
developed, manufactured, and introduced into commerce. 
Repeated announcements warning of pesticides in food, 
pollutants in the air, chemical contaminants in drinking 
water, and toxicants emanating from hazardous waste 
sites generated increasing levels of concern. In particular, 
the likelihood emerged—now well established—that 
environmental chemicals could cause cancer. The practical 
expression of this concern was legislation to limit the 
exposure of people to potential chemical carcinogens. 
The landmark “Delaney clause,” enacted within the Food 
Additive Amendments of 1958, forbade the use in food 
of any additives that were “known to cause cancer.” 

Implementation of the Amendment was complicated 
by the fact that established and accepted procedures for 
distinguishing carcinogens from noncarcinogens did not 
exist. Nevertheless, following Delaney, science and law 
developed in parallel. In vitro and in vivo tests were 
devised to identify and characterize carcinogens. Based 
on these tests, regulations were devised, applied, and tested 
in the courts. Over time, a process for characterizing the 
danger posed by specific chemicals, now called risk 
assessment, was developed. The steps involved in both 
assessing and managing environmental risk are dia- 
grammed in Figure 83-1. 





Hazard 
indentification 






Exposure 
assessment 






Risk 
assessment 


Dose-response 
assessment 
Risk characterization 


Risk management 


Risk 
management 


Extrinsic 
concerns 


FIGURE 83-1 Outline of current procedures for risk assessment 
and risk management in regulatory toxicology. 
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As currently conceived, risk assessment involves the 
identification of a hazard and then an assessment of the 
likely human dose response for the impact of concern 
(e.g., cancer). Hazard toxicity assessment also includes 
an attempt to identify the threshold dose, or dose below 
which no adverse effect is observed. Unfortunately, 
human data are often insufficient, particularly for 
assessing dose response. Thus, animal studies are required. 
Procedures have been developed for extrapolation of 
animal findings to human beings and are widely used. In 
addition, the risk estimate derived from animal data is 
modified by uncertainty factors. The final risk assessment 
must also include a detailed assessment of the exposure. 
The magnitude, frequency, duration, and routes of 
exposure have a significant impact on the risk assess- 
ment. The final risk characterization, which is based on 
toxicity and exposure assessments, is a quantitative 
estimate of the health risk of the hazard. Risk manage- 
ment decisions are made from the results of the risk 
characterization and other factors. 

Of the current sources of systematic reviews and expert 
judgments on the carcinogenic potential of particular 
chemical exposures, three stand out: 


1. The International Agency for Research on Cancer 
(IARC), an arm or the World Health Organization 
(WHO) 

2. The Report on Carcinogens (ROC), the development 
and revisions of which are staffed by the National 
Toxicology Program (NTP) of the National Institute 
for Environmental Health Sciences (NIEHS)? 

3. The Integrated Risk Information System (IRIS) of 
the U.S. Environmental Protection Agency (EPA). 


There are certain features common to each of the three 
programs.!? Although the procedures differ for each, all 
three sources periodically update their conclusions to 
take into account new information. 

The current model for regulating both cancer and 
other risks maintains a strict distinction between actual 
management of the risk (actions taken) and assessment 
of the risk itself (see Fig. 83-1). Risk management deci- 
sions involve more than the mere fact or level of risk. In 
addition, there are logistical, economic, and political 
considerations. Certain ways of tackling a pollution 
problem may be more likely than others to succeed. 
Community values enter into risk management, because 
some solutions to environmental contamination may 
be unacceptable to the communities involved. Other 
aspects of public policy, such as overall land use plans 
and competing needs for resources, may also modify the 
actions taken. 

Risk management decisions, in their essence, are 
plans to separate people from the substances that may 
harm them. This may be done in several ways. Removing 
or relocating the hazard is generally the most desirable 
plan from the point of view of those affected. However, it 
is frequently expensive. Polluting industries, hazardous 
wastes, and other foci of environmental concern are not 
very mobile. Thus, techniques to isolate the hazard or 
diminish the intensity of exposure are used. This may 
involve the improvement of industrial pollution controls, 
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barriers to prevent the spread of noxious substances in 
air and water, or other means. An extreme measure 
available to the risk manager is the relocation of an 
entire community. At Love Canal, an exposure situation 
described in more detail below, many houses were 
bought so that the owners could move out. At Times 
Beach, Missouri, the entire town was bought from its 
owners by the federal government as a risk management 
measure. The relocation of large numbers of people (or 
of entire communities) is disruptive to community life 
and extremely expensive and is a last resort. 


Occupational Exposure Limits 


In 1946, the American Conference of Governmental 
Industrial Hygienists (ACGIH) published its first list of 
148 exposure limits. In 1956, the ACGIH adopted the 
term threshold limit values for chemical substances (TLV- 
CS).!! Currently, seven U.S. organizations publish and 
maintain systematic guidance on toxicant exposures on 
the basis of which the risk for adverse health effects from 
specific hazardous substances can be assessed. Measure- 
ments of occupational exposures are commonly compared 
with one or more of three sets of criteria: 


1. Permissible exposure limits (PELs), established by 
the Occupational Safety and Health Administration 
(OSHA) !? 

2. Recommended exposure limits (RELs), established 
by the National Institute for Occupational Safety and 
Health (NIOSH) !° 

3. TLVs, established by the ACGIH'* 


In general, workers’ risks for experiencing adverse 
health effects are increased to the extent that their levels 
of exposure exceed published criteria or standards (see 
also Chapter 82). The activities of these organizations 
are described in detail below. 

The goal of the criteria for workplace exposures 
established by these organizations is to prevent adverse 
health effects in most workers exposed up to 10 hours 
per day, 40 hours per week for a working lifetime. The 
emphasis is on a “most workers” basis; the limits are not 
formulated to protect highly sensitive individuals. Thus, 
some small proportion of workers may be adversely 
affected despite adherence to the guidelines. Individual 
susceptibility, preexisting medical conditions, prescription 
or illicit drug use, and/or hypersensitivity (allergy) are 
often cited as examples of factors increasing the 
susceptibility of workers and leading to toxicity. 

To facilitate access to information on occupational 
exposure limits and supporting material, NIOSH publishes 
numerous documents and databases that may be useful 
to clinical toxicologists. Current Intelligence Bulletins, 
Criteria Documents, and NIOSH Alerts all highlight the 
current state of knowledge of various chemical and 
physical toxins. The NIOSH Pocket Guide to Chemical Hazards 
is a comprehensive listing of general industrial hygiene 
information on several hundred chemicals and chemical 
classes for workers, employers, and occupational health 
professionals. Detailed information about chemical 
exposures may be found in the U.S. version of NJOSH’s 


International Chemical Safety Cards and the Occupational 
Safety and Health Guidelines for Chemical Hazards. 
Occupational exposure limits are sometimes used in 
the evaluation of community environmental hazards, in 
part because there are many potential toxicants for 
which occupational exposure guidance is available but 
on which guidance on exposures of the general pop- 
ulation is lacking. Although sometimes unavoidable, 
there are pitfalls to this practice because the general 
population has many more sensitive individuals than the 
typical workplace. Moreover, a higher level of safety is 
typically required. Limits for occupational exposure are 
suggested maximum levels of exposures based on an 8- 
to 10-hour time-weighted average workday exposure, 
designed only to protect an ideal “normal, healthy adult.” 


Nonoccupational Exposure Limits 


Certain federal agencies have developed standards for 
exposures in nonoccupational environments. Like 
occupational exposure standards, the nonoccupational 
exposure limits represent an estimated daily human 
exposure below which there is a minimal risk for 
developing adverse health effects. Where sufficient 
human exposure data do not exist to establish exposure 
limits for a given toxicant, they are typically based on 
animal studies using a no observed adverse effect 
level/uncertainty factor (NOAEL/UF) approach. Test 
animals are exposed to varying concentrations of a 
toxicant by different routes and over varying periods in 
order to identify the organ and lowest threshold for 
toxicity in the most sensitive organ. This level is called 
the lowest observable adverse effect level (LOAEL). At 
some exposure level below this, there will be a level at 
which there is no evidence of an adverse effect, the no 
observable adverse effect level (NOAEL). Once a NOAEL 
has been determined among test animals, a standard set 
of calculations and decision making are used to derive an 
initial exposure limit based on the NOAEL. To assure 
protection of vulnerable subpopulations of people (e.g., 
infants and the elderly) and to account for other points 
of uncertainty (e.g., establishing a value for the pro- 
tection of humans on the basis of animal data), the initial 
NOAEL-based value may be decreased by (divided by) 
one or more uncertainty factors with values of from 2 to 
10, inclusive. Thus, the final value of the minimal risk 
level (MRL) is often as much as two orders of magnitude 
lower than the NOAEL.!® 

Because of slight differences in their procedures, the 
different agencies use different terms for their exposure 
limits. The Agency for Toxic Substances and Disease 
Registry (ATSDR) derives MRLs. The EPA develops ex- 
posure limits termed the reference dose (RfD) for oral 
exposures and the reference concentration (RfC) for air. 
The FDA’s guidance values are termed action levels. 


FEDERAL AGENCIES 


Because of the number of persons involved, significant 
environmental exposures frequently involve environ- 
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mental and public health authorities, and clinicians 
should expect to deal with them. At the very least, 
clinicians will need to understand their deliberations 
and pronouncements. Interactions with environmental 
and health authorities can be greatly facilitated by a 
working knowledge of the various agencies (particularly 
the federal agencies) with responsibilities in the field. 
Moreover, an understanding of the procedures followed 
by these agencies, together with knowledge of their 
historical underpinnings, assists in comprehension, 
allowing the clinician to serve both (1) as interpreter of 
government agencies’ actions for his or her patients and 
(2) as effective advocate on behalf of patients to the 
government agencies involved. 

U.S. environmental public health at the federal level 
is divided into various functional components and falls 
under the jurisdictions of a number of departments and 
agencies. These include the Departments of Health and 
Human Services (DHHS), Labor (DOL), and Agriculture 
(USDA), as well as several independent agencies, 
including the EPA and the Consumer Product Safety 
Commission (CPSC).* 


Environmental Protection Agency 


On July 9, 1970, President Richard Nixon submitted to 
Congress plans to establish the EPA.!’ As the principal 
“watchdog” of the nation’s environment, the EPA is 
responsible for both shaping and enforcing the environ- 
mental laws enacted by Congress. The EPA oversees 
compliance with a lengthy list of laws and regulations 
written to fulfill them. Among the most important environ- 
mental laws protecting human health and overseen by 
the EPA are: 


National Environmental Policy Act of 1969 

Clean Air Act (CAA, 1970) 

Federal Insecticide, Fungicide, and Rodenticide Act 
(FIFRA, 1972) 

Safe Drinking Water Act (1974) 

Toxic Substances Control Act (1976) 

Resource Conservation and Recovery Act (RCRA, 
1976) 

Clean Water Act (1977) 

Comprehensive Environmental Response, Compen- 
sation and Liability Act (CERCLA, 1980) 

Superfund Amendments and Reauthorization Act 
(SARA, 1986; amendment to CERCLA) 

Emergency Planning and Community Right-to-Know 
Act (EPCRA, 1986) 


A substantial proportion of the EPA’s resources have 
been divided among 10 regional offices for the purposes 
of administering these laws. The regions correspond to 
the 10 regions under which the DHHS administers some 
of its programs, providing a context by which federal 
agencies can integrate activities in the field. Under the 


*Independent agencies report to the president but are not directly 
affiliated with an executive department headed by a cabinet secretary. 
Agency heads may or may not sit with the cabinet. 
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EPA’s stewardship, the air, water, and soil are notably 
cleaner, particularly with respect to toxicants with an 
impact on human health. 

The EPA protects people from water-borne toxicants 
by formulating and enforcing the National Primary 
Drinking Water Regulations. These standards regulate 
the content of microbiologic, radiologic, and toxicologic 
contamination of water destined for human consump- 
tion. In addition, the required frequency of monitoring 
and the definitions of compliance are set by the EPA. 

Two laws constitute the EPA’s principal authorization 
for activities related to the safe management of envi- 
ronmental hazardous wastes. CERCLA (also known as 
Superfund), enacted in 1980, was designed to manage 
the clean-up of closed or abandoned hazardous waste 
sites.! Although the RCRA of 1976 had authorized the 
EPA to hold industrial polluters responsible for the 
clean-up of hazardous waste sites,!?” CERCLA strength- 
ened the procedures for holding polluters accountable 
and outlined provisions for clean-ups at sites where 
directly responsible parties cannot be identified.!’ 

Under the CAA, the EPA formulated a series of regula- 
tons. Among them are regulations identifying and 
setting National Ambient Air Quality Standards (NAAQS). 
The six pollutants for which the NAAQS currently exist 
are: 


Ozone 

Particulate matter 
Carbon monoxide 
Sulfur dioxide 
Nitrogen oxides 
Lead 


E a 


These six air contaminants are termed priority pol- 
lutants and are monitored widely throughout the United 
States. The measurements made in local areas are judged 
against the NAAQS, and the areas are determined to be 
attainment or nonattainment areas accordingly. Based 
on these determinations, corrective action is taken. The 
1990 amendments also identified 188 chemicals as 
hazardous air pollutants (also known as air toxics) because 
these chemicals are reasonably common pollutants and 
are particularly toxic. 

The tragic deaths of thousands of people from a 
massive unintentional release of toxic methyl isocyanate 
(MIC) gas in Bhopal, India, aroused concern about the 
possibility of a similar event occurring in the United 
States.*° This concern was reinforced less than a year 
later by a release of toxic chemicals into the air by a plant 
in West Virginia that also handled MIC.?! Thus, in 1986, 
Congress passed the SARA.** The EPCRA, part of the 
SARA, required all businesses storing hazardous chemicals 
to provide their area’s local emergency planning com- 
mittee (LEPC) with information concerning the location 
and quantity of these chemicals. LEPCs may develop 
response plans for potential environmental and pub- 
lic health emergencies in anticipation of inadvertent 
releases. Moreover, the EPCRA mandates annual data 
collection concerning actual releases of hazardous 
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chemicals. This information, designed to make companies 
accountable for their handling of toxic chemicals, is 
known as the toxic release inventory (TRI).*°?* The TRI 
covers toxic releases from various industrial sectors, 
including manufacturing, metal and coal mining, electrical 
utilities, and commercial hazardous waste treatment. 


Consumer Product Safety Commission 


The CPSC was created in 1972 as an independent, free- 
standing federal regulatory agency responsible for 
protecting the public “against unreasonable risks of 
injuries associated with consumer products.””° Currently, 
the CPSC ensures the public’s safety from over 15,000 
consumer products. Among the laws enforced by the 
CPSC are the Federal Hazardous Substances Act (FHSA) 
and the Poison Prevention Packaging Act (PPPA). Passed 
in 1970, the PPPA requires the use of child-resistant 
packaging as a means of preventing accidental childhood 
poisoning. 

The term special packaging means packaging that is 
designed or constructed to be significantly difficult for 
children younger than 5 years of age to open or for them 
to obtain a toxic or harmful amount of the substance 
contained therein within a reasonable time [12 U.S.C. § 
1471 (4)]. 

Over-the-counter medications, prescription drugs, 
household cleaners, beauty aids and cosmetics, prepack- 
aged fuels, and FHSA-designated hazardous substances 
are subject to the packaging legislation. Even solder with 
a lead content in excess of 0.2% is considered hazardous. 
Currently, 28 classes of products are included on the list 
of agents requiring child-resistant packaging.*°** The 
CPSC also regulates the use of certain radioactive sub- 
stances, as well as products involving electrical, mechanical, 
or thermal hazards. Although considered hazardous 
under the CPSC’s legislation, pesticides are subject to 
regulation by the EPA under the FIFRA and are not 
regulated by the CPSC. 

Knowledge of specific words on product labels, 
required under the FHSA, may be of use to clinicians: 
extremely flammable, corrosive, or highly toxic sub- 
stances must be labeled with the signal word DANGER; all 
other hazardous substances must carry one of two signal 
words, WARNING or CAUTION. In addition, descriptions 
of the principal hazard and any precautionary measures 
to be employed when handling the substance must be 
included on the label. Substances may also be banned 
under the FHSA; these include toys or other articles 
intended for children that are determined to be hazardous 
substances and any products found to be too hazardous 
for household use, regardless of labeling. 

In addition to its regulatory function, the CPSC runs 
the National Electronic Injury Surveillance System.*9° 
This surveillance system relies on data collected from a 
sample of 100 hospital emergency departments to 
provide a national estimate of injuries (including 
poisonings) caused by consumer products. Available for 
query, this database includes information about the drug 
or drugs implicated in poisoning incidents. 


Food and Drug Administration and U.S. 
Department of Agriculture 


By the latter half of the 19th century, concerns about the 
purity of medications resulted in attempts by the 
government to enforce standards of safety. In 1848, for 
example, to combat the influx of “counterfeit, con- 
taminated, diluted, and decomposed” drugs entering the 
country, Congress passed the Import Drugs Act.*! 
Congress became acutely aware of the impact of tainted 
drugs when, during the course of the U.S.-Mexican war 
(1847 to 1848), an estimated 11,000 U.S. soldiers died of 
disease and illness (out of 13,000 who lost their lives).°* 
Many of the men who died of malaria had been 
dispensed ineffective or sham medicines. Under the 
1848 law, laboratories set up by the U.S. Customs Service 
were given the responsibility for ensuring the purity and 
potency of drugs imported into the country.*! By the 
early 1900s, however, popular and financial support for 
this initiative had waned and the program ended. 

During the same period, so-called “patent medicines” 
also drew Congress’s attention. Despite containing such 
now-illicit substances as opium, heroin, and cocaine, 
these products were sold without restriction, and labels 
failed to fully disclose the active ingredients.*' The labels 
typically made fabulous (and usually fictitious) claims 
about the medicine’s efficacy, advertising cures for ailments 
as diverse as fatigue, toothache, gout, and diabetes. 

Congress responded to the commonplace use of 
“patent” medicines and food adulterants by passing the 
Pure Food and Drug Act in 1906. This law was the first of 
its kind and required all food and drug labels to reflect 
package contents accurately.” Any food, drink, or drug 
being shipped across state lines and found to be 
improperly labeled (i.e., lacking a complete accounting 
of its contents) was subject to seizure; persons found 
responsible for the products could be prosecuted. Drugs 
had to be manufactured according to the standard set 
forth in the U.S. Pharmacopoeia.* Ingredients like alcohol, 
heroin, and cocaine had to be identified clearly on the 
label. 

By 1862, the wholesomeness of foods came into 
question. Chemists within the USDA began to analyze 
food products for the presence of adulterants. Within a 
decade, USDA chemists were debating possible adverse 
effects of the arsenic- and copper-based pesticide residues 
then found in foods.*! Other food additives of the time 
included boric acid, potassium nitrate, saccharin, salicylic 
acid, sulfuric acid, benzoic acid, and formaldehyde.*!* 

The USDA Bureau of Chemistry had the responsibility 
of enforcing the Pure Food and Drug Act. To reflect its 
role more accurately, the Bureau was renamed the Food, 
Drug, and Insecticide Administration. In 1930, it became 
the Food and Drug Administration.’ During the rest of 
the 20th century, Congress continued to broaden the 
powers of the FDA by enacting other laws, many in 
response to public health disasters. 

Today, according to its mission statement, the FDA is 
“responsible for protecting the public health by assuring 
the safety, efficacy, and security of human and veterinary 
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drugs, biological products, medical devices, our nation’s 
food supply, cosmetics, and products that emit radi- 
ation.”°°° 

Within the FDA, there are five regulatory centers. The 
Center for Veterinary Medicine evaluates the safety and 
efficacy of drugs used to treat livestock and companion 
animals such as dogs, cats, and horses.” Livestock drugs 
are also tested to make sure that residues, where they 
exist, do not pose a risk to the people who consume 
them. The Center for Food Safety and Applied Nutrition 
is responsible for ensuring the safety of the nation’s 
entire food supply, with the exception of fresh meat, 
poultry, and some egg products.” (Responsibility for the 
latter rests with the USDA. Protecting food in the United 
States from adulteration by terrorists is a role shared by 
the USDA and FDA.) 

The Center for Drug Evaluation and Research 
conducts premarketing evaluation of all prescription and 
over-the-counter drugs and provides the lay public and 
health care providers with drug use information.” 
Oversight of the manufacture, marketing, and use of 
biologic products for health care (e.g., blood and blood 
products, vaccines, and protein-based drugs such as 
monoclonal antibodies) is provided by the Center for 
Biologics Evaluation and Research (CBER).*° The FDA’s 
Center for Devices and Radiological Health (CDRH) 
regulates the safety of all medical devices marketed and 
used in the United States, including everything from 
tongue depressors and thermometers to contact lenses, 
pacemakers, orthopedic implants, heart valves, dialysis 
machines, and the computerized robotic arms used in 
surgery.*! The CDRH is also responsible for ensuring 
public safety from excessive and unnecessary radiation 
exposure from both medical and nonmedical devices. 
Thus, not only must radiology equipment and lasers 
meet safety standards, but household items such as 
microwave ovens, television sets, and cell phones are also 
subject to FDA regulation. 


National Institute for Occupational 
Safety and Health 


In 1970, Congress passed the Occupational Safety and 
Health Act (OSH Act, Williams-Steiger Act), creating 
both OSHA and NIOSH.” The stated goal of the OSH 
Act was to ensure that workers are provided a “place of 
employment free from recognized hazards to safety and 
health.” In order to achieve this goal, Congress created 
the two agencies to serve dual functions: regulatory and 
research. OSHA, situated within the DOL, has the 
regulatory function. This agency is responsible for the 
creation and enforcement of workplace safety and health 
regulations. NIOSH, by contrast, conducts research to 
propose science-based standards designed to minimize 
work-related injuries and illnesses. NIOSH, part of the 
Centers for Disease Control and Prevention (CDC), is 
under the DHHS. 

In addition to research aimed at preventing work- 
place injuries, NIOSH conducts injury surveillance and 
develops worker training and communication programs.*° 
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At the request of employers, employees (or their repre- 
sentatives), or government agencies, NIOSH investigators 
in the Health Hazard Evaluation Program conduct on- 
site workplace evaluations to identify potential or actual 
hazards, whether physical, chemical, or biological. The 
National Personal Protective Technology Laboratory 
conducts research that establishes standards of safety and 
protection for personal protective equipment such as 
respirators, gloves, and hard hats. The Sentinel Event 
Notification System for Occupational Risks (SENSOR) 
program, a collaborative effort with state health depart- 
ments, has established ongoing surveillance programs 
to rapidly identify cases of exposures and injuries, 
including occupational asthma, pesticide poisoning, 
silicosis, amputations, burns, occupational dermatitis, 
and noise-induced hearing loss. Surveillance for occupa- 
tional lead poisoning is conducted under a separate 
program, the Adult Blood Lead Epidemiology and Sur- 
veillance Program. 


Agency for Toxic Substances and 
Disease Registry 


In August 1978, the New York State Department of 
Health, the governor of New York, and President Jimmy 
Carter declared a state of emergency at the community 
of Love Canal, New York,“ located near Niagara Falls. 
The houses and local public school of Love Canal were 
built on a former chemical waste dump site. Ultimately, 
families were evacuated, the school was closed, and state 
and federal funding was applied to the clean-up. Two 
years later (December 1980), Congress passed the 
Superfund law and in doing so, both expanded the 
powers of the EPA (as described above) and created a 
new agency, the ATSDR. The ATSDR was directed to 
assist the EPA in determining the exposure levels at 
which hazardous chemicals may result in adverse health 
effects.” 

The ATSDR conducts public health assessments at all 
sites proposed for or listed on the EPA’s National Priorities 
List of sites for investigation and possible remediation.*© 
The results of these public health assessments are made 
available to city, state, and federal agencies, and to the 
affected communities. In those situations where the 
ATSDR identifies exposure to hazardous substances at 
levels at or above those known to cause adverse health 
effects, they provide the EPA with recommendations to 
guide potential appropriate actions or interventions. In 
the event that a survey identifies an urgent public health 
threat, the ATSDR may warn the community by issuing a 
public health advisory.*° 

The ATSDR is also legally required to develop and 
compile health information on hazardous substances. 
The ATSDR’s Toxicological Profiles are a mandated 
health consultation activity and serve a broad purpose as 
key reference documents on specific substances. Each 
Toxicological Profile is based on comprehensive reviews 
of the toxicologic and epidemiologic literature available 
for a given chemical.*’ 

The ATSDR also conducts surveillance and registers 
exposed individuals for possible later follow-up. The 
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Hazardous Substances Emergency Events Surveillance 
System was created to gather information about both 
acute and threatened releases of hazardous substances 
that require some form of environmental or public 
health intervention.*® Information concerning approxi- 
mately 9000 events is captured annually. Of interest, only 
25% to 30% of acute or threatened releases of hazardous 
substances are transportation related; the vast majority 
are “fixed facility” events that involve the release or 
threatened release of only a single hazardous sub- 
stance. The National Exposure Registry is a database 
kept by the ATSDR of people who have been exposed to 
trichloroethylene, trichloroethane, benzene, or dioxin. 
The health of these individuals is then tracked.*” The 
database thus serves as a tool to help facilitate epidemio- 
logic studies of chemical exposures, generally at low 
levels and over long periods. 

As part of its “Managing Hazardous Material Incidents” 
series, the ATSDR has developed medical management 
guidelines (MMGs), reference materials designed to 
assist emergency physicians and other emergency health 
care personnel to manage acute chemical and hazardous 
material exposures.” In addition to including basic 
chemical and exposure information and a summary of 
potential health effects that may result from exposure, 
MMGs provide prehospital management information, 
emergency department management information, and 
information concerning proper decontamination and 
use of personal protective equipment.°’ Information for 
patients is also included in these documents. As part of 
its educational mission, the ATSDR publishes Case Studies 
in Environmental Medicine, a series of monographs written 
to provide health care providers with guidance concerning 
the management of exposed (and potentially exposed) 
individuals who present in an office setting.” 


National Center for Environmental 
Health 


The National Center for Environmental Health (NCEH) 
of the CDC hosts a wide variety of scientific and 
programmatic activities in preventive toxicology. The 
NCEH has one of the foremost analytical toxicology 
laboratories in the world. The chemists and toxicologists 
of the NCEH laboratory have pioneered analyses for 
chemicals found at extremely low levels but which are 
nevertheless so potent that harm may result. Some 
analytical techniques are so sensitive that they yield mea- 
surements expressed in units of parts per quadrillion, 
that is, femtograms of analyte per gram of the matrix. To 
provide reliable analyses at this level of sensitivity, a 
program of intensive quality control with statistical 
checking on essentially every run has been put in place. 
The laboratory has become a center of reference for 
quality control techniques for measurement of specific 
chemicals in biologic matrices. The laboratory runs 
national programs of standardization for measurement 
of such analytes as cholesterol and lead. In the current 
era of concerns about terrorism, the laboratory has 
developed the capacity to measure rapidly and 
definitively some 200 analytes of concern for both 


chemical warfare agents and toxic industrial chemicals 
that might be used by terrorists. 

Another laboratory project, the periodically updated 
and expanded National Report on Human Exposure to 
Environmental Chemicals,” is of particular importance for 
clinical toxicologists. The project involves blood and 
urine samples collected as part of the National Health 
and Nutrition Examination Survey. The CDC’s National 
Center for Health Statistics designed the survey such that 
appropriate statistical analysis yields estimates of the 
mean or median values (with confidence limits) of U.S. 
residents’ levels of the chemicals measured in the 
specimens. The exposure of the U.S. population to an 
increasing number of substances is described in successive 
iterations of the report. The concept of “normal levels” is 
problematic when applied to xenobiotics. Nevertheless, 
the report provides a basis for comparison for the same 
analytes measured in individual cases. Although no 
xenobiotic level is “normal,” a particularly high level may 
reflect “unusual” exposure. 

Other programs of the NCEH include a program of 
targeted surveillance for high blood lead levels in 
children. This program also supports interventions 
designed to protect children from undue lead exposure. 
The asthma and respiratory diseases group investigates 
the factors involved in the gradually increasing levels 
seen in the United States in recent years of disease 
involving hyper-reactive airways. 

A particularly strong asset of the NCEH is the capability 
to investigate new or unusual syndromes of chemical (or 
other environmental) origin. Although such investigations 
are typically supported by the very capable NCEH 
laboratory, a key part of the success of such investigations 
involves “old fashioned shoe leather epidemiology,” 
requiring investigators to go to the field, ascertain key facts, 
organize data, and come to conclusions, supported (where 
possible) by laboratory analyses. The CDC’s Epidemic 
Intelligence Service plays a key role in this activity. 


National Institute of Environmental 
Health Sciences 


The NIEHS, a component institute of the National 
Institutes of Health (NIH), supports and conducts 
research into the underlying mechanisms of disease 
caused by chemical and biologic agents found in the air, 
ground, food, and water, and develops appropriate 
interventions based on an understanding of those 
mechanisms.°* The NIEHS is the lead agency in the 
National Toxicology Program (NTP), which conducts 
toxicologic testing programs within the DHHS. NTP also 
involves NIOSH and the FDA’s National Center for 
Toxicologic Research.” In addition, the NTP provides 
administrative oversight to two centers: the Center for 
the Evaluation of Risks to Human Reproduction 
(CERHR) and the Center for Phototoxicology, a function 
it shares with the FDA (described above). Established in 
1998, the CERHR assesses chemicals for their potential 
to affect human reproduction and development ad- 
versely.°° The CERHR convenes independent panels to 
review all available scientific literature concerning chem- 
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icals that are nominated for review by industry, federal, 
state, and local governments, academia, environmental 
groups, and private citizens. The NIEHS/Environ- 
mental Genome Project conducts research designed to 
improve current knowledge of human genetic susceptibility 
to environmental exposures.°/ The research goals of the 
NIEHS/National Center for Toxicogenomics include 
improved understanding of the relationship between 
environmental exposures and human susceptibility to 
disease, identification of bio-markers of exposure to and 
disease caused by toxic substances, and creation of a public 
database of the effects of toxic substances in biologic 
systems.°® 


NONGOVERNMENTAL ORGANIZATIONS 


American Conference of Governmental 
Industrial Hygienists 


The ACGIH was born out of the need to provide stan- 
dards and guidance for managing occupational expo- 
sures to protect workers from health effects of harmful 
substances encountered in the workplace. Although the 
original members were largely government employees 
and its guidance is highly influential, the ACGIH is a 
private, not-for-profit, nongovernmental organization.” 
Members work as volunteers on committees to review the 
existing published, peer-reviewed literature. Experts in 
various scientific disciplines arrive at their judgments 
and guidance regarding the likely health impacts of 
exposures to chemicals and physical agents at specific 
levels. The members work to develop the guidance ulti- 
mately issued by the parent organization. 

The bulk of this guidance ultimately developed by the 
ACGIH is issued as TLVs and biological exposure indices 
(BEIs). The TLV is meant to be the maximum permissible 
concentration of a material, generally expressed in parts 
per million in air, for some defined period of time (often 
8 hours, but sometimes for 40 hours per week over an 
assumed working lifetime). TLVs and BEIs are guide- 
lines, not standards. The ACGIH states that they are only 
two of multiple factors to be considered in evaluating 
specific workplace situations and conditions. 

BEIs are intended for use in the practice of industrial 
hygiene as guidelines or recommendations to assist in 
the control of potential workplace health hazards and 
for no other use. Biologic monitoring entails measure- 
ment of the concentration of a chemical determinant in 
the biologic media of the exposed person and is an indi- 
cator of the uptake of the substance. The determinant 
(analyte) used to establish the BEI may be the chemical 
itself, one or more metabolites, or a characteristic 
reversible biochemical change induced by the chemical. 
The BEI is meant to correspond to the level of the 
determinant in a worker exposed at the level of the TLV. 


Agencies of the United Nations 


Established on April 7, 1948, the World Health 
Organization (WHO) is the United Nations’ specialized 
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agency for health. The goal of WHO is to attain the 
highest possible level of health in all of the peoples of 
the world. Of interest, “health” is defined by WHO as 
state of complete physical, mental, and social well-being, 
and not merely the absence of disease or infirmity. A 
number of special units and subcomponents of WHO’s 
program are dedicated to environmental health. Two 
deserve specific mention. 

The International Programme on Chemical Safety 
(IPCS) is sponsored jointly by the United Nations 
Environment Programme, the International Labour 
Organisation, and WHO. The main objective of the IPCS 
is to carry out and disseminate evaluations of the effects 
of chemicals on human health and on the quality of the 
environment. Its activities include the development 
of epidemiologic, experimental laboratory, and risk 
assessment methods. The IPCS develops its methods with 
the specific aim of producing internationally comparable 
results. A further goal of the IPCS is the development of 
more person power in the field of toxicology. Other 
activities include developing the know-how to cope with 
chemical accidents, coordinating laboratory testing, 
conducting or supporting epidemiologic studies, and 
promoting research on the mechanisms of the biologic 
action of chemicals. 

The IARC is also part of WHO. The IARC’s mission is 
to coordinate and conduct research on the causes of 
human cancer and the mechanisms of carcinogenesis, 
and to develop scientific strategies for cancer control. 
The IARC is involved in both epidemiologic and laboratory 
research and disseminates scientific information through 
publications, meetings, courses, and fellowships. 
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ROBERT J. GELLER, MD 


At a Glance... 


m Pediatric environmental health is a relatively new discipline that 
examines the effects of environmental agents on the health of 
children. 

m Children have greater risk of exposure to environmental agents, 
as well as greater susceptibility to toxic effects, than adults. 

m A number of environmental pollutants are more likely to 
produce clinical toxicity in children than in adults. These include 
lead, mercury, and polychlorinated biphenyls. 

m There is a growing list of environmental agents that act as 
endocrine disrupters with the potential to affect critical aspects 
of organogenesis in young children. 

m Environmental regulations have recently begun to consider the 
unique susceptibilities of children in risk assessments and the 
establishment of exposure tolerances. 


The field of pediatric environmental health may be 
unfamiliar to many. It is a relatively new discipline, one 
that attempts to combine the principles of environmental 
medicine with observations about metabolic pathways 
and toxicant-induced insults during the fetal, infant, and 
childhood periods of growth and development. 

Many substances have the potential to affect children 
adversely. They range from organophosphate and 
carbamate pesticides to industrial chemicals such as 
polychlorinated biphenyls (PCBs) and by-products such 
as dioxins, from heavy metals such as mercury and lead 
to arsenic (Box 84-1). Even seemingly benign materials 
such as iodinated antiseptics and vaccine preservatives 
have become agents of concern. 

This chapter provides an introduction to the principles 
of pediatric environmental health and discusses them in 
the context of several compounds. The chapter does not 
cover any of these issues exhaustively; the reader is 


BOX 84-1 


Air particulates 
Arsenic 
Asbestos 


Mercury 

Ozone 

Perchlorates 

Pesticides 

Polybrominated diphenyl ethers 


Carbon monoxide 
Environmental tobacco smoke 
(ETS) (PDBE) 


Indoor air pollutants Polychlorinated biphenyls (PCBs) 
Lead Radon 
M-tert-butyl ether (MTBE) Trichloroethylene 





Pediatric Environmental Health for 


referred to the chapter covering the specific compound 
and to published monographs on pediatric environ- 
mental health for more information.!* The reader also 
should recognize that our knowledge about many issues 
in pediatric environmental health remains fragmentary; 
consequently, different clinicians, scientists, and policy 
makers may reach differing conclusions even while using 
the same data. 


ASSESSING RISK 


For some compounds, injury occurs after a certain 
threshold concentration of the compound is exceeded 
in the target organ. For others, toxicity results from 
accumulation of one or more metabolites of the parent 
compound. When the concentration of the compound 
and its metabolites remain below the threshold level, 
toxic injury does not occur. This is often referred to as a 
threshold, or deterministic effect. 

Other substances appear to pose a risk for toxic effect 
at any concentration. The risk at low concentrations is 
usually below the risk posed by other causes, but is not 
zero. As the intensity of exposure increases, the risk for 
adverse effect also increases. In some circumstances, 
intensity of exposure may reflect both dose and length of 
exposure. Effects displaying this pattern often are 
mediated by injury to DNA of a single cell or a few cells. 
This pattern can be called a no-threshold, or stochastic, 
effect. 

Toxicologic effects usually follow deterministic patterns, 
whereas mutagenic and carcinogenic effects usually fit a 
stochastic model. Both deterministic and stochastic 
effects may display linear or curvilinear relationships 
between the risk for toxicity and the concentration of the 
substance. The slope of the line and the shape of the 
curve display the relative susceptibility of the individual 
to the compound. These concepts are illustrated in 
Figure 84-1. 

In the science of risk assessment, the level below 
which toxicity cannot be demonstrated is often referred 
to as the no observable adverse effect level (NOAEL). This 
level is determined using available data, which are ideally 
human; in the absence of robust human data, data from 
various animal species at varying ages are used. It is 
always uncertain to what extent animal-derived NOAEL 
concentrations can be applied to humans across the age 
spectrtum—humans may ultimately prove to be more 
susceptible (such as to thalidomide embryopathy), 
equally susceptible, or less susceptible than experimental 
animals. To account for these uncertainties, different 
expert and regulatory bodies take different approaches 
in establishing risk thresholds. One of the most widely 
used approaches is that of the U.S. Environmental 
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FIGURE 84-1. The dose-response curve of potential toxins, 
including drugs, chemicals, and physical agents, can have 
threshold deterministic and stochastic effects. Whether the curve 
is linear or curvilinear for stochastic phenomena can be debated, 
but it traverses 0. Toxicologic phenomena often follow an 
S-shaped curve, with a threshold below which no increased risks 
are expected. (From Brent RL, Tanski S, Weitzman M: A pediatric 
perspective on the unique vulnerability and resilience of the 
embryo and the child to environmental toxicants: the importance 
of rigorous research concerning age and agent. Pediatrics 
2004;113[Suppl 4]:935-944.) 


Protection Agency (EPA), which establishes a reference 
dose (RFD) or reference concentration (RfC) by starting with 
the NOAEL, adding a safety factor of 10 to account for 
interspecies difference, and adding another safety factor 
of 10 to account for interindividual differences. Since 
1996, an additional safety factor of 10 is added to 
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account for differences between humans of various ages, 
having the primary goal of establishing safe tolerances 
for children.* Existing data do not provide enough 
information to be certain that a factor of 10 is the best 
number to account for each of these differences.'” It is 
therefore important to remember that this strategy 
produces reasonable approximations for safe use in the 
absence of actual substance-specific data. It is desirable 
to obtain actual data, which can then be used to provide 
more accurate guidance. However, there is considerable 
controversy about the research ethics of intentionally 
exposing humans to toxic agents (e.g., pesticides) in an 
effort to firmly establish a NOAEL. 

Some of the differences among infants, children, and 
adults in their response to substances can be attributed 
to the differences in pharmacodynamics and pharmaco- 
kinetics at different ages, which are addressed by the 
field of study called developmental pharmacology. Other 
differences in response between children and adults 
are related to physiologic differences between them. 
Table 84-1 summarizes these concepts. 


DEVELOPMENTAL PHARMACOLOGY 


Different enzyme systems mature at different rates 
during fetal development and childhood. Although drug 
dose estimations derived from adult doses per kilogram 
of body weight have been used for many years, we have 
learned that such dosing strategies sometimes do not 
produce the expected results. Toxic outcomes, such as 
the “gray-baby syndrome” following chloramphenicol 
use in neonates and increased neonatal sensitivity to 
opioids and benzodiazepines,®” have been observed 
when neonatal pharmacologic differences are not taken 
in account. Alternatively, dosing interpolated from adult 
doses to children may lead to decreased drug efficacy. 


Overview of Children’s Developmental Features that Can Affect Toxicokinetics 





DEVELOPMENTAL FEATURE RELEVANT AGE PERIOD 


Body composition: lower lipid 
content, greater water content 
Larger liver weight/body weight 


Birth through 3 mo 


ratios in first 2 yr 


Immature enzyme function: phase | 
reactions, phase Il reactions 


Larger brain weight/body weight; 
greater blood flow to CNS; 
higher BBB permeability 

Immature renal function Birth through 2 mo 

Limited serum protein-binding 
capacity 


Birth through 3 mo 


Birth through 6 yr but largest 


Birth through 1 yr but largest 
differences in first 2 mo 


Birth through 6 yr but largest 
differences in first 2 yr 


TOXICOKINETICS IMPLICATIONS 


Less partitioning and retention of lipid-soluble 
chemicals; larger Vd for water-soluble chemicals 

Greater opportunity for hepatic extraction and 
metabolic clearance; however, also greater 
potential for activation to toxic metabolites 

Slower metabolic clearance of many drugs and 
environmental chemicals; less metabolic 
activation but also less removal of activated 
metabolites 

Greater CNS exposure, particularly for 
water-soluble chemicals that are normally impeded 
by BBB 

Slower elimination of renally cleared chemicals 
and their metabolites 

Potential for greater amount of free toxicant and 
more extensive distribution for chemicals that 
are normally highly bound 


BBB, blood-brain barrier; CNS, central nervous system; Vd, volume of distribution. 
Adapted from Ginsberg G, Hattis D, Miller R, Sonawane B: Pediatric pharmacokinetic data: implications for environmental risk assessment for children. 


Pediatrics 2004;113 (Suppl 4):973-983. 
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Compounds dependent for their metabolism on 
cytochrome isoforms such as CYP1A2 and CYP2A4 may 
undergo minimal biotransformation in utero because of 
the immaturity of cytochrome isoenzyme function in the 
fetus. CYP3A7 is present in large quantities during late 
fetal development and growth, fading rapidly after birth. 
To the extent that CYP3A7 metabolizes substrates similar 
to CYP3A4, the behavior of compounds principally 
metabolized in adulthood by CYP3A4 can be predicted. 
However, even this remains an approximation because 
the metabolic patterns of CYP3A4 and CYP3A7 are not 
identical.*!* Developmental differences in cytochrome 
function also have implications in how children are 
affected by environmental toxicants. For example, poly- 
aromatic hydrocarbons are metabolized to carcinogenic 
metabolites by CYP2A1. The relative immaturity of this 
enzyme in infants potentially confers protection from 
the carcinogenicity of these compounds. These concepts 
of developmental pharmacology are illustrated in 
Figure 84-2. 

Other pharmacokinetic parameters also change as the 
child develops and matures. Total-body water decreases 
from about 0.8L/kg (80% of body weight) to about 
0.6 L/kg (60% of body weight) by 5 months of age.’ 
Albumin binding sites may be present in lesser quan- 
tities, owing either to lower albumin levels or to these 
sites being occupied by bilirubin, which is normally 
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FIGURE 84-2. Changes in the activity of cytochrome systems 
at various ages. (Adapted from Kearns GL, Abdel-Rahman SM, 
Alander SW, et al: Developmental pharmacology: drug dis- 
position, action, and therapy in infants and children. N Engl J Med 
2003;349:1157-1167, and Lacroix D, Sonnier M, Moncion A, et al: 
Expression of CYP3A in the human liver: evidence that the shift 
between CYP3A7 and CYP3A4 occurs immediately after birth. Eur 
J Biochem 1997;247:625-634.) 


1271 





present in higher concentrations in neonates and young 
infants than in adults. Lipid content may be lower in the 
young infant, resulting in increased deposition of 
lipophilic compounds in lipophilic organs such as the 
central nervous system (CNS). 


PHYSIOLOGIC SUSCEPTIBILITIES 


Infants and young children differ from adults in other 
ways that make them more susceptible to exposure and 
are more likely to develop exaggerated responses when 
exposed to environmental toxicants. 

Infants display rapid growth. Their weight typically 
doubles by 3 months of age and triples by the end of 
their first year of life. Their length increases by 50% in 
the first year. To fuel this rapid growth, infants consume 
large amounts of food relative to their body weight. 
Initially, this comes from breast milk or infant formula. 
Environmental toxicants may have an impact on both. 
For example, breast milk can contain contaminants such 
as dichlorodiphenyltrichloroethane (DDT), PCBs, and 
polybrominated diphenyl ethers (PDBE). Infant formula 
is typically used in a powder or concentrated form, both 
of which require the addition of water. A formula-fed 
infant may ingest more than 100 mL/kg/day of water. 
Consequently, even the smallest degree of water 
contamination can lead to significant exposures in 
infants. As newborns become infants, a small number of 
foods make up a disproportionate amount of their solid 
intake. For example, compared with adults, young 
children eat significantly more fruits, particularly apples 
and grapes; they also consume disproportionately 
greater amounts of potatoes and beef (Figure 84-3). 

Infant skin is less keratinized and more permeable 
than adult skin, which may lead to higher absorption of 
substances across the skin. As an example, premature 
infants exposed to topical povidone-iodine antiseptic 
agents have had elevations of plasma iodine levels, with 
resultant impact on thyroid function.'’ Melanocytes, the 
pigmented cells of the skin, are postulated to be more 
sensitive to the carcinogenic effects of exposure to 





ultraviolet light.'® 
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FIGURE 84-3. Differences in intake of selected food choices at 
various ages. (From Etzel RA, Balk SJ (eds): Pediatric Environmental 
Health, 2nd ed. Elk Grove Village, IL, American Academy of 
Pediatrics Committee on Environmental Health, 2003, p 14.) 
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The infant immune system is still maturing and is not 
fully functional for at least the first few months of life. 
Various compounds may affect the immature immune 
system’s development differently than they affect a 
mature immune system. In terms of infant lymphocyte 
maturation, infant exposure to environmental agents in 
the current era is postulated to be biased toward devel- 
oping immune systems with a predominance of Th2-type 
CD4 T cells; these favor the development of an atopic 
state, away from Thl-type cellular immune responses 
(the so-called hygiene hypothesis) .'* 

During their first year of life, infants and young children 
have a relatively higher minute ventilation (500 mL/kg/min 
versus 140 mL/kg/min in adults). Moreover, they breathe 
air that is closer to the ground because they crawl rather 
than walk upright (the “personal breathing zone”). This 
combination of factors predisposes them to toxicity from 
inhaled substances, particularly those present in higher 
concentration in air close to the ground. Settling of 
heavier-than-air compounds can particularly occur when 
air is stagnant or has uneven circulation. 

The immaturity of the child’s gastrointestinal and 
renal systems also has potential impact on the effects of 
exposure to environmental agents. The gastrointestinal 
tract of the child has greater permeability than that of 
the adult. For example, the gastrointestinal tract of the 
child absorbs up to 50% of ingested lead, whereas the 
gut of an adult absorbs about 10%. The glomerular 
filtration rate of children does not achieve adult capacity 
before 6 months of postnatal age, thereby reducing the 
ability of children to excrete toxicants. 

Several aspects of brain development place the child 
at significantly increased risk for adverse neurodevelop- 
mental effects after exposure to CNS neurotoxins. First, 
dendritic arborization, the process by which neuronal 
dendrites proliferate extensively, occurs primarily in the 
first 3 years of life. Second, the critical process of neuronal 
pruning, which eliminates useless and redundant 
neuronal connections, occurs during the same period. 
Third, myelination of neurons in the CNS occurs 
progressively during the first few years of life. Finally, the 
blood-brain barrier, which is designed to protect the CNS 
by preventing the intrusion of xenobiotics, is not 
completely formed until the second or third year of life. 
As a consequence of these critical aspects of develop- 
ment, children have a much greater risk for CNS injury, 
which could be permanent, when they are exposed 
during early childhood to environmental toxicants 
known to have any of these effects. The greater toxicity 
of lead, mercury, and other CNS neurotoxins to children 
is presumed to be the result of these CNS vulner- 
abilities." Lead toxicity may be the result of both early 
and ongoing toxic effects of lead.'® Lead poisoning is 
discussed in more detail in the chapter on lead toxicity, 
and has also been the subject of several excellent recent 
reviews.'>!7 The fetus and young infant are more 
susceptible to adverse neurodevelopmental outcomes 
after exposure to both organic mercury and inorganic 
mercury vapor. Severe methylmercury poisoning afflicted 
more than 3000 humans, many of them infants, in 
Minamata and Niigata, Japan, in the 1950s, as a result of 
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industrial discharges into coastal waters that were the 
source of fish eaten by local residents. Although their 
mothers remained asymptomatic, 22 infants exposed in 
utero to the methylmercury displayed severe develop- 
mental disabilities.'® A similar poisoning event occurred 
after the consumption of bread made from grain treated 
with a methylmercury fungicide.!® The brain of the fetus 
has been estimated to be 10 to 15 times more sensitive to 
mercury effects than the brain of infants and children. 
The endocrine system of children may also be more 
susceptible to harm from environmental agents. So- 
called environmental endocrine disrupters (EED) are 
chemical that in vitro possess an ability to act on the 
endocrinologic system. The list of putative EEDs is long 
and includes herbicides, fungicides, and plasticizers. 
Agents of great concern are bisphenol-A (a weak 
estrogen found in many plastics), phthalates (an agent 
commonly used in plastics with suspected spermatotoxic 
effects), PCB (which can affect the duration of lactation 
in women and the age of menarche in young girls), 
arsenic (which appears to have toxicity on the adrenal 
cortex), and perchlorates, dioxin, and PDBE (all of which 
have suspected effects on the thyroid). The clinical 
significance of these compounds remains controversial.!9”° 


GOVERNMENTAL AND 
NONGOVERNMENTAL APPROACHES 


Our current knowledge does not always permit firm 
conclusions. Nonetheless, governmental and nongovern- 
mental agencies, having a need to act prudently in order 
to mitigate risks to humans at all ages, must often 
perform risk assessments and provide recommendations 
in the absence of complete data. Many government 
agencies, at federal, state, and local levels, have enacted 
legislation aimed at protecting the public. Many other 
organizations also are involved in research, advocacy, 
and education regarding environmental issues and their 
impact on children. 

The growing concern about environmental threats 
and the need to reduce exposure often comes in conflict 
with policy and recommendation, where an evidence- 
based approach is desired before restrictions are placed 
on the release of pollutants (known and suspected) into 
the environment. This issue has led to the development 
of what is known as the Precautionary Principle. The 
Precautionary Principle holds the belief that when 
agents are thought to be harmful, it is more prudent to 
restrict their use rather than to use them until evidence 
of harm is found. This Principle has become a key tenet 
in advocacy on environmental health, particularly 
children’s environmental health. However, although the 
Precautionary Principle as been adopted by may nations 
and organizations (e.g., the European Union), it has met 
considerable resistance elsewhere. The basis of this 
resistance is that the Principle would produce undue 
restraint on the development of new products that help 
to advance society. Consequently, the Precautionary 
Principle remains controversial among both scientists 
and policy makers. 


CHAPTER 84 Pediatric Environmental Health for Toxicologists 


Many organizations, governmental and nongovern- 
mental, have taken a lead role in protecting children 
from environmental threats. The American Academy of 
Pediatrics, for example, created its Committee on 
Environmental Health (COEH) in 1947 as a response to 
concerns about the impact of radioactive fallout from 
nuclear testing. The COEH has produced educational 
material and policy statements on issues in pediatric 
environmental health since its inception. Recently, the 
Committee produced a manual, The Handbook on 
Pediatric Environmental Health, designed to be a current, 
thorough resource on environmental health issues; a 
second edition of the handbook was released in 2003.! 
The EPA and the U.S. Agency for Toxic Substances and 
Disease Registry (ATSDR) jointly created the Pediatric 
Environmental Health Specialty Units (PEHSUs) in 
1998, having the goal of creating a national network of 
environmental health clinical programs where parents 
and pediatricians could refer children for evaluation. A 
PEHSU is now located in each of the 10 U.S. EPA regions 
as well as in Mexico and Canada. The PEHSUs respond 
to inquiries from parents and professionals. They also 
educate the local population through education and 
outreach efforts. Additionally, EPA and the National 
Institute for Environmental Health Sciences (NIEHS) 
have created pediatric environmental health research 
units that are actively involved in performing and 
sponsoring research that improves understanding of 
pediatric environmental issues. Finally, in 1997, EPA 
created an Office of Child Health Protection whose goal 
is to ensure that EPA, as the nation’s primary regulatory 
agency around environmental pollutants, consistently 
includes pediatric issues in all of its rulemaking. 


CONCLUSIONS 


The vulnerability and sensitivity of children to environ- 
mental agents is significantly different from that in 
adults. Because of the unique susceptibility of children to 
environmental toxicants, risk assessments and the 
subsequent policies they create now commonly include 
these pediatric issues. 

A large of group of environmental pollutants affects 
children much more than adults. Pollutants in this 
category include lead, mercury, endocrine disrupters, 
and pesticides. Because of marked differences in the 
effects of these toxicants between children and adults, 
clinical management is significantly different. 

These principles of children’s environmental health 
are rapidly evolving into a new and unique clinical 
discipline. 
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Syndromes 


Common Perceived but Unproven Toxic 


JEFFREY BRENT, MD, PHD m LAURA J. KLEIN, MD 


At a Glance... 


m Patients with a number of psychiatric diagnoses may present 
with signs and symptoms they attribute to being poisoned. 

m The determination of whether a chemical substance can cause 
a particular condition requires the application of appropriate 
methodology. 

m The conduction of an epidemiologic study that applies the 
criteria promulgated by Hill can be used to clarify whether there 
is a Statistically significant relationship between an exposure 
and outcome in question. 

m= Common perceived toxicologic syndromes for which application 
of appropriate methodology has failed to confirm a causal 
relationship are allegations of mercury toxicity from dental 
amalgam, systemic and cognitive symptoms from mold, child- 
hood developmental disorders caused by the organomercurial 
preservative thimerosal in vaccines, and idiopathic environ- 
mental intolerance from low level exposures. 


INTRODUCTION AND RELEVANT 
HISTORY 


Matter, the tangible stuff of which biologic organisms and 
the world in which they live are made, is by definition 
composed of chemical substances. In the absence of a 
true vacuum, the entire world around us, both perceived 
and nonperceived (e.g., air), is a complex mixture of 
chemical substances. However this scientific depiction of 
our chemical world differs from the public perception 
that chemical substances, by their intrinsic nature, are 
harmful. Thus, for example, patients with the condition 
referred to as idiopathic environmental intolerance (IEI), 
formerly multiple chemical sensitivity (MCS), frequently 
complain that they develop symptoms when exposed to 
“chemicals.” 

The fundamental misconception regarding our 
exposure to chemical substances in the minds of the 
lay public, and too often in that of some health care 
practitioners, is easily fueled by nonscientific, non—peer- 
reviewed information disseminated by the popular press 
and Internet. These misconceptions and popularizations 
of nonsupportable scientific myths can create the 
perception of being poisoned by chemical substances, 
particularly in those individuals whose psychological 
constitution renders them vulnerable to these beliefs. 
This chapter critically examines a number of these so- 
called toxic syndromes and assesses whether or not there 
is scientific support for concluding that they have a true 
toxicologic etiology. 


PSYCHOPATHOLOGY AND THE 
PERCEPTION OF TOXIC INJURY 


The understanding of the etiologic nature of these 
syndromes is of fundamental importance in patient care 
because the misattribution of a toxicologic etiology to 
a patient’s complaints may divert clinical attention from 
their psychiatric issues or medical diagnoses by 
reinforcing the belief that they are suffering a toxin- 
induced condition. Appreciation of the emotional 
features that may render an individual vulnerable to the 
development of these disorders is important for their 
appropriate treatment. Patients who attribute symptoms 
to a physical illness, when the true etiology is predomi- 
nantly psychological in nature, are most commonly diag- 
nosed with somatoform disorders, personality disorders, 
and mood disorders (i.e., depression and bipolar 
disorder). Alternatively, in cases in which secondary gain 
issues are present, such as in litigation, patients may 
engage in feigning of symptoms due to toxic exposure. 
This is diagnosed as malingering. When the sole purpose 
of the conscious, false presentation is to assume the 
so-called “sick role,” the diagnosis is factitious disorder. 
Somatoform disorders are a cluster of psychiatric 
conditions in which bodily perceptions or functions 
are influenced by a mental disorder. According to the 
American Psychiatric Association’s Diagnostic and 
Statistical Manual of Mental Disorders (DSM-IV-TR), 
somatoform disorders exist when “physical symptoms 
that suggest a general medical condition are not fully 
explained by a general medical condition, the direct 
effects of a substance or by another mental disorder.”! 
The symptoms must cause significant distress or impair- 
ment in important areas of functioning and are not 
intentionally feigned. The key feature of the somatoform 
disorders is that psychological factors and conflicts are 
deemed important in initiating, exacerbating, or main- 
taining the disturbance. These patients characteristically 
are highly suggestible and are vulnerable to becoming 
convinced that they are experiencing serious physical 
problems. As such, they are frequently characterized as 
“reliable historians.” This may result in the institution of 
medical treatment that may further reinforce their belief 
system or lead to iatrogenic conditions. Frequently, this 
leads to a vicious cycle of overinterpreting symptoms, 
development of increased anxiety, and creation of 
additional physical symptoms.* Addition of medication 
to treat anxiety may lead to adverse effects, including 
those affecting cognition, a frequent complaint in toxic 
exposures. 
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If patient symptoms are limited to the neurologic 
realm (i.e., motor and sensory function deficits) the 
diagnosis of conversion disorder is made. This is the 
most common type of somatoform disorder. Historically, 
the term conversion was first used by Sigmund Freud to 
describe the substitution of a somatic symptom for a 
repressed thought. Today, the DSM-IV-TR definition is 
more limited, yet the historical basis still continues to 
have importance in arriving at treatment recommen- 
dations. Treatment is aimed at focusing on the patient’s 
psychological issues and, when possible, gaining insight 
into the meaning of the patient’s symptoms. Direct 
confrontation of the patient’s physical symptoms is 
discouraged, and this approach most commonly results 
in increased somatic complaints. 


ASSESSMENT OF TOXICOLOGIC 
CAUSATION 


To assess whether a specific medical condition is potentially 
caused by a toxic exposure, it is necessary to formally assess 
the likelihood of the existence of a true causal nexus 
between the chemical exposure and the condition in 
question. Doing so requires a formal scientific analysis of 
the relevant data using appropriate methodology. 

The determination of whether a causal nexus exists 
between a toxic exposure and a subsequent medical 
illness is necessary to assess the likelihood of causation. 
Often, the possibility of such an association is raised by 
animal studies or anecdotal observations, such as those 
originating from case reports or uncontrolled case series. 
In many circumstances, these kinds of observations 
cannot truly assess the risk, if any, of developing a specific 
medical condition after an exposure. Thus, these obser- 
vations are primarily useful for generating hypotheses 
about a potential causal relationship. In most instances, 
a controlled study, such as an epidemiologic investi- 
gation or a prospective trial, constitutes the primary 
source of evidence supporting causal hypotheses. If an 
association between a chemical exposure is demon- 
strated to exist in an epidemiologic study, the likelihood 
that this association represents a true causal nexus can 
be assessed by using the criteria promulgated by Hill.’ 
This methodology is graphically illustrated in Figure 85-1. 
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ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


A poignant example of anecdote versus epidemiology 
unfolded throughout the 1990s in the scientific investi- 
gation concerning the possible association between 
silicone breast implants and systemic rheumatologic 
conditions. Based on anecdotal observations of women 
with silicone breast implants who developed various 
rheumatologic conditions, it was hypothesized that there 
was a relationship between these devices and auto- 
immune or connective tissue diseases in these women. 
This was sensationalized in 1990 by a television broadcast 
by a major U.S. network suggesting that women were 
being harmed from these implants. The ensuing years 
were characterized by a flurry of litigation based on this 
hypothesized relationship, resulting in the bankruptcy of 
a major U.S. corporation. However, starting in 1993, and 
continuing throughout the next decade, at least 30 
epidemiologic studies were published that evaluated the 
relationship between breast implants and systemic 
medical diseases or symptoms potentially referable 
thereto. This subsequent large number of studies has 
conclusively demonstrated that these implants do not 
confer any risk for having either these diseases or 
associated symptoms. Finally, in 1999, the U.S. National 
Academy of Sciences, Institute of Medicine (IOM) pub- 
lished a report concluding that there was no demon- 
strable association between silicone breast implants and 
the conditions that they were alleged to have caused.‘ 
Since the publication of the IOM report, further 
epidemiologic studies have been published, adding 
yet additional data supporting the lack of relationship 
between silicone breast implants and systemic disease.”® 

The scientific landscape is replete with other examples 
of overreaction to preliminary observations, which were 
subsequently proven wrong. It is interesting to note that 
there is a predictable evolutionary course for unfounded 
toxicologic notions. First, observations that lack scientific 
surety, such as anecdotes or rodent studies, generate a 
hypothesis that, before subject to the proper scrutiny 
described previously, becomes a widely held notion, 
often associated with considerable litigation. This attention 
leads to epidemiologic studies, which, if negative, generates 
an in-depth examination by the IOM, which finally puts the 
matter to rest. The tragedy of this repeating theme is that 
it consumes large amounts of societal resources, simply 
because of the sensationalism of preliminary observations. 
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FIGURE 85-1 Steps in the formal methodology for assessing whether a causal nexus exists between a chemical exposure and a medical 
condition. This methodology employs Hill factor analysis.2 RCT, randomized clinical trial. 


CHAPTER 85 Common Perceived but Unproven Toxic Syndromes 


This chapter critically evaluates allegations of disease 
related to chemical exposures by focusing on four proto- 
typical examples of alleged harm supported more by 
nonconventional sources than rigorous scientific studies. 
Yet these are perceived by a significant proportion of 
the population as representing true chemical hazards. 
Specifically, this chapter focuses on claims of systemic 
mercury poisoning from dental amalgam, autism from 
mercurial preservatives in vaccines, mold as a cause of 
systemic disease, and IEI. 


DENTAL AMALGAMS AND MERCURY 
TOXICITY 


Dental caries are a major form of oral morbidity, and 
their repair is essential to the maintenance of the 
masticatory function, which is important for ensuring 
normal human nutrition. The treatment of simple caries 
involves restoration with nonbiologic materials. Reports 
of the use of mercury for dental restoration can be found 
in 7th century Chinese literature. However, starting about 
150 years ago, Western literature began to promote 
mercury-containing amalgams for this purpose. These 
are still used widely, although they are being replaced 
by other composites. The reason for the phasing out of 
mercury amalgams is primarily to reduce exposure to 
dental personnel and concern for environmental 
mercury contamination. However, there is an additional 
concern raised by advocacy groups who believe that 
systemic toxicity from mercury may occur as a result of 
having amalgams. Remarkably similar to the situation 
with breast implants, the discourse on this topic was 
further stimulated by a 1990 segment on the popular yet 
sensationalistic television program 60 Minutes called “Is 
there Poison in Your Mouth?” 

The controversy about potential adverse effects of 
amalgam stems from findings of concentrations of 
mercury in the oral cavity of amalgam-containing patients 
that might exceed occupational air level guidelines. 
These data generally derive from experiments using 
either vapor collectors, such as those that absorb mercury 
on gold or silver, or spectrophotometers. However, these 
instruments are designed to detect mercury leaks in 
large spaces. For example, accurate spectrophotometric 
analysis requires a constant flow rate, a condition that 
cannot be satisfied during intraoral measurements. In 
1985, there were two reports of measurements of mercury 
intraoral mercury vapor, which incorrectly treated the 
concentration in their collection vessel as if it were 
representative of intraoral levels.”® Such an assumption 
introduced a large overestimation of oral mercury 
concentration.*!! In order to avoid this kind of error, it 
is important to avoid equating concentration measure- 
ments with dose. Dose is best determined by the release 
rate of mercury from the amalgams. As discussed 
subsequently, this has been done and found not to be 
toxicologically consequential. 

Standard dental amalgams contain about 50% 
mercury in its elemental form (Hg®), combined with 
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other metals such as copper or silver. Mercury has a 
small but measurable ability to volatilize (vapor pressure, 
0.0013 mm at 20° C) (see Chapter 71). During normal 
wear and tear, small amounts of elemental mercury are 
vaporized into the oral cavity, where it can be inhaled or 
solubilized in saliva and swallowed. Microparticles may 
also be generated during the chewing process. It is this 
small amount of mercury that constitutes a systemic dose 
and has led to the concerns about alleged mercury 
poisonings from amalgams. 

About 80% of mercury vapor that is inhaled is sub- 
sequently absorbed.'* The amount of mercury released 
in patients with amalgam is less than 10 ug/ day.!° For 
patients with few restorations, the ultimate pulmonary 
absorption may be as low as 1 Ug/day; the absorption 
is greater in those with a larger number of amalgam 
surfaces.'' In contrast, only 0.01% to 0.04% of evap- 
orated mercury vapor that is swallowed will be 
absorbed.!? This also amounts to about 1 Ug/day, but it is 
in the form of mercuric ion, which does not appreciably 
cross the blood-brain barrier. The amount of mercury 
absorbed is, thus, significantly less than the World Health 
Organization (WHO) acceptable daily limit of mercury 
ingestion of 40 ug. Once absorbed into the circulation, 
mercury has a blood half-life of about 2 days'* but a total- 
body half-life of about 60 days.'° There is some 
pulmonary clearance of circulating mercury; up to 15% 
of the absorbed dose is exhaled by l-week after 
exposure!®!” (Fig. 85-2). To put these doses in context, 
the total mercury exposure from all sources in 
nonoccupationally exposed individuals is estimated to be 
between 2.3 to 5.8 ug/day.'® Thus, in non-fish-eating 
populations, dental amalgam is potentially the largest 
source of mercury exposure. Heavy fish or seafood eaters 
may ingest larger amounts of mercury, but in the form of 
the organomercurial methyl mercury. 

Being lipid soluble, Hg? may bidirectionally diffuse 
across the blood-brain barrier (see Fig. 85-2) and has the 
potential to be neurotoxic in sufficient doses. Once in 
the brain, elemental mercury that does not diffuse out 
may be oxidized to Hg** (mercuric ion). The mercuric 
ion has a very high affinity for sulfhydryl groups, such as 
those found on glutathione (GSH), cysteine, metalloth- 
ioneins, polypeptides, and proteins.'? Mercury can also 
bind to selenium. It is likely that binding to GSH, 
metallothioneins, and selenium represents protective 
pathways, whereas binding to sulfhydryl groups of 
structural proteins and enzymes may be either protective 
or result in functional alterations. Although the kidney 
is the major storage organ for Hg®, about 7% of an 
absorbed dose is stored in the brain.'®?° Studies on 
human cadavers indicate that occipital lobe mercury 
concentrations in the absence of amalgams are about 
7 ng/g.*! Each amalgam surface adds only about 
0.24 ng/g to this value.!°*? Occipital lobe is chosen for 
these studies because it is a primary target of mercury 
toxicity, explaining the characteristic constriction of 
visual fields seen in mercurialism. Most of the elemental 
mercury absorbed is systemically oxidized by catalase to 
Heg*', which can be excreted. Although there is some 
biliary mercury clearance, most (60%) is renally 
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eliminated.” Thus, urine mercury concentrations are an 
excellent quantitative biomarker for Hg® exposure.** 

Because mercury vapor is released from amalgams, 
there is a relationship between the number of amalgam 
surfaces and the blood and urine mercury concentration 
(Uyg).** However, the Uj, of amalgam-bearing patients is 
in the 2- to 4ug/L range, which is 12- to 25-fold lower 
than the acceptable Uy, for occupationally exposed 
workers.!? The combined urinary and biliary excretion of 
mercury is sufficient to clear an absorbed daily amalgam- 
derived dose.'® 

Elemental mercury has been implicated as causing 
immune dysfunction, antibiotic resistance, autoimmune 
diseases such as systemic lupus erythematosus and 
multiple sclerosis, and vague symptoms of neurotoxicity. 
Like most chemical substances, elemental mercury can 
cause hypersensitivity reactions in predisposed indi- 
viduals. ‘These are very rare; about 50 cases have been 
reported. The literature contains descriptions of a few 
cases of type I (anaphylactic) reactions.*? More com- 
monly, when hypersensitivity reactions occur from dental 
amalgam, they represent a type IV reaction and are 
manifested by oral lichenoid manifestations.*°*? How- 
ever, there is little to support allegations of alterations 
in normal flora, systemic immunologic abnormalities, or 
autoimmune disease resulting from amalgams. Among 
the most studied of the effects of amalgam have been 
those relating to mood and to neurocognitive and 
neuropsychological function. The most comprehensive 
study to date broadly assessed health effects related to 
any body system, evaluated neurologic effects in great 
detail, and assessed for renal disease because the kidney 
is a major end organ for mercury poisoning.’? No 
amalgam-related adverse effects were found. However, a 
high frequency of psychiatric diagnoses has been 
reported in patients who attribute their symptoms to 
amalgams.*!** In a dedicated multidisciplinary clinic for 
patients with concern about amalgam, it was found that 
among 379 patients evaluated, the presence of symp- 
toms, as measured by the Standard Symptom Checklist- 
90 (SCL-90) questionnaire, was very high, with 20 or 
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FIGURE 85-2 Body handling of mercury released from dental amalgam. 


more symptoms commonly reported.*? The most 
common symptoms were myalgias, arthralgias, weakness, 
fatigue, dizziness, difficulty in concentrating, headache, 
anxiety, and depression. More than 70% of the patients 
had serious psychological trauma in the past year, and 
nearly 10% of patients were found to have previously 
undiagnosed significant medical problems. The results 
of the SCL-90 showed a tendency to somatization in 
almost 70% of the patients. Elevated parameters for 
anxiety, depression, and obsessive tendencies were 
common. No patient had mercury toxicity.” A number 
of other recent studies have similarly suggested psycho- 
logical etiologies for amalgam-related symptoms.**°° 
A recent in-depth review commissioned by the U.S. 
government found that the existing data of this body 
of literature fail to support amalgam-related health 
effects.°” 

Poisoning from elemental mercury is well described 
and is characterized by tremor, constriction of visual 
fields, alterations in renal function, ataxia, psychological 
syndrome known as erethism, and gingivitis-stomatitis 
(see Chapter 71). This characteristic spectrum of mercu- 
rialism is markedly different than the aforementioned 
complaints of individuals with symptoms they attribute 
to dental amalgam.***9 

Further support for the notional, rather than physio- 
logic, basis for complaints related to mercury from 
dental amalgams comes from the study of the effects 
of chelation therapy on symptoms in patients who have 
attributed their illnesses to their amalgams. In a double- 
blinded randomized trial on patients ascribing their 
symptoms to dental amalgam, there was improvement 
reported after chelation therapy. Improvement was 
similar, however, in the group that received placebo.” 
The significant placebo effect demonstrable in these 
patients might indicate that they have heightened 
suggestibility. 

Subsequent to concern raised by advocacy groups, 
governmental agencies in Europe,“ Canada,*** 
Australia,*4 and the United States,>”*°*® as well as 
nongovernmental organizations such as WHO,“ the 
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American!® and Canadian Dental Associations,!® and 
the National Multiple Sclerosis Society*® studied the 
strength of the association between dental amalgams 
and human mercury poisoning. These groups have all 
concluded that, in the absence of demonstrable 
hypersensitivity reactions, there are insufficient scientific 
data to conclude that there is a relationship between 
mercury exposure from dental amalgams and their 
various alleged effects. 


AUTISM FROM THIMEROSAL IN 
VACCINES 


The organomercurial preservative thimerosal has been 
used in a number of biologic preparations since the 
1930s. At that time, various mercurials were used for 
a number of purposes, including the treatment of 
infectious diseases and as diuretics. Nonorganomer- 
curials are no longer used for these purposes because of 
their relatively low margin of safety and the introduction 
of more efficacious agents. However, organomercurials 
were found to have minimal toxicity and a favorable 
safety profile. Based on this, ethyl mercury salicylate 
(thimerosal) was developed and ultimately became 
widely used as a pharmaceutical under the brand name 
of Merthiolate. A number of early papers indicated that 
relatively large doses of Merthiolate did not cause 
toxicity to humans or animals.“ The first major clinical 
use of Merthiolate use was reported in 1930, which 
involved intravenous administration of large doses of 
thimerosal as an “antiseptic solution” for the treatment 
of meningococcal meningitis.°? Thimerosal was also 
administered intranasally to people with positive nasopha- 
ryngeal cultures for meningococcus. No significant 
toxicity from thimerosal administration to either the 
patient or the carriers was reported. 

Widespread use of Merthiolate blossomed during 
World War II when large amounts of serum and plasma 
were used for resuscitation and volume support. Despite 
its widespread use, no significant toxicity was associated 
with Merthiolate except for possible allergic reactions. 
Throughout this time period, and for the balance of the 
20th century, thimerosal was widely used. 

Because of the tremendous public health benefit of 
vaccines, the number and types of vaccinations steadily 
rose throughout the 1990s. Coincident with the increased 
intensity of childhood vaccination, there has been a rise 
in the incidence of autism spectrum disorder (ASD), 
largely due to changes in diagnostic practices. This 
temporal relationship has led to speculation that there 
may be a relationship between the administration of 
vaccines and childhood ASD. A number of advocacy 
groups that have embraced the concept that vaccines are 
causally related to the increase in ASD have focused on 
the thimerosal in these vaccines and have suggested that 
this compound may cause autism. These claims have 
been widely distributed on a number of Internet sites. As 
a result, many families have opted to attempt to forgo 
vaccination or even subject their children to chelation 
therapy. Speculation about the role of thimerosal in the 
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etiology of ASD was fueled by a widely quoted analysis 
that inappropriately applied the U.S. Environmental 
Protection Agency (EPA) reference dose (RfD) for 
methyl mercury to thimerosal.°! Restriction of the analysis 
to the first 6 months of life and a full vaccination 
schedule leads to the potential for exceeding this dose 
based on vaccine administration. However, this is an 
illogical comparison for a number of important reasons. 
The EPA Rf£D, as noted previously, is for methyl mercury. 
Thimerosal is known to quickly dissociate to ethyl mer- 
cury. Ethyl mercury and methyl mercury are markedly 
different in their toxicologic and pharmacokinetic 
properties. Thus, the methyl mercury RfD should not be 
considered applicable to thimerosal or ethyl mercury.” 
Further, the RfD for methyl mercury is based on a study 
of a fish-eating population in the Faroe Islands, where 
subtle decrements on neurocognitive testing in children 
have reported an inverse correlation between blood and 
hair mercury concentrations and testing results.’ A very 
similar study, done on another predominantly fish-eating 
population in the Seychelles Islands, however, has failed 
to find a similar effect based on hair mercury con- 
centrations.” Thus, the Faroe data, on which the EPA 
RfD is based, are questionable. It should also be noted 
that the effects reported in the Faroese cohort are very 
subtle and based strictly on sensitive neurocognitive 
testing. There were no clinically discernible mercury- 
related effects based on physical examinations or 
maternal reports. Thus, the EPA RfD is based on very 
subtle and questionable effects that have nothing at all to 
do with ASD. The concentration of mercury from 
vaccines, which before the removal of thimerosal in 1999 
was generally 12.5 or 25 ug per vaccination, is extremely 
small and therefore would not be expected to cause 
toxicity of any kind. 

Because of the allegations of ASD being caused by 
thimerosal from childhood vaccination, a number of 
epidemiologic studies have evaluated whether an 
association exists between mercury administration from 
thimerosal and ASD. These studies have failed to find a 
relationship between the administration of mercury- 
containing vaccines and ASD.” Based on these epidemi- 
ologic studies, the considerations described previously, 
and other factors, the IOM published a report in 2003 
formally rejecting the hypothesis of an association 
between thimerosal administration and the subsequent 
development of ASD.” 


MOLD AS A SOURCE OF SYSTEMIC 
DISEASE 


The term mold, as used in this chapter, refers to a 
ubiquitous subgroup of fungi that grow as multicellular 
visible colonies containing large numbers of intertwined 
hyphae. Fungi are a group of spore-forming eukaryotic 
organisms that some put in their own unique kingdom. 
Other nonmold fungi of toxicologic interest are mush- 
rooms, which are discussed in detail in Chapter 23. An 
additional group of nonmold fungi is responsible for 
human morbidity, including opportunistic organisms 
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(e.g., coccidioides, histoplasma) and superficial integu- 
mental infections such as tinea pedis and onychomycosis. 

Mold tends to grow in damp environments, a 
condition satisfied by virtually all buildings some, or 
most, of the time. Concern for environmental mold as a 
source of major human disease to the nonimmuno- 
compromised host was fueled in the early 1990s when 
investigators initially implicated the mold Stachybotrys 
chartarum in several cases of infantile pulmonary hemor- 
rhage in Cleveland.5® Although these cases focused 
attention on potential systemic disease caused by 
environmental mold exposure, particularly Stachybotrys 
species, subsequent reanalysis of these cases by both the 
IOM and the U.S. Centers for Disease Control and 
Prevention have failed to verify the link between mold 
exposure and these cases.°”°5 In the interim, however, 
there has been an explosion of allegations on the 
Internet, fueled by advocacy groups and other interested 
parties, linking environmental mold exposure and 
multiple systemic symptoms or diseases, a phenomenon 
that one editorialist deemed “mold madness.”°? 

There are a number of health problems that are poten- 
tially attributable to molds; therefore, any complaint of 
mold-related illness must consider these diagnoses. Most 
prominent are allergic reactions, which may be either 
immunoglobulin E (IgE)- or IgG-mediated. The former 
causes atopic effects, such as rhinosinusitis, atopic 
asthma, or dermatitis. IgE is generally reactive with 
fungal proteins of either hyphal or spore origin. The 
most prominent indoor molds that cause immediate 
hypersensitivity are Aspergillus and Penicillium species.°° 
Typical outdoor molds of interest are Alternaria and 
Cladosporium species.” Individuals who have IgE-mediated 
immediate hypersensitivity to molds tend to be more 
generally atopic and thus respond to other common 
environmental allergens. Much less common is IgG- 
mediated hypersensitivity in the form of extrinsic allergic 
alveolitis (EAA), formally referred to as hypersensitivity 
pneumonitis. Individuals with mold-related EAA have 
generally been exposed to large amounts of mold- 
derived protein and develop an exaggerated IgG 
response. Because this is due to inhalation, the antibody- 
antigen interaction occurs in the lung. A more detailed 
discussion of mold-related EAA can be found in other 
references.” Ingestion of the plant fungus Claviceps 
purpurea caused the vasospastic syndrome known as 
St. Anthony's fire from ergot alkaloids produced by the 
fungus.°! 

Molds may also produce mycotoxins, which are large 
molecules elaborated from fungi. Because of their size, 
they have a low vapor pressure and are thus not a 
significant airborne threat. However, when ingested, 
mycotoxins may cause aflatoxicosis and manifest as liver 
or renal disease. Mold is also found as a commensal 
organism colonizing the human vagina and gastro- 
intestinal tract. 

A number of adverse health outcomes have been 
associated with exposure to indoor mold. These have 
primarily been related to the respiratory system but have 
also involved allegations of dermatologic, gastrointestinal, 
connective tissue, immune, and neuropsychiatric syn- 
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dromes, including fatigue. Patients who complain of 
mold-related systemic symptoms do not generally test 
positive for allergic responses to these fungi, nor can a 
relationship between symptoms and dose be demon- 
strated. Because of the profound public concern for 
adverse effects from moldy environments, the IOM 
undertook a detailed evaluation of the potential adverse 
effects of damp indoor spaces.® Their methodology 
involved four levels of scientific certainty, the highest 
being sufficient evidence of a causal relationship and 
the lowest being inadequate or insufficient evidence to 
determine whether an association exists between damp 
indoor environment or mold and adverse health out- 
comes. There was no health effect that was considered to 
be documented well enough to meet the sufficient 
evidence of a causal relationship standard. Some upper 
respiratory effects were through to be characterized by 
sufficient evidence of an association, and others were 
characterized by limited or suggestive evidence of an 
association. All the other effects were found to charac- 
terize the lowest level of surety, indicating that there was 
not evidence to determine an association. Although the 
IOM report is the most comprehensive to date, other 
professional societies, including the American College of 
Occupational and Environmental Medicine and the Texas 
Medical Association, have taken similar positions.°” 
Thus, based on currently available information, other 
than the allergic and opportunistic effects described 
previously, there are few data to support the widespread 
notion of more diffuse toxic effects of exposure to mold. 


IDIOPATHIC ENVIRONMENTAL 
INTOLERANCE 


Originally referred to as multiple chemical sensitivity 
(MCS), this syndrome is now more properly referred to 
as idiopathic environmental intolerance (IEI). The 
former designation, invoking the concept of sensitization, 
has an etiologic implication. Sensitization is properly 
viewed as an immunologic phenomenon. In fact, early 
proponents of a physiologic basis for this syndrome 
evoked such an immunologic ideology. However, with 
the subsequent evolution of a significant body of data 
refuting an immunologic basis for MCS, this designation 
became obsolete. As the designation for this syndrome 
has morphed, so has the nomenclature of its propo- 
nents. Formally called “clinical ecologists,” the group of 
physicians advocating a physiologic basis for IEI now 
designate themselves “environmental medicine” physi- 
cians. However, environmental medicine is not an 
accepted medical specialty in the United States. It is 
important to distinguish this group from the recognized 
specialty of Occupational and Environmental Medicine. 
The ethos of the latter group is directly contrary to that 
of “environmental physicians.” The American College of 
Occupational and Environmental Medicine has formally 
rejected a physiologic basis for IEI.© 

In 1996, a WHO/German Government Conference 
suggested that idiopathic environmental intolerance was 
a more appropriate designation.® The 1996 Conference 
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determined that IEI was a symptom complex experienced 
by people after exposure to nonspecific environmental 
chemicals at concentrations and doses that do not affect 
most people with a repetitive pattern of symptom occur- 
rence, not explainable by any well-accepted medical 
condition. 

There have been two major categories of theories 
proposed to explain the occurrence of these symptoms 
in the absence of a medical explanation. Toxicogenic 
theories posit that low-level “chemical” exposures in a 
hypothesized physiologic vulnerable population trigger 
these repetitive symptoms in an as yet scientifically 
unexplainable fashion. In contrast, psychogenic theories 
are based on the concept of an overvalued belief of toxic 
harm based on psychological factors. A recent in-depth 
critical analysis of these two disparate theories strongly 
concluded that the psychogenic explanation is most con- 
sistent with the current state of scientific knowledge.°”® 

The optimum methodologic approach to the study of 
IEI uses exposure chambers, where the subject is 
exposed to either filtered room air or substances they 
have previously identified as “provocants.” The odor 
properties are masked by innocuous substances such as 
peppermint, which is also added to the air in placebo 
trials. Pioneering work in this field by Staudenmayer and 
colleagues has shown with this methodology that patients 
complaining of IEI cannot identify their provocants in 
anything more than chance fashion.°? The WHO has 
assessed IEI and recommended that the existence of this 
condition could best be verified by exposure chamber 
experiments.°° The results of exposure chamber studies, 
therefore, provide strong support for the psychogenic 
theory of IEI symptoms. The diagnoses that apply would 
most commonly be in the realm of somatoform 
disorders, although individual psychiatric evaluation is 
mandatory before such a diagnosis can be established. 
Many patients with IEI symptoms have overlap syn- 
dromes with other conditions that are often explainable 
by a somatoform disorder, such as the mold or dental 
amalgam syndromes discussed earlier in this chapter. 
Examples of other conditions commonly explainable by 
the presence of a somatoform disorder are some cases 
of fibromyalgia, sick-building syndrome, and chronic 
fatigue syndrome. 


Disclaimer: Dr. Brent has served as a consultant to 
SmithKline Glaxo, a vaccine manufacturer. 
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8 6 Smoke Inhalation 


CHRISTOPHER H. LINDEN, MD 


At a Glance... 


m Smoke inhalation accounts for more than 80% of fire-related 
fatalities, most of which result from residential fires. 

m The pathophysiology of smoke inhalation is multifactorial and 
involves additive or synergistic toxicity from hypoxia, thermal 
injury, and numerous chemical toxins (e.g., carbon monoxide, 
hydrogen cyanide, irritant gases). 

m The ultimate cause of death in patients with smoke inhalation 
is asphyxia (i.e., tissue hypoxia and consequent acidosis). 

m The carboxyhemoglobin fraction is elevated in virtually all 
patients exhibiting signs and symptoms of asphyxia. 

m Unexplained coma, severe metabolic (lactic) acidosis, and 
refractory hypotension victims suggests cyanide poisoning. 

m Urgent endotracheal intubation is indicated in patients with 
cyanosis or hypoxemia despite oxygen therapy, respiratory 
depression or acute hypercarbia, pulmonary edema, altered 
mental states, full-thickness burns of the face or neck, and 
respiratory distress due to upper airway obstruction. 

m Intubation should also be considered for patients with upper 
airway pathology on laryngoscopy or a respiratory rate of more 
than 30 breaths/min who do not improve with oxygen or other 
pharmacologic therapy. 

m Hyperbaric oxygen can be effective in treating carbon monoxide 
or cyanide poisoning, cerebral edema, and thermal burns; it 
should also be considered for patients with refractory 
hypoxemia. 

m When cyanide poisoning is suspected in smoke inhalation 
victims, sodium thiosulfate may be administered without 
nitrates. 


Smoke is a complex mixture of liquid and solid aerosols, 
fumes, gases, and vapors resulting from thermal decom- 
position or pyrolysis.'? Although commonly defined as 
the visible cloud emitted from a material that has been 
ignited, smoke is not always visible. In fires, pyrolysis 
usually begins as flaming combustion (oxidative pyrolysis 
or thermo-oxidation) resulting from the application of 
an igniting source (e.g., spark or flame) to a flammable 
material. As heat is generated and oxygen is consumed, 
smoldering combustion (oxidative pyrolysis without 
flame) and nonoxidative or anaerobic pyrolysis become 
the dominant processes. Pyrolysis can also result from 
the application of intense heat without fire or flame. 
Metal fume fever and polymer fume fever, which result 
from the inhalation of products generated when metals 
and synthetic polymers (e.g., fluorocarbons and other 
plastics) are heated above their melting points, are classic 
examples.°* Hence, the adage, “where there’s smoke, 
there’s fire,” is not always true. 

Although not often appreciated, the scene of 
smoldering combustion is more far more hazardous than 
that of flaming combustion.* Not only is less oxygen 


available, more toxic gases are present, and the potential 
for flare-up is greater. Because combustion is less 
complete, more carbon monoxide (CQO), a product of 
incomplete combustion, is evolved during smoldering 
combustion than during flaming combustion, where 
carbon dioxide (CQOg,) is the predominant product of 
combustion. In addition, combustible gases generated 
under conditions of oxygen depletion can suddenly ignite, 
particularly when enclosed spaces are subsequently 
opened (i.e., supplied with oxygen). Examples include 
“flashover” (the simultaneous ignition of all surfaces of 
a room or structure without the progressive spread of 
flame) and explosive “flare-up,” as exemplified in the 
1991 movie Backdraft. Preventing such events explains 
the “C” in the fire response acronym RACE (rescue, 
alarm, close all doors and windows, extinguish) and the 
recommendation that a person attempting to escape a 
fire scene not open a door if it is hot. 

Thousands of potentially toxic organic and inorganic 
chemicals are generated when materials undergo 
pyrolysis.'?°"! Their identity, amount, and rate of pro- 
duction depend on the source material and the tem- 
perature, rate, and mode of pyrolysis. However, technical 
limitations and lack of knowledge of the materials and 
conditions involved, which vary with time and space, 
make it impossible to determine precisely what chemi- 
cals (and physical factors) are present at the scene of 
naturally occurring events such as fires. Those most 
widely studied and thought to be most responsible for 
morbidity and mortality in human smoke inhalation are 
listed in Table 86-1. 

Although smoke invariably contains CO, the patho- 
physiology and management of smoke inhalation are 
far more complex than of pure CO poisoning (see 
Chapter 87). In contrast to CO poisoning, morbidity and 
mortality from smoke inhalation are due to multiple 
chemical and physical factors (see Table 86-1). CO 
poisoning is often involved, but other causes of asphyxia, 
particularly inhalation (respiratory tract) injury, must 
also be evaluated and treated. 


EPIDEMIOLOGY AND HISTORY 


In the United States, more than 4000 people die from 
fire-related injuries each year (about 2.3 deaths per 
100,000 population).'* Smoke inhalation is the primary 
cause of death in more than 80% of cases, with surface 
burns and other trauma accounting for the remainder. 1*3 
Of note, in some commercial aircraft crashes, more 
people die from smoke inhalation secondary to 
postcrash fire than from injuries sustained on impact.'* 
Eighty percent of smoke inhalation deaths occur 
within 6 hours of exposure and 93% within 24 hours.'*° 
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Factors Involved in the Pathophysiology of Smoke Inhalation 





MECHANISM OF ASPHYXIA CAUSE 


Oxygen deficiency 
(simple asphyxia) 


Ambient hypoxia 
Carbon dioxide 
Multiple other gases 


Carbon monoxide 
Methemoglobin inducers 


Functional anemia 
(abnormal hemoglobin) 


Carbon monoxide 
Hydrogen cyanide 


Cytochrome oxidase inhibition 
(cellular asphyxia) 


Airway or lung injury 
(corrosive effects) 


Acrolein, other aldehydes 
acids, nitrogen oxides 


Ammonia, isocyanates 
Carbonyl fluoride 


Halogen acids, phosgene 


Heat, flame, steam 
Sulfur oxides 


Mechanical airway obstruction Soot 
Central nervous system depression Alchohol 
Drugs 
Cellular asphyxiants 
Hypoxemia 
Trauma 


and hydrocarbons, organic 


SOURCE 


All combustible materials 


All combustible materials 
Unknown 


All combustible materials 

Animal products, acrylics, acrylonitrile-butadiene-styrene 
plastics, melamine resins, nylons, urea-formaldehyde 
foam insulation, wool 


Most combustible materials 


Same as for hydrogen cyanide 
Fluorocarbons (e.g., Teflon) 


Fire extinguishers, flame retardants, acrylics, films, 
polyvinylchloride plastic, resins 


Most combustible materials 
Animal and petroleum products, rubber, wool 


All combustible materials 





In victims who are dead when discovered, death has 
historically been attributed to asphyxia due to CO 
poisoning or severe upper- and lower-airway obstruction 
and pneumonitis. Environmental oxygen depletion, heat, 
and cyanide poisoning are now considered contributing 
factors.'° In those who are found alive but moribund, early 
death results from respiratory failure due to progressive 
airway and lung injury. Delayed deaths primarily result 
from anoxic brain damage, pulmonary edema, bacterial 
pneumonia, sepsis, and pulmonary embolism. 

About 75% of fire-related fatalities in the United 
States result from residential fires.!*? Carelessness with 
cigarettes, matches, flammable liquids (e.g., fuels and 
cooking oils), wood stoves, and other heating devices 
and malfunctioning appliances and heating systems are 
the underlying causes in most instances. In multiperson- 
dwelling fires, children younger than 5 years of age, the 
elderly, those with physical or cognitive disabilities, and 
those impaired by alcohol or other drugs are at higher 
risk for death than able-bodied, unimpaired adults. 1° 
More than half of home fire deaths result from fires in 
the 5% of homes with no smoke alarms. Despite stricter 
building codes, increased use of smoke detectors, 
and improvements in medical care, the annual number 
of fire-related fatalities has changed little in the past 
60 years. 

Before World War II, most fire-related fatalities were 
due to surface burns rather than smoke inhalation.! 
During the next two decades, the incidence of death due 
to smoke inhalation tripled.!’ In 1951, Zapp, considered 
the father of combustion toxicology, first reported that 


more fatalities were caused by smoke inhalation than by 
surface burns.'® It was not initially recognized that 
pyrolysis products of plastics or synthetic polymers, 
which were introduced during the previous two decades 
and increasingly used in the construction and furnishing 
of buildings, were responsible for these observations. 
When first introduced, plastics were promoted by 
manufacturers as nonburning and self-extinguishing.' 

In 1962, Zapp was again the first to report that 
pyrolysis products of synthetic polymers (e.g., polyamine, 
polyethylene, polypropylene, polystyrene, polyurethane, 
polyvinyl chloride) were different from and more toxic 
than those from natural materials (e.g., cotton, wood, 
and wool).'? Subsequent research confirmed these 
findings. Plastics manufacturers, however, continued 
to deny responsibility. In 1972, the Federal Trade 
Commission initiated a complaint charging the plastics 
industry with failing to disclose, misrepresenting, and 
falsifying evidence.! 

It is now known that, compared with natural 
materials, plastics (and other synthetics) spread flame 
faster, make flare-ups and flashover more likely, and 
generate more heat more quickly, more and denser 
visible smoke, and greater amounts of more toxic 
invisible products of pyrolysis.! Paradoxically, although 
newer structures are less likely to catch fire, building 
construction materials and contents have become more 
dangerous when subjected to thermal decomposition. 
This, along with population increases, most likely 
explains why the annual number of fire-related fatalities 
has remained relatively constant. 


In most countries, every fire death is subject to 
investigation by a coroner or medical examiner and 
nonmedicolegal authorities. Forensic investigations have 
attempted to define the role or contribution of 
individual chemical and physical factors in causing death 
by analyzing autopsy data and by fire dynamics modeling. 
Infamous single events that have been studied include 
fires at the Cleveland Clinic in 1929,7° the Coconut 
Grove (Boston) night club in 1942,7? the Maura 
County (Tennessee) jail in 1977,” the Las Vegas MGM 
Grand hotel in 1980,?4 the Westchase (Houston) Hilton 
hotel in 1982,” the aircraft crash in Manchester 
(England) in 1985,'* the Dupont Plaza Hotel (San Juan, 
Puerto Rico) in 1986,*° and the Happy Land Social Club 
(New York City) in 1990.'° Data from multiple fire 
locations have been reported from Wayne County 
(Detroit area), Cuayhoga County (Case Western 
Reserve University, Cleveland), the Foundation for 
Fire Safety (16 jurisdictions in the United States and 
Canada),°” Maryland,*! Mississippi (University of 
Southern Mississippi) ,°* Glasgow (Scotland) ,°*°° Munich 
(Germany) ,*° New York City,°?”°8 Oslo (Norway),*? and 
Paris (France).*° In many instances, victims were found 
dead in areas remote from the fire, sometimes without 
evidence of heat, smoke, or soot, emphasizing the fact 
that in enclosed spaces, fatal smoke inhalation can occur 
without palpable or visible warning. 

Despite such investigations, the specific toxicants 
responsible for morbidity and mortality in human smoke 
inhalation remain uncertain and unpredictable.'® For 
example, in many fires, victims have lethal carboxyhe- 
moglobin (COHb) fractions,*?™3738 lethal blood cyanide 
(CN) levels,®° or both,!®4 but a correlation between the 
two is not necessarily present.!*79°° In other fires, 
nonlethal COHb fractions and CN levels are found, and 
death is attributed to respiratory tract injury from irritant 
gases***5 or to heat shock and oxygen depletion.” Even 
in a single fire, factors responsible for death vary from 
individual to individual.!® 

One objective of forensic investigations is to deter- 
mine whether death resulted from smoke inhalation or 
whether fire was used to conceal a prior death (e.g., a 
homicide or suicide). Historically, COHb has been used 
as a biomarker of smoke inhalation. Multiple studies 
have shown that COHb fractions in victims of fatal smoke 
inhalation are lower than in nonfire CO fatalities (e.g., 
from exposure to pyrolysis products of fossil fuels) 273138 
In fire exposures, a COHb fraction of 50% or greater is 
considered evidence that CO was the principal cause of 
death and that the victim died from smoke inhalation.'® 
In contrast, in nonfire exposures, a COHb fraction of 
60% or greater is generally used when assessing whether, 
“more likely than not,” death was due to CO poisoning. 
Again, the reason for this difference is that multiple 
other factors are involved in the pathogenesis of smoke 
inhalation. It is now clear that fire victims can have 
COHb fractions well below 50%, yet their death can 
clearly be attributed to smoke inhalation. Analysis of fire 
fatality data shows that COHb fractions have declined 
over time. It follows that other chemical or physical 
factors have become relatively more important. 

One such factor is hydrogen cyanide gas (HCN). 
In contrast to CO, the definition of a lethal blood CN 
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level is controversial, with 1 to 3 Ug/mL considered 
potentially lethal after the inhalation of HCN.'® 
Interestingly, in the first study to measure CN levels in 
fire victims, none had potentially lethal levels.*° Also in 
contrast to CO, analysis of fire fatality data shows that 
blood CN levels in fire fatalities and the fraction of 
victims with potentially lethal CN levels have been 
increasing with time.’® Irritant gases are also considered 
to have an increasing role in morbidity and mortality 
from smoke inhalation. Increased use of synthetic 
materials in the construction and furnishing of buildings 
is again the likely explanation for these trends. 

Nitrogen oxides produced by burning nitrocellulose 
x-ray film were implicated as the cause of inhalation 
injury in victims of the 1929 Cleveland Clinic fire.” It is 
now known that ammonia, HCN, isocyanates, methemo- 
globin inducers, and other respiratory tract irritants are 
also generated when nitrogen-containing compounds 
undergo pyrolysis. Inhalation injuries in victims of 
the 1942 Coconut Grove night club fire were described 
as similar to those caused by “certain war gases,” 
presumably referring to chlorine and phosgene, the 
gases used in World War I.*° It is now appreciated that 
these gases, along with many other irritants (see Table 
86-1), are indeed found in smoke. 

The toxicity of the individual chemical and physical 
factors that contribute to morbidity and mortality is well 
known. Recent research has focused on the effect of 
combinations of factors. Most significantly, these studies 
show additive or synergistic toxicity when oxygen 
depletion and irritant gas exposure is combined with CO 
and HCN (see later), again emphasizing the fact that the 
pathophysiology of smoke inhalation is multifactorial. 

Attempts to find practical, nontoxic fire retardants 
have met with limited success.'? When applied or added 
to materials, a variety of chemicals (e.g., antimony oxide; 
aluminum, boron, bromine, chlorine, molybdenum, and 
organophosphorus compounds; halogenated polymers) 
make them more difficult to ignite and less likely to 
propagate flame. None is completely effective or safe. 
Fire retardants themselves can produce toxic products 
when thermally degraded. 

Smoke alarms decrease the risk for death from fire by 
up to 60%.'**! Both ionization smoke alarms, which 
contain material that ionizes the air and creates an 
electrical path when products of combustion enter the 
device, and photoelectric alarms, which contain a light 
source that activates a photocell when light is reflected 
off smoke particles, provide a warning well before life- 
threatening conditions develop. Sprinkler systems 
are also advocated for the prevention of fire-related 
morbidity and mortality, but data regarding their efficacy 
are limited, particularly in residential settings.'**! 
Sprinkler systems typically require an air temperature of 
150° C at the ceiling level for activation. Although such 
temperatures are reached before immediately lethal 
conditions develop, they do not occur until many 
minutes after conditions become sufficient to activate 
smoke alarms or cause inhalation injury.'° Hence, it is 
unlikely that sprinkler systems will be shown to be as 
effective as smoke alarms in preventing morbidity and 
mortality from smoke inhalation. 
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PATHOPHYSIOLOGY 


Chemical and physical agents most commonly 
implicated in the pathophysiology of smoke inhalation 
are listed in Table 86-1. The severity of injury varies with 
both time and space. Those victims with longer exposure 
time and shorter distance to the source (i.e., greater 
toxicant concentrations) will have more severe effects. 
There is a hyperbolic relationship between the time of 
onset and severity of effects and exposure conditions: the 
greater the exposure, the more rapid and pronounced 
the effects, and vice versa. 

In a closed space, potential lethal conditions can 
develop within minutes of fire ignition. Smoke initially 
accumulates in a hot layer at the ceiling level and 
subsequently descends toward the floor.'® This explains 
why those attempting escape a fire scene are advised 
to crawl or stay close to the floor (1.e., “fall and crawl”). 
Indeed, there are anecdotal reports of survivors 
collapsing or fainting, falling to the floor (where they 
breathe cooler and less contaminated air), regaining 
consciousness, and subsequently crawling to safety. 

Victims succumb because of incapacitation (cognitive 
and physical dysfunction) and escape impairment that 
results from smoke inhalation, other fire scene factors, 
and preexisting or concurrent illness or infirmity.®'° 
Factors that contribute to incapacitation and escape 
impairment include asphyxia; coughing, choking, and 
dyspnea; impaired vision due to smoke, darkness, and 
ocular irritation; surface burns and traumatic injuries; 
physical obstacles such as debris, fire, heat, and slippery 
surfaces; and alcohol or drug intoxication, extremes 
of age, cardiovascular or pulmonary disease, and physical 
handicaps. Incapacitation and escape impairment 
increase smoke exposure and result in further cognitive 
and physical dysfunction. A progressive downward 
spiral ensues, ending with physical collapse, loss of 
consciousness, apnea, and cardiac arrest. Natural 
reactions to a fire, such as attempting to extinguish it 
and attempting to warn and rescue others, also prolong 
exposure. Indeed, many victims appear to have been 
attempting to escape before their death, and significant 
numbers die upon reentering the fire scene.” 

Regardless of contributing factors, the ultimate cause 
of death in patients with smoke inhalation is asphyxia 
(i.e., tissue hypoxia, hypercarbia, and acidosis). Asphyxia 
may be due to oxygen deficiency (i.e., breathing air 
rarified by combustion or containing gases that lower the 
partial pressure of oxygen), impaired oxygen transport 
and delivery (e.g., by COHb and methemoglobin), 
inhibition of cellular respiration (e.g., by CO and CN), 
central respiratory depression (e.g., by CO, CN, and 
carbon dioxide), and direct or indirect obstruction of air 
passages and alveoli (e.g., by heat, humidity, irritant 
gases, and soot). 

CO, heat, and oxygen deficiency are produced by 
all fires and are the primary causes of death due to 
enclosed-space fuel fires under experimental con- 
ditions.'® Historically, CO poisoning (see Chapter 87) has 
been considered the primary cause of death in human 
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smoke inhalation.’ However, when a COHb fraction of 
50% or greater is used as the criterion for death from CO 
due to smoke inhalation, this conclusion is no longer 
true. Since about 1970, fewer than half of the fatalities in 
multiple fire databases (primarily residential fires) have 
COHb fractions of 50% or greater. For example, in the 
Maryland study, 40% of victims dead at the scene had 
COHb fractions less than 50%, 24% had COHb fractions 
less than 30% (the fraction associated with incapacitation 
and escape impairment but not death), and 9% had 
COHb fractions less than 10%.*! Similar findings have 
been reported by others.?”°°%4°9 The data from single 
mass casualty incidents is even more impressive. Most 
victims in the MGM Grand Hotel, the Dupont Plaza 
Hotel, and the Manchester aircraft fires had COHb frac- 
tions less than 50% (88%, 95%, and 92%, respectively), 
and a greater percentage had COHb fractions less than 
30% (41%, 40%, and 28%, respectively) 147476 

For a variety of reasons, assessing the contribution of 
CO to morbidity and mortality from smoke inhalation is 
difficult. Although COHb fractions generally correlate 
with the severity of inhalation injury, victims of smoke 
inhalation can have high COHb fractions without signi- 
ficant pulmonary toxicity, and vice versa. !53138:4348 Because 
manifestations of CO poisoning are virtually identical to 
other causes of asphyxia, the relative contribution of CO 
cannot be determined by clinical assessment. In 
addition, COHb fractions correlate with clinical toxicity 
only after relatively brief exposures. The longer the 
duration of exposure, the greater the effect at a given 
COHb fraction.” This suggests that it takes time for 
blood and tissues levels of CO to equilibrate and that the 
area under the time—concentration curve (AUC) must 
be considered when interpreting COHb fractions. The 
effect of CO also depends on the extent of its binding to 
and inhibition of cytochrome oxidase, the mechanism of 
CO-nduced cellular asphyxia. Binding of CO to cytochrome 
oxidase depends on the oxidation state of this enzyme, 
with binding to the reduced (deoxygenated) form being 
greater than it is to the oxidized form. The same is true 
for CN. This is the rationale for oxygen therapy in CO 
and CN poisoning. It also explains why the lethality of 
CO is enhanced when combined with oxygen depletion 
or HCN exposure. In experimental animals, these three 
agents act synergistically, with time to death and lethal 
levels of CO and CN decreasing as much as 10-fold in 
combined exposures.!°*? In contrast, the effect of 
combining irritant gases with oxygen depletion, CO, or 
HCN appears to be simply additive.°°°* These findings 
probably explain why sublethal levels of both COHb and 
CN and insignificant inhalation injury are observed in 
some fire fatalities. 

The higher the ambient air temperature and 
humidity, the greater the morbidity and mortality from 
smoke inhalation in experimental animals.” Exposure of 
animals to dry air heated to 200° C for 5 minutes or to 
125° C for 15 minutes is potentially lethal.” Shorter 
exposures to dry air at temperatures of 350° C to 500° C 
result in tracheitis.”© Exposure to steam, which has much 
greater heat capacity, results in bronchitis and pul- 


monary parenchymal damage in addition to tracheitis at 
such temperatures. High skin surface temperature and 
hyperthermia undoubtedly contribute to incapacitation 
and escape impairment. Surprisingly, however, res- 
piratory tract injury secondary to heat and humidity is 
relatively uncommon in human exposures and occurs 
primarily in those with concomitant surface burns.?°°7 

Decreased ambient oxygen fractions, which occur as 
oxygen is progressively consumed during combustion, 
result in hypoxic asphyxia. At sea level, the normal 
oxygen fraction is about 21%. An acute reduction in the 
inspired oxygen reduction to 15% to 18% results in 
dyspnea on exertion, and a reduction to 10% to 14% 
results in confusion and dyspnea at rest.' At fractions of 
6% to 8%, loss of consciousness followed by death occurs 
within 5 to 8 minutes. Experimentally, lethal oxygen 
fractions do not occur until the temperature is quite 
high (about 315° C).'° This combination, however, is 
rapidly lethal. In addition, as noted earlier, oxygen 
depletion enhances the toxicity of both CO and CN. 
Although the effects of ambient hypoxia are indistin- 
guishable from those of other causes of asphyxia and 
cannot be assessed clinically, circumstantial and 
experimental evidence suggest that it plays a significant 
role in causing fire scene deaths. Because this condition 
is readily reversible and ceases to exist after removal 
from the fire scene, its only subsequent effects are those 
related to anoxic organ damage. 

HCN is produced when materials containing nitrogen 
(e.g., acrylonitrile plastics, melamine resins, nylon, wool, 
urea-formaldehyde foam insulation) are burned. The 
pathophysiology of cyanide poisoning is discussed in 
Chapter 88. HCN is more potent and produces more 
rapid incapacitation and death than CO in experimental 
animals.'® Potentially toxic CN blood levels have been 
noted in as many as 30% of survivors and 100% of 
fatalities, and potentially lethal levels have been reported 
in up to 10% of survivors and 70% of fatali- 
ties,1129,50,95,40,46.58.59 Data are difficult to interpret, how- 
ever, because the technique and time of blood sampling, 
storage, and analysis and definitions of potentially toxic 
and potentially fatal blood CN concentrations vary from 
study to study. Using cutoffs of 1 ug/mL or greater and 3 
Uug/mL or greater, potentially toxic and potentially lethal 
blood CN levels were found in 7% to 74% and 0% to 
46% of multiple fire fatalities, respectively.'° In single- 
casualty incidents, potentially toxic and potentially lethal 
levels were noted in 48% to 87% and 5% to 33%, 
respectively. As noted earlier, the highest blood CN levels 
are noted in victims of recent fires. 

For a number of other reasons, the contribution of 
CN to death from smoke inhalation is difficult to 
quantify.! The kinetics of CN are much more complex 
than for CO, and few data exist regarding its kinetics 
after HCN inhalation. Such exposure results in a rapid 
rise in the blood CN level, which may not be in 
equilibrium with those in mitochondria, and thus not 
reflect tissue toxicity. As with CO, CN binding to 
cytochrome oxidase and its toxicity are enhanced by 
oxygen depletion, and CN, CO, and oxygen depletion 
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have synergistic effects in experimental animals. 
Although blood CN levels usually correlate with the both 
the COHb fraction'®**° and the severity of inhalation 
injury,*°°®°? this is not always true. In some fires, high CN 
levels with low COHb fraction are seen,!* and vice 
versa.! Such apparently “antagonistic” findings could 
result if high concentrations of either HCN or CO (but 
not both) were present, with respiratory depression 
caused by one agent preventing the uptake of the other 
agent. In those found dead at the fire scene, levels of 
CN and CO tend to be lower when both are present, 
consistent with an additive or synergistic effect in 
humans. The interpretation of such data depends on the 
level of CN assumed to be lethal.!® As with other factors, 
manifestations of CN poisoning are indistinguishable 
from other causes of asphyxia, preventing clinical 
assessment of its role in human morbidity. Furthermore, 
blood CN levels are not routinely available and cannot 
be rapidly measured. Finally, the short half-life of CN, 
about 1 hour,“ suggests that its role in nonfatal smoke 
inhalation is minor. 

Smoke contains a variety of chemicals that are directly 
toxic to the mucosal surfaces of the eyes and respiratory 
tract (see Table 86-1). Differences in pyrolysis products 
explain why smoke from natural materials is more 
irritating or corrosive than that from synthetic ones. 
Smoke from materials of animal (e.g., fur, hide, silk, 
wool) or plant (e.g., cotton, paper, wood) origin contains 
mostly aldehydes (e.g., acetaldehyde, formaldehyde, 
acrolein) and lesser amounts of organic acids (e.g., 
formic and acetic acid), alcohols, and aliphatic and 
aromatic hydrocarbons.**!° Smoke from animal products 
also contains appreciable amounts of ammonia (NHs), 
nitrogen oxides (primarily NO»), and sulfur oxides 
(primarily SO»). With the exception of NHs, these 
chemicals are considered mildly to moderately corrosive 
to tissues. Because they also have low water solubility, 
they tend to travel to the distal respiratory tract and 
cause bronchial, bronchiolar, and alveolar injury. 

Smoke from synthetic materials contains a greater 
amount and variety of mildly to moderately corrosive 
organic compounds (e.g., acids, alcohols, aldehydes, 
aliphatic and aromatic hydrocarbons, amines and 
nitriles, halogenated hydrocarbons, ketones, and 
polymer monomers such as acrylates, esters, carbonates, 
phenols, and styrene) along with ammonia, and nitrogen 
and sulfur oxides.”'!°° Most important, smoke from 
halogenated materials (e.g., acrylics, fire extinguishers 
and retardants, solvents, and polyvinylchloride) contains 
hydrogen bromide (HBr), hydrogen chloride (HCI), 
hydrogen fluoride (HF), phosgene (CCI,O), and 
carbonyl fluoride (CFO or fluophosgene). CCl,O and 
CF,O are instantly hydrolyzed to their respective acids 
and CO, on contact with water.’ All these compounds are 
inorganic acids, which, in contrast to organic ones, are 
considered highly corrosive to mucosal tissues. 
Remarkably, the inhalation of HCl causes incapacitation 
faster than CO (but slower than HCN) in experimental 
animals.'® Acids and bases (e.g., NH3) have high water 
solubility and tend to dissolve in the moist tissues of the 
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upper airway, causing nasopharyngeal, laryngeal, and 
tracheal injury. They can also cause immediate or 
delayed pulmonary toxicity. Persistent or permanent 
respiratory dysfunction can occur after acute inhalation 
injury (see later) or with chronic exposure to smoke 
(e.g., in tobacco smokers or firefighters) .°! 

Delayed pulmonary effects are characteristic of 
polymer fume fever.* This syndrome is a flulike illness 
that occurs several hours after the inhalation of products 
generated when fluorocarbon polymers such as poly- 
tetrafluoroethylene (PTFE, Teflon) are heated to about 
400° C. This can occur during manufacturing processes 
(when ventilation fails or is insufficient), when workers 
smoke contaminated cigarettes (e.g., without first washing 
their hands), when lubricants are heated by friction, and 
when coated cookware is overheated in the home. Fine 
particulates are thought to cause the pyrogenic reac- 
tion, and vapors (e.g., carbonyl fluoride) are thought to be 
responsible for respiratory effects. The inhalation of smoke 
from the combustion of PTFE or its pyrolysis at higher 
temperatures results in more fulminant and typical 
inhalation injury. Metal fume fever is discussed in Chapter 75. 

The tissue toxicity of smoke, like other inflammatory 
reactions, appears to be mediated by arachidonic acid 
metabolites (e.g., leukotrienes, prostacyclins, and throm- 
boxanes), cytokines (e.g., platelet-activating factor), free radi- 
cals (e.g., superoxide, peroxide, hydroxyl), and activated 
polymorphonuclear leukocytes.®* In experimental ani- 
mals, smoke inhalation causes mucosal edema, necro- 
sis and pseudomembrane formation, and obstruction in 
the trachea and bronchi, followed by pulmonary vas- 
cular congestion, alveolar edema, atelectasis, and broncho- 
pneumonia.” Respiratory tract inflammation also results 
in bronchospasm, loss of ciliary function, destruction of 
surfactant, and increased microvascular permeability.47°4 
Increased shunting (secondary to pulmonary vasocon- 
striction), loss of lung compliance, and ventilation-perfusion 
mismatching may ensue. Although concentrations of irri- 
tants (in air and tissues) are difficult to measure, their 
contribution to morbidity and mortality in human smoke 
inhalation can be assessed both clinically and pathologically. 

COs, along with CO, constitutes most of the gaseous 
fraction of smoke.* An increased CO, fraction in inspired 
air causes simple asphyxia by physically displacing 
oxygen. Increasing blood levels of CO, initially stimulate 
and subsequently depress brainstem respiratory centers. 
High levels also cause generalized central nervous 
depression. These actions could increase exposure to 
smoke by increasing ventilation and causing incapaci- 
tation, and potentially contribute to fire scene deaths. As 
with oxygen depletion, except for postanoxic organ 
dysfunction, the effects of COs are readily reversible 
when exposure ends, and thus probably contribute little 
to subsequent morbidity and mortality. 

Methemoglobinemia is an infrequently reported 
complication of smoke inhalation.®® It is not clear 
whether this is due to infrequent occurrence or 
infrequent recognition. The identity of the offending 
toxicants is also unknown. Aromatic amino (-NH,), nitro 
(-NO,) and nitroso (-NO) compounds and oxides of 
nitrogen have been suggested as etiologies. The 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


pathophysiology of methemoglobinemia is discussed in 
Chapter 14. Effects are similar to those of anemia and 
difficult to distinguish from other causes of asphyxia. 
Although COHb fractions are usually elevated when 
methemoglobinemia is present, there does not appear to 
be a direct correlation between the two. Given that the 
oxygen binding and delivery by hemoglobin are 
decreased by both COHb and methemoglobin (MetHb), 
their combined effects are likely to be additive. 

Soot, the particulate fraction of smoke, is similar to 
activated charcoal and relatively inert.2*""! Large amounts 
can cause mechanical airway obstruction. Although this 
usually occurs at the bronchiolar level (resulting in 
atelectasis and subsequent pneumonia), in extreme 
situations (e.g., volcanic eruptions), it can result in 
upper airway obstruction. More significantly, however, 
soot can adsorb toxic gases and liquids and act as vehicle 
for delivering them to various locations along the res- 
piratory tract. Where a particle settles depends on its size.* 
Those smaller than 1 Um reach the alveoli (primar- 
ily by diffusion), those 1 to 5 um in size settle on tracheal, 
bronchial, and bronchiolar surfaces (as a result of sedimen- 
tation), and those measuring 5 to 30 Um are trapped in 
the nasopharynx (by inertial impaction). The same is 
true for aerosolized liquid particles of similar size. 

Smoke also contains carcinogens, which are primarily 
of concern in those with chronic exposure.?”*! All fires 
generate benzopyrene, the classic chemical initiator of 
carcinogenesis, as well as hundreds of other polyaromatic 
hydrocarbons (PAHs), some of which are known to be 
promoting agents. Such chemicals appear to be res- 
ponsible for the increased incidence of lung cancer in 
tobacco smokers and have been linked with an increased 
risk for lung cancer in foundry workers.®” Interestingly, 
PAHs present in soot were probably also responsible for 
the high incidence of scrotal cancer in chimney sweeps, 
described more than 200 years ago by the English 
surgeon Percivall Pott and considered to be the first 
recognized occupational cancer. Whether or not others 
with occupational exposure to smoke (e.g., blackmiths, 
firefighters) are at increased risk for cancer is unknown. 

Fires involving plastics, especially polyvinyl chloride, 
can emit acrylonitrile, arsenic, benzene, chromium, and 
vinyl chloride. Those involving transformers may result 
in exposure to polychlorinated biphenyls, polychlo- 
rinated dibenzofuran contaminants, and pyrolysis pro- 
ducts such as polychlorinated dibenzofurans, chlori- 
nated biphenylenes, and dioxin. Finally, smoke from 
both natural and synthetic materials may contain formal- 
dehyde. All these chemicals are known or suspected 
human carcinogens. 


TOXICOLOGY 


Clinical Manifestations 


The clinical course of smoke inhalation can be divided 
into early, intermediate, and late stages.” During the 
first 36 hours, the systemic effects of asphyxia and the 
local (i.e., respiratory tract) effects of irritant gases, heat, 


humidity, and soot predominate. Six hours to 5 days after 
exposure, pulmonary edema, cerebral edema, and the 
multiple-organ dysfunction syndrome develop in patients 
with prolonged or severe hypoxia. Complications that 
occur or become apparent days to weeks after exposure 
include permanent central nervous system (CNS) 
damage (e.g., coma, encephalopathy) due to anoxia, 
bronchiectasis and subglottic stenosis due to airway 
injury or its treatment (e.g., endotracheal intubation), 
pneumonia and sepsis due to impaired defense mecha- 
nisms, and malnutrition, pressure sores, and throm- 
boembolism in those with prolonged critical illness. 
Chronic sequelae such as asthma (reactive airways 
dysfunction syndrome), bronchiolitis obliterans, chronic 
bronchitis and obstructive pulmonary disease, and 
pulmonary fibrosis can develop days to years after the 
original insult. 

Victims of smoke inhalation may present with signs 
and symptoms of asphyxia or inhalation inju- 
ry, 15.44,47,48,62,64,65,6875 Both are typically present in those 
with significant exposures, but isolated inhalation injury 
is common in those with mild exposures. Surface burns, 
other trauma, and alcohol or drug intoxication may also 
be present. The larger the surface burn, the more likely 
there will be concomitant inhalation injury.®?®*7074 
Respiratory failure and mortality from smoke inhalation 
is higher in those with concomitant surface burns than 
in those without them. Traumatic injuries may results 
from falling objects, jumping to escape, and structural 
collapse. Intoxicating levels of ethanol have been 
reported in 30% to 53% of fatalities due to residential 
fires a*t 

Asphyxia is manifested primarily by CNS and cardio- 
vascular dysfunction.*#*%64.727475 Nausea, vomiting, 
and diarrhea may also be noted. Manifestations of 
asphyxia are present at the time of exposure and again 
later, if inhalation injury worsens with time. CNS effects 
range from agitation, anxiety, confusion, dizziness, and 
transient loss of consciousness to coma with seizures or 
abnormal posturing. Headache is a prominent, sensitive, 
and relatively specific manifestation of CO poisoning. It 
can also be seen in CN poisoning and with methemo- 
globinemia. Cardiovascular manifestations may include 
dysrhythmias, heart failure, hypotension, and myocardial 
ischemia or infarction. Underlying cardiovascular 
disease increases the risk for cardiac complications and 
may be a contributing factor in as many as 20% of smoke 
inhalation fatalities.*° 

The COHb fraction is elevated in virtually all patients 
exhibiting signs and symptoms of asphyxia. It may also be 
elevated in patients with isolated or predominantly 
respiratory complaints and findings. Blood CN levels 
may also be elevated, particularly in those with CNS and 
cardiovascular dysfunction, but methemoglobinemia 
appears to be rare. Findings that are relatively un- 
common yet specific to CO poisoning include retinal 
hemorrhages and cherry-red skin color. Lack of a color 
difference between retinal arterioles and venules (i.e., an 
equally red appearance) has been described in CN 
poisoning. An elevated plasma lactate concentration 
(>10 mEq/L) correlates with the presence of high blood 
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CN levels. However, lactic acidosis invariably accom- 
panies severe or prolonged tissue hypoxia or shock 
regardless of the underlying cause. Hypoxemia and 
respiratory acidosis (hypercapnia, PCO > 40 mm Hg) 
may be seen in patients with CNS depression or severe 
inhalation injury. Cyanosis from methemoglobinemia 
usually appears more gray or brown than that due to 
hypoxemia, which is purplish. Blood containing a high 
MetHb fraction has a milk-chocolate color. 

Inhalation injury may involve the upper (laryngo- 
tracheal) or lower (bronchopulmonary) respiratory 
tract, 15.4447,62,64,65,6872,74,75 The lower respiratory tract is 
affected more often than the upper. Cutaneous burns of 
more than 15% body surface area, a history of exposure 
in an enclosed space, an altered level of consciousness, 
and carbonaceous sputum production are associated 
with a high incidence of bronchopulmonary injury. 
Facial and neck burns are associated with a high 
incidence of both upper and lower respiratory tract 
injury. Those with preexisting pulmonary disease are 
more susceptible to the respiratory effects of smoke. 

Nonspecific manifestations of inhalation injury include 
cough, dyspnea, tachycardia, tachypnea, retractions, and 
hypoxemia. Hypoxemia is usually defined as an oxygen 
saturation less than 95% by pulse oximetry or arterial 
blood gas (ABG) analysis (SpO. and SaO, respectively), a 
partial pressure of oxygen (POs) less than 85% in an 
arterial sample, or an arterial oxygen tension—to- 
inspired oxygen fraction ratio (PaO,/FIO,) of less than 
400 in an otherwise healthy person breathing room air. 
Cyanosis, which corresponds to 5 g/dL of reduced or 
deoxyhemoglobin or an oxygen saturation of about 60% 
in a healthy adult with a normal hemoglobin level, and 
respiratory acidosis may be seen in severe cases. 

In most patients with smoke exposure, some degree of 
conjunctivitis, lacrimation, pharyngitis, and rhinitis is 
also present. Corneal abrasions caused by soot are also 
relatively common. Exposure to fire or extreme heat may 
result in corneal burns or desiccation with superficial 
sloughing. Examination of the nose, mouth, and throat 
may reveal erythema, edema, or soot. In severe cases, 
singed nasal hair and mucosal ulcerations and 
hemorrhage may be seen. 

Signs and symptoms of laryngotracheal involvement 
include drooling, dysphasia, hoarseness, neck pain, and 
stridor. 154447546878 Complete obstruction of the upper 
airway can occur in severe cases. Mucosal edema, ery- 
thema, blistering, ulceration, and sloughing; laryn- 
gospasm; increased secretions; and soot may be seen on 
laryngoscopy.°*”” Laryngeal, epiglottic, and periglottic 
edema may be visible on soft tissue neck radiographs. A 
chest radiograph may reveal tracheal narrowing. A 
sawtoothed or plateau pattern of the inspiratory curve 
and an expiratory-to-inspiratory ratio greater than 1 may 
be seen on flow-volume loop spirometry.”” 

Complaints and physical findings indicative of 
bronchopulmonary injury include chest burning or 
tightness, carbonaceous sputum production, rhonchi, 
rales, and wheezing.!54447,646875 Tn some symptomatic 
patients, no auscultatory abnormalities are noted. Rales 
or crackles may be localized (e.g., from atelectasis 
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or pneumonia) or diffuse (e.g., from pneumonitis or 
pulmonary edema). Fever and leukocytosis may 
accompany atelectasis, pneumonitis, or pneumonia. 
When they occur within 2 days of exposure, atelectasis 
or inflammation rather than infection is the likely 
cause. Fever is also a characteristic feature of polymer 
fume fever.* A chest radiograph may reveal peribronchial 
cuffing (due to airway edema) and patchy or diffuse 
infiltrates (due to atelectasis, pneumonitis, pneumonia, 
or pulmonary edema).**7°*? It may appear normal, 
however, when obtained soon after exposure.“*” High- 
resolution thin-section chest computed tomography 
can detect late complications such as bronchiectasis, 
bronchiolitis obliterans, and interstitial lung disease.*” 

Bronchial and bronchiolar obstructions cause 
decreased peak expiratory flow rate (PEFR), forced 
expiratory volume in the first second (FEV,), and forced 
vital capacity (FVC) on bedside spirometry.””*” An 
increased expiratory-to-inspiratory ratio on flow-volume 
loop spirometry is more sensitive in detecting increases 
in small airway resistance. Radionuclide (xenon or 
technetium) ventilation-perfusion imaging may show 
segmental delayed washout (retention of gas for more 
than 90 seconds) in areas of small airway obstruction 
before abnormalities appear on plain films.”078-8485 
Formal spirometry may reveal a restrictive pattern in 
patients with decreased lung compliance due to 
pulmonary parenchymal damage. Unventilated areas on 
lung scanning and decreased CO, diffusing capacity 
usually indicate parenchymal injury but can also be seen 
with severe airway obstruction. Bronchoscopy may reveal 
crusts, casts, and plugs (mucus or soot) along with 
mucosal injury.3%69-86 

Pulmonary edema and bacterial pneumonia are 
common complications in patients with significant 
inhalation injury.!5444768-7375 Pulmonary edema occurs 
in 5% to 30% of hospitalized patients and is associated 
with a mortality rate as high as 70%. It can be acute or 
insidious in onset and progress to fulminant adult 
respiratory distress syndrome (ARDS). It can also occur 
in patients with extensive cutaneous burns in the 
absence of significant smoke inhalation. Bacterial 
pneumonia is even more common, occurring in 15% 
to 60% of hospitalized patients and associated with 
mortality rates of 50% or greater. Pneumonia that 
develops within 3 to 4 days of exposure is usually 
due to Staphylococcus aureus. When it occurs later, 
gram-negative organisms such as Escherichia coli and 
Enterobacter, Klebsiella, and Pseudomonas species are the 
likely etiology. 


DIAGNOSIS AND EVALUATION 


The history should include details of exposure; symp- 
toms, condition, and treatment before arrival; and past 
medical history. If the patient is unable to provide 
details, rescuers or other witnesses should be questioned. 
The nature of the material that generated the smoke 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


(e.g., natural or synthetic); the presence or absence of 
flame, heat, steam, or explosion; a description of the 
smoke (e.g., density, color, odor); and the duration of 
exposure and the time elapsed since exposure should be 
noted. Of particular importance is whether the exposure 
occurred indoors or out in the open. The possibility of 
concomitant drug or alcohol use, trauma, and attempted 
arson, murder, or suicide should also be explored. How 
and where a comatose victim was found may provide 
valuable clues. Firefighters should be asked about mask 
use, its fit and functioning, and its method of oxygen 
delivery (e.g., by demand valve or by continuous positive 
pressure). Exposure to invisible gases may occur when 
they remove their masks after a fire has been 
extinguished (e.g., during the clean-up or cool-down 
period). Firefighters should also be asked about the 
duration and intensity of exertion, the type and amount 
of protective gear, and environmental conditions. 
Answers to these questions may suggest additional or 
alternative diagnoses such as dehydration and hypo- 
thermia or hyperthermia. 

The nature of symptoms at the time of exposure or 
discovery, as well as at the time of arrival, is important in 
assessing the severity of an exposure. Altered mental 
Status, collapse, or syncope at the scene suggests 
significant CO or CN poisoning or inhalation injury. 
These events may be overlooked if clinical improvement 
has occurred by the time of arrival (e.g., if oxygen was 
administered or presentation was delayed). Cyanosis 
unresponsive to oxygen suggests severe inhalation injury 
or methemoglobinemia. The presence of preexisting 
disease must be considered when interpreting clinical 
events and determining disposition and treatment. 

Vital signs should be carefully evaluated. Particular 
attention should be given to the respiratory rate. Body 
temperature should be measured as soon as possible for 
all patients. This vital sign is often not measured until 
very late in the evaluation of critically ill patients (i.e., 
those at greatest risk for hyperthermia or hypothermia). 
Oxygen saturation measured by ear or finger pulse 
oximetry (Spo) should be considered a fifth vital sign 
and obtained in all patients. 

The physical examination should first focus on 
assessing the patency of the airway and adequacy of 
respirations. Cardiovascular stability, CNS function 
(mental status as well as level of consciousness), and skin 
color and integrity should then be evaluated. A trauma 
survey should be included in the evaluation of those with 
a history of trauma or altered mental status. Patients with 
respiratory symptoms must be frequently reevaluated for 
signs of upper airway obstruction, hypoxia, and hyper- 
capnia. Those with abnormal vital signs, altered mental 
status, hypoxemia, hypercapnia, chest pain, or respira- 
tory distress should have continuous cardiac monitoring. 
Those who have eye signs or symptoms or are 
unresponsive should have an ophthalmologic evaluation 
that includes fluorescein examination to check for 
corneal injury. Those who are unresponsive should also 
have a funduscopic examination to assess for papilledema 
and to compare the color of retinal arterioles and venules. 


The Spo may be falsely elevated and near normal 
when COHb and MetHb are present (see Chapters 14 
and 87). Hence, unless the history suggests trivial 
exposure and the patient is asymptomatic and has 
normal results on physical examination, COHb and 
MetHb fractions should be measured. In those who are 
awake and who have mild respiratory symptoms and 
normal cardiopulmonary findings, venous blood, placed 
in a heparinized ABG collection syringe, can be used 
instead of an arterial sample for measuring COHb and 
MetHb fractions.*! If COHb and MetHb fractions cannot 
readily be measured, a decreased oxygen saturation 
measured directly by co-oximetry in conjunction with a 
normal PO, (and hence normal calculated oxygen 
saturation) suggests the diagnosis of either CO poisoning 
or methemoglobinemia. The oxygen saturation gap, the 
difference between the calculated and measured oxygen 
saturation, can be used to estimate the fraction of COHb 
or MetHb, but it cannot differentiate the two. 

The Spo is also less sensitive than the PO, in 
detecting mild hypoxemia because the oxygen- 
hemoglobin dissociation curve, which relates oxygen 
saturation to the POs, is S shaped and nearly flat above a 
Po, of 60 mm Hg (corresponding to an Spo» of 90%), 
and a relatively large decrease in the PO, occurs before 
the Spo, changes appreciably. Measuring the PO, in an 
arterial sample may therefore be helpful in confirming 
or excluding inhalation injury when the diagnosis is not 
clear (e.g., the patient with dyspnea, normal Spo», and 
normal exam who may simply be anxious). Both 
the SpO and POs can be normal in patients with inhala- 
tion injury, however, and pulmonary function testing may 
also be necessary. 

In patients treated with oxygen, assessing the degree 
of hypoxemia and severity of inhalation injury can be 
accomplished by calculating the PO,/FI0¢ ratio, with FIO, 
expressed as a decimal fraction rather than as a 
percentage (e.g., room air has an FI0, of 0.21, not 21%). 
Although the FIO, is known with certainty only when the 
patient is intubated and on a ventilator, Venturi masks 
deliver oxygen at fairly reliable and known concen- 
trations. In patients receiving oxygen by nasal cannula, 
the FIO, can be estimated by adding 0.04 to the room air 
FIO» for each liter per minute of oxygen administered 
(up to a maximum of 6 L/min, after which the FIO, will 
not increase, unless a mask is also used). For example, 
4 L/min of nasal Os will provide an FIO, of about 0.37 
(= 0.21 + 4 x 0.04). A mask with a reservoir bag will 
deliver an FIO of about 0.6 at an oxygen flow rate of 
10 L/min or greater. As noted earlier, the normal 
POs/FIO» ratio is about 400 in a healthy adult. In patients 
with smoke inhalation, a PO»/FIO, ratio of less than 200 
indicates severe bronchopulmonary injury and a 
potentially fatal outcome. 

Patients with altered mental status, cardiovascular 
abnormalities, respiratory distress, or significant hypox- 
emia should be assessed for acid—base disturbances and 
hypercapnia by ABG analysis. If metabolic (lactic) 
acidosis is present, COHb and MetHb fractions are not 
elevated, and the PO, is normal, CN poisoning should be 
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suspected. Unexplained coma and refractory hypo- 
tension also suggest CN poisoning. Although CN levels 
are not widely available and results will not be known in 
time to alter therapy, obtaining a blood CN level may 
retrospectively confirm the diagnosis of cyanide 
poisoning. 

Calculating the alveolar-arterial Po, (A-A) gradient 
may sometimes be helpful in patients with hypoxemia 
and hypercapnia. The A-A gradient (150 — 1.25 x PCO, — 
POs, where 150 is the alveolar PO.) is normally 2.5 + 0.21 
x age (in years). It is increased in patients with inhalation 
injury but not in those with extrapulmonary causes of 
hypoxemia and hypercapnia (e.g., hypoventilation 
secondary to muscular weakness or CNS depression). 
Patients with signs and symptoms of inhalation who are 
not in acute distress should have bedside pulmonary 
function testing. Those who have persistent symptoms 
and are otherwise normal should be referred for 
comprehensive pulmonary function testing. 

Patients with altered mental status, cardiovascular 
abnormalities, respiratory distress, or significant hypox- 
emia should also have a chest radiograph and electro- 
cardiogram. A chest x-ray is also suggested for patients 
with respiratory complaints or abnormal lung sounds. 
Those with chest pain, palpitations, or an abnormal 
cardiac rhythm, and those with other signs or symptoms 
and a history of cardiopulmonary disease should also 
have an electrocardiogram. 

The evaluation of patients with upper respiratory tract 
signs and symptoms who do not have respiratory distress 
or other indications for immediate endotracheal 
intubation (see later) is best accomplished by fiberoptic 
laryngoscopy. Alternatively, soft tissue radiographs of the 
neck and flow-volume loop spirometry can be used to 
detect upper airway narrowing. Bronchoscopy can be 
performed to assess the lower airway. Although it is said 
to be the best test for confirming the diagnosis of 
inhalation injury,*””3*> it will not detect small airway or 
pulmonary parenchymal injury, and the prognostic value 
of abnormal findings remains controversial.®” 

The possibility of occult alcohol or drug intoxication 
and trauma should also be considered in patients with 
abnormal mental status or vital signs. Depending on the 
history and clinical presentation, toxicology testing and 
additional imaging studies (e.g., cervical spine films, 
computed tomography of the head) may be indicated. 
Women of childbearing age who have findings suggestive 
of significant smoke exposure, particularly those with 
elevated COHb fractions, should have a pregnancy test. 


MANAGEMENT 


Prehospital care should begin with the prompt but safe 
removal of the patient from the smoky environment. 
Rescue attempts should left to fire department 
personnel. Rescuers should never enter a fire scene 
without respiratory, eye, and skin protection. All patients 
exposed to smoke should receive supplemental oxygen. 
Decontamination measures such as irrigation of the eyes 
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and skin may also be indicated. Blankets should be 
provided if the patient is wet or cold, or if clothing 
removal is necessary. 

Basic and advanced cardiac and trauma life support 
measures should be instituted as necessary. Urgent 
endotracheal intubation is indicated for patients with 
respiratory distress due to upper airway obstruction, 
cyanosis or hypoxemia (SpO, < 90%, Po, < 60 mm Hg, or 
POs/ FIO» ratio < 100) despite oxygen therapy by reservoir 
mask, respiratory depression (respiratory rate < 12 
breaths/min), acute hypercarbia (PCO, 45-50 mm Hg or 
greater), pulmonary edema, altered or depressed mental 
status, and full-thickness burns of the face or 
neck,.®*70.72,7678 Intubation should also be considered for 
patients with upper airway pathology on laryngoscopy or 
a respiratory rate of more than 30 breaths/min who do 
not improve with oxygen or other pharmacologic 
therapy. Assisted ventilation using continuous positive 
airway pressure by mask (CPAP or BiPAP) is a reasonable 
alternative to endotracheal intubation for the treatment 
of hypoxemia and hypercapnia due to bronchopul- 
monary injury.®°°9 

When performing endotracheal intubation, the 
largest possible endotracheal tube should be used so that 
bronchoscopy can subsequently be accomplished. 
Nasotracheal intubation, alternative airways (e.g., 
laryngeal mask or Combitube, surgical procedures), or 
use of a fiberoptic laryngoscope or bronchoscope may be 
necessary in those with constricting perioral or neck 
burns or if airway edema prevents visualization of the 
larynx. If the history or physical examination suggests 
the possibility of head or neck trauma, cervical spine 
injury precautions should be taken until radiographs 
preclude this possibility. 

After intubation, the airway should be suctioned 
aggressively to remove secretions and inhaled debris. 
Oxygen should be humidified to prevent drying of 
secretions. Positive end-expiratory pressure at 5 to 10 cm 
HO should be routinely administered to prevent or 
treat atelectasis.°°> Higher pressures may be necessary 
for patients who remain hypoxic despite administration 
of 100% oxygen. Chest physiotherapy and postural 
drainage may also be helpful. 

Bronchoscopy is indicated for therapeutic purposes in 
intubated patients with inhalation injury because it 
allows for more effective and directed removal of inhaled 
debris and bronchial secretions. It may be especially 
useful in patients with lobar atelectasis or focal infiltrates 
on chest radiographs. For those with inspissated mucous 
plugs or bronchial casts, repeated bronchoscopy may be 
necessary. Tracheostomy should be reserved for those 
who require prolonged intubation (3 weeks or more) 
because it is associated with significant complications 
and increased mortality.”° 

Inhaled (aerosolized) racemic epinephrine or 
albuterol may be tried patients who have upper airway 
signs and symptoms but who do not require immediate 
endotracheal intubation. Such patients must be carefully 
monitored for deterioration. Inhaled and parenteral 
bronchodilators (e.g., albuterol, isoproterenol, terbu- 
taline) should be administered to patients with wheezing 
or other evidence of lower airway obstruction. Incentive 
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spirometry and encouragement of coughing may also be 
helpful. 

Corticosteroids are of potential benefit for laryngeal 
edema and small airways dysfunction. They may also be 
useful in the treatment of cerebral edema, irritant- 
induced bronchiolitis obliterans, and postextubation 
stridor. However, corticosteroids may increase mortality 
from infection, particularly in patients with pulmonary 
parenchymal injury and surface burns.®*! In patients 
with inhalation injury, a single large dose of cortico- 
steroid administered at the time of presentation is 
reasonable. Reserving subsequent doses for those with 
severe upper airway obstruction and refractory wheezing 
is suggested. 

Positive-pressure ventilation with positive end- 
expiratory pressure (PEEP) is the treatment of choice for 
pulmonary edema secondary to smoke inhalation.’ 
Complications include decreased cardiac output and 
pulmonary barotrauma. High-frequency ventilation may 
reduce the incidence of pneumonia and decrease 
mortality.?°"* Inhaled nitric oxide and arteriovenous or 
venovenous extracorporeal membrane oxygenation 
(ECMO) should be considered for patients with hypox- 
emia refractory to other measures.” Experimental 
evidence suggests that nonsteroidal anti-inflammatory 
drugs (e.g., ibuprofen), antioxidants and free radical 
scavengers (e.g., superoxide dismutase, catalase, defer- 
oxamine, butylated hydroxytoluene/piperonyl butox- 
ide, mannitol), endotracheal fluorocarbons and exogen- 
ous surfactant, heparin, and hyperbaric oxygen may be 
beneficial in the treatment of pneumonitis and pulmonary 
edema.?”!? Hyperbaric oxygen (HBO) can also be effec- 
tive in treating CO poisoning, CN poisoning, cerebral edema, 
and thermal burns.!°* It should also be considered for 
patients with refractory hypoxemia. 

Patients with concomitant surface burns and 
inhalation injury may require more fluids for circulatory 
support than those with either alone.**'** The assertion 
that excessive fluid resuscitation may worsen airway and 
pulmonary edema and should be avoided®)””8 has 
recently been challenged.'°? Worsening edema may 
simply be the natural course of inhalation injury. The use 
of fluid restriction and diuretics for the treatment of 
edema due to inhalation injury is also controver- 
sial.941°4105 They are potentially dangerous, particularly 
in those with surface burns or shock. The goal of fluid 
therapy should be to maintain normal cardiac output. In 
critically ill patients, Swan-Ganz catheterization with 
hemodynamic monitoring may help optimize such therapy. 

Antibiotic therapy should be reserved for patients 
with documented pulmonary infection. Prophylactic use 
of antibiotics is of no benefit and may foster the 
development of infection by drug-resistant organisms. 
The choice of agent should be guided by the results of 
sputum Gram stain, culture, and sensitivity. In patients 
with fever and leukocytosis persisting or developing 
more than 2 days after exposure, empirical therapy with 
an agent effective against S. aureus (e.g., cefazolin or 
nafcillin), as well as gram-negative bacteria including 
Pseudomonas species (e.g., gentamicin, cefotaxime, or 
ticarcillin), can be initiated if laboratory results are not 
immediately available. 


CO poisoning and methemoglobinemia should 
generally be treated according to usual guidelines (see 
Chapters 14 and 87). HBO will not be effective in CO (or 
CN) poisoning unless a high PO, level can be achieved. 
Hence, patients with severe inhalation injury (i.e., 
hypoxemia despite the administration of 100% oxygen 
by endotracheal tube) may not benefit from HBO. In 
addition, the indications for its use in these conditions 
remain controversial. 

The treatment of CN poisoning (see Chapter 88) in 
victims of smoke inhalation is also controversial. 
Although sodium thiosulfate and hydroxycobalamin can 
be given safely, an effective formulation of hydroxy- 
cobalamin is not yet available in the United States, and 
nitrites, which induce methemoglobinemia, could cause 
additional asphyxia in patients with hypoxemia or 
elevated COHb fractions. Hence, it is suggested that 
nitrites be reserved for those in extremis or those who 
remain critically ill with persistent coma, seizures, 
cardiac dysrhythmias, shock, and lactic acidosis despite 
intubation and 100% oxygen.'” Sodium thiosulfate 
alone may be administered when CN poisoning is 
suspected because it will enhance the metabolism of CN 
(enhances conversion of CN to thiocyanate) and is safe 
(see Chapter 88 for recommended dosing). Because 
HBO therapy provides enough dissolved oxygen to 
sustain life in the absence of hemoglobin and obviates 
concerns over the induction of methemoglobin, it has 
also been suggested that nitrites be withheld until after 
HBO therapy has been begun. However, the short half- 
life of CN and the length of time usually required to 
arrange for HBO therapy makes it unlikely that nitrites 
will be necessary or effective in those who survive long 
enough to receive HBO therapy. 


Disposition 


The disposition of patients with smoke inhalation 
depends on its severity. Patients who are asymptomatic 
on arrival or who become asymptomatic with oxygen 
therapy alone can be discharged if they have normal 
findings on physical examination and ancillary testing. 
Those with mild symptoms and minor abnormalities on 
clinical evaluation or ancillary testing can also be 
discharged if they are otherwise healthy and their 
condition remains stable after a period of observation. 
Depending on clinical findings, observation for 1 to 
6 hours is recommended before discharge. All dis- 
charged patients should be instructed to call or return 
immediately if symptoms develop, recur, or worsen. 
Patients who do not meet discharge criteria should be 
admitted. Depending on the nature and severity of 
injury and the presence or absence of preexisting 
disease, an observation area, regular floor, or telemetry, 
intermediate, or critical care unit may be appropriate. 
Critically ill patients are best managed at a tertiary care 
facility or burn center and should be transferred if 
necessary. Although patients with severe CO or CN 
poisoning may benefit from HBO therapy, HBO 
treatment centers do not necessarily provide adult or 
pediatric intensive care or burn services. Hence, the level 
of care available at such facilities, as well as patient 
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stability and the nature of other injuries, should be 
considered when deciding if transfer for HBO therapy is 
appropriate. 
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ERIC J. LAVONAS, MD 


At a Glance... 


m Carboxyhemoglobin levels confirm the diagnosis of carbon 
monoxide poisoning, but severity of illness, rather than levels, 
determines the type and intensity of treatment. 

m Treatment consists of patient removal from exposure environ- 
ment and administration of high-flow, high-concentration 
oxygen at normobaric or hyperbaric pressure. 

m Hyperbaric oxygen therapy is most likely to benefit patients 
with severe carbon monoxide poisoning, such as those with loss 
of consciousness, persistent altered mental status, seizures, 
ataxia, hypotension, myocardial injury, and significant symp- 
toms that do not resolve with surface pressure oxygen. 

m Pregnant patients with acute carbon monoxide poisoning 
should be treated with hyperbaric oxygen therapy if they meet 
criteria defined for nonpregnant patients or if there are signs 
of fetal distress; treatment with normobaric oxygen should be 
prolonged because of the slower elimination of carbon 
monoxide from the fetus. 


INTRODUCTION AND RELEVANT 
HISTORY 


Carbon monoxide (CO), a colorless, odorless, nonirri- 
tating gas created by incomplete burning of carbona- 
ceous fossil fuels, is a ubiquitous toxin. Mild CO 
poisoning often masquerades as nonspecific headache 
or is misdiagnosed as viral illness, whereas moderate to 
severe CO poisoning produces significant morbidity 
(e.g., delayed neurologic dysfunction) and mortality and 
provokes treatment controversy. With more than 2000 
annual deaths and at least 15,000 to 40,000 diagnosed 
cases of nonfatal acute CO poisoning occurring annually 
in the United States, this poison affects the practice of all 
physicians. 


EPIDEMIOLOGY 


Carbon monoxide poisoning is the third leading cause of 
accidental poisoning death in the United States.' 
Although CO death rates have declined by 80% since the 
introduction of the catalytic converter in 1975, CO was 
still responsible for 2379 deaths in the United States in 
1998.2 Most of these deaths were due to suicide, but a 
large number of accidental poisonings also occurred 
(Tables 87-1 and 87-2). In addition to those listed, 
common sources of accidental CO poisoning include 
small engines (i.e., electrical generators and power 
washers), propane-powered fork lifts, boats, ice skating 
rink resurfacers (Zambonis), paint strippers (methylene 
chloride), and fires (i.e., victims of smoke inhalation) .*4 
About 40,000 people are diagnosed with CO poisoning 


e / Carbon Monoxide Poisoning 


in emergency departments in the United States 
annually.’ Among emergency department patients with 
headache or “flulike symptoms,” the incidence of occult 
CO poisoning (defined as venous carboxyhemoglobin 
[COHb] level of 10%) may range from 0.2% to 23.6%.°"! 
Outbreaks of CO poisoning occur after storm-related 
power outages, in both warm and cold weather.!* During 
these outages, charcoal and electrical generators 
predominate as sources of CO. Poor and immigrant 
populations are at highest risk. 


STRUCTURE AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 


Carbon monoxide is colorless, odorless, and tasteless. 
Because it has almost the same density as air, CO dis- 


Sources of Carbon Monoxide in Fatal 


Poisoning, 1998 





CARBON MONOXIDE NO. OF FATALITIES 


All carbon monoxide-related deaths 2379 
Unintentional deaths 491 
Motor vehicle related 238 
Non-motor vehicle related 93 
Mechanism undetermined 160 
Suicide deaths 1747 
Motor vehicle related 1330 
Non-motor vehicle related 4 
Mechanism undetermined 413 
Homicides and deaths of undetermined 141 


or other intent 


Modified from Mott JA, Wolfe MI, Alverson CJ, et al: National vehicle 
emissions policies and practice and declining US Carbon monoxide- 
related mortality. JAMA 2002;288:988-995. 





Sources of Carbon Monoxide in 


Unintentional, Nonfire Carbon Monoxide Poisoning 
Deaths Due to Consumer Products, 1994-2000 


PERCENT AGE OF FATALITIES 





CARBON MONOXIDE 


Heating systems 52 
Engine-powered tools 16 
Charcoal grills and charcoal 12 
Other or multiple appliances 9 
Gas ranges and ovens 8 
Camp stoves and lanterns 6 
Gas water heaters 2 


Modified from Vagts SA: Non-fire Carbon Monoxide Deaths Associated 
with the Use of Consumer Products: 1999 and 2000 Annual Estimates. 
Bethesda, MD, U.S. Consumer Products Safety Commission, 2003. 
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tributes equally throughout an enclosed area. Because 
CO is a small, nonpolar molecule, it penetrates through 
standard drywall and can disperse throughout separate 
units of a multifamily dwelling. 


PHARMACOLOGY 


Pathophysiology 


Carbon monoxide enters the body through the lungs, 
where it binds to hemoglobin with an affinity 200 to 240 
times that of oxygen.! The binding of CO to one of the 
four binding sites on the hemoglobin tetramer shifts 
hemoglobin to its high-affinity conformation. This shifts 
the oxyhemoglobin dissociation curve to the left, greatly 
impairing the ability of hemoglobin to deliver oxygen to 
tissues. This enhanced affinity and impaired unloading 
of oxygen is referred to as the Haldane effect. 

COHb plays only a partial role in the pathogenesis of 
CO poisoning. This is suggested by the clinical obser- 
vation that COHb levels do not correlate with the severity 
of clinical effects and can be low in the face of coma 
from CO poisoning.'* Further evidence is provided by a 
canine study that revealed markedly differing mortality 
rates for dogs with similar blood COHb levels but 
differing tissue CO levels.!° In this study, death occurred 
uniformly in dogs that breathed air containing 13% CO 
for 15 minutes resulting in COHb blood levels of about 
65%. In contrast, death did not occur in other groups of 
dogs that were transfused with enough COHb red blood 
cells to produce blood COHb levels of 60%. In addition, 
death did not occur in a third group of dogs that had 
their blood hemoglobin content reduced by 68% 
through phlebotomy. Thus, animals spontaneously 
breathing CO had a higher total-body content of CO 
from its tissue redistribution. Redistributed or “tissue” 
CO accounts for 10% to 15% of total-body CO stores but 
is critical to the pathophysiology of CO."® 

CO produces tissue toxicity from its avid binding to 
other heme proteins (cytochromes), such as myoglobin, 
the cytochrome a-ag complex (cytochrome oxidase) of the 
mitochondrial respiratory chain, and guanylate cyclase. 
Myoglobin’s affinity for CO is about 30 to 60 times 
greater than that for oxygen.!’ CO binding to myoglobin 
impairs myocardial oxygen uptake from blood into the 
mitochondria of tissues. Binding of CO to cytochrome 
oxidase disrupts cellular respiration and oxygen 
utilization in all tissues, including the brain. Although 
cytochrome oxidase binds oxygen with greater affinity 
than CO, CO competes with oxygen for binding sites 
under conditions of cellular hypoxia and dissociates 
slowly from cytochrome oxidase once binding has 
occurred.'® 

In addition to direct cytochrome oxidase blockade, 
CO promotes the production of reactive nitrogen species 
that further inhibit cellular cytochrome oxidase and 
electron transport.'?*° Cellular hypoxia causes free radical 
release from vascular endothelial cells and platelets. 
Concurrently, CO displaces nitric oxide (NO) from 
heme-containing proteins in endothelial cells and 
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platelets.*' Once released from cells, NO reacts with free 
radicals to produce peroxynitrate (ONOO7), which 
further inhibits cytochrome oxidase, injures DNA and 
cell membranes, and triggers apoptosis in neuronal 
tissue.!9?! 

In addition to cellular hypoxia, CO produces smooth 
muscle relaxation and vasodilation. CO binds to and 
stimulates the activity of the heme protein, guanylate 
cyclase.** This results in an increased production of the 
smooth muscle relaxant, cyclic guanosine monophos- 
phate (cGMP). The displacement of NO from platelets 
and endothelial cells by CO also results in vasodi- 
lation. NO, also known as endothelial derived relaxation 
factor, is a potent smooth muscle relaxant. Headache 
from CO poisoning is likely mediated by extracerebral 
and intracerebral vasodilation. Hypotension and syncope 
from CO poisoning may be mediated by some com- 
bination of peripheral vasodilation, with COHb-induced 
myocardial ischemia, direct myocardial depressant 
effects, and loss of central control of vasomotor tone. 
Clinically, hypotension and syncope (even if transient) 
signify serious CO exposure and are ominous predictors 
of serious neurologic sequelae.***” Brain areas that have 
high oxygen requirements or are watershed regions of 
perfusion (e.g., basal ganglia, hippocampus, and 
subcortical white matter) are particularly susceptible 
to CO-mediated injury. In monkeys, cerebral white 
matter lesions correlated better with decreases in blood 
pressure than with COHb levels, and it has been 
suggested that an episode of hypotension may be 
required for severe neurologic deficits to occur.*® In 
essence, cellular hypoxia is often accompanied by tissue 
ischemia. These primary CO-induced pathophysiologic 
processes (hypoxia and ischemia) induce a cascade of 
secondary events (ischemia reperfusion effects) that are 
integral to short- and long-term central nervous system 
(CNS) toxicity associated with CO. 

The histopathology of CO poisoning is similar to that 
of postanoxic encephalopathy, or so-called reperfusion 
injury. Brain reperfusion injury patterns are largely 
mediated by oxidative damage initiated by oxygen free 
radicals and sustained by second-generation lipid 
radicals. Current evidence suggests that xanthine oxidase 
activity is largely responsible for the generation of free 
radicals associated with CO-mediated lipid peroxidation 
and brain injury.?’” When CO exposure is associated with 
tissue hypoxia, adenosine dinucleotide triphosphate 
(ATP) stores are depleted in tissues. Simultaneously, the 
cells have a greatly increased demand for ATP to repair 
oxidative damage. In a series of steps, ATP is converted 
to uric acid and an oxygen free radical. 

Investigations by Thom and colleagues indicate that 
significant CO exposure produces a cascade of bio- 
chemical events responsible for delayed neurologic 
sequelae.!9 1732427 Significant CO exposure promotes 
release of NO from endothelial cells and platelets. 
Concurrently, impaired mitochondrial function and 
oxidative stress promotes production and release of 
oxygen free radicals from these cells. NO reacts with 
oxygen radicals to form peroxynitrite. Peroxynitrite 
binds to perivascular tissue proteins causing endothelial 


injury. Endothelial injury provokes expression of 
adherence molecules (e.g., B-integrin) on cell surfaces, 
which promotes leukocyte binding to injured endothe- 
lial cells. Leukocytes release proteases that further 
augment the activity of xanthine oxidase and production 
of oxygen free radicals. Subsequently, brain lipid 
peroxidation and delayed CNS toxicity ensue. Brain 
injury is also mediated by additional mechanisms, such 
as activation of excitatory amino acids (e.g., glutamate) 
and apoptosis-related enzymes (e.g., caspase-1) .*%-*8 


Pharmacokinetics 


Carbon monoxide uptake and elimination occur through 
the lungs and are dependent on minute volume. Only a 
small amount of CO is metabolized by oxidation to 
carbon dioxide. Because CO diffusion through the alveoli 
is rapid and complete, the amount of CO dissolved in 
arterial blood is directly related to the concentration of 
CO in the air of the patient’s environment. Depending 
on conditions, whole-body equilibrium may only be 
reached after 4 to 6 hours of exposure. Conversely, 
measurements of CO concentration in expired air 
correlate well with venous CO levels. Overall, the amount 
of CO absorbed by the body depends on ambient air CO 
and oxygen concentrations, minute ventilation, and 
duration of exposure. In human volunteer studies, the 
elimination of CO in room air (21% oxygen) ranges 
from 249 to 320 minutes.*?°? Administration of 100% 
oxygen shortens the elimination half-life to 47 to 
80 minutes at normal atmospheric pressure and to about 
20 minutes at 2.5 to 3 atmospheric pressure.*)* 

Methylene chloride (see Chapter 93), found in paint 
strippers, degreasers, and other solvents, is another 
potential source of CO poisoning. It is readily absorbed 
from the lungs and gastrointestinal tract; lesser amounts 
may also be absorbed from the skin. Once absorbed, 
methylene chloride is slowly metabolized in the liver to 
CO and carbon dioxide. Peak CO levels from methylene 
chloride depend on the route of exposure but may not 
occur for over 8 hours. Because of ongoing CO 
production through metabolism of methylene chloride, 
the half-life of CO may appear to be prolonged, up to 
13 hours, in these cases.??*4 


Special Populations 


Because of their rapid respiratory rate, children may be 
more susceptible to CO poisoning than adults. Advanced 
age may be a risk factor for adverse neurologic outcomes 
after CO poisoning.” 

Although fetal hemoglobin has a higher affinity for 
CO than hemoglobin A in similar pH and POs 
conditions, this effect is largely counteracted by the 
acidemic, hypoxic milieu of the normal fetus. As a result, 
fetal COHb levels are expected to be within 10% of 
maternal levels.°° Based on animal data and mathe- 
matical models, the elimination half-life of fetal COHb 
is significantly longer (up to 3.5 times greater) than that 
of adult COHb.3738 
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TOXICOLOGY 


Clinical Manifestations 
ACUTE EFFECTS 


Signs and symptoms of mild CO poisoning include 
headache, nausea, vomiting, diarrhea, dizziness, weakness, 
dyspnea, and fatigue (Table 87-3). Misdiagnoses, such as 
viral illness and benign headache, are common. In one 
study, the diagnosis of CO poisoning was initially missed 
in up to 30% of cases; the most common incorrect 
diagnosis, “food poisoning” was made in 43% of these 
cases. The diagnosis of CO poisoning should be con- 
sidered for patients presenting with one or more of the 
listed symptoms in the absence of fever.” A history of 
exposure to possible CO sources (e.g., fossil fuel heat, 
engines, propane and natural gas appliances, grills) or 
groups of patients with similar complaints should suggest 
occult CO poisoning and prompt blood or breath testing 
for CO.’ With more severe exposure, patients can present 
with signs of neurologic, cardiovascular, and pulmonary 
dysfunction. These effects include confusion, irritability, 
ataxia, coma, focal neurologic deficits, seizures, syncope, 
hypotension, arrhythmias, myocardial ischemia or 
infarction, tachycardia, tachypnea, noncardiogenic and 
cardiogenic pulmonary edema, and respiratory and 
cardiac arrest. 

In general, any organ can be affected by CO. 
Table 87-4 lists the spectrum of complications that can be 
associated with CO poisoning. Unusual complications 
include retinal hemorrhages, compartment syndromes, 
rhabdomyolysis and renal failure, skin blisters, bowel 
ischemia, and peripheral neuropathy. Although patients 
with more severe signs of acute CO poisoning (e.g., 
syncope, hypotension, coma) are more likely to develop 
delayed and long-lasting morbidity, this is not uniformly 
true. Patients with mild toxicity may develop delayed 
neurologic sequelae, and those with severe toxicity may 
have complete recovery. 


CHRONIC EFFECTS 
Some CO-poisoned patients develop lasting signs of 
brain injury, most commonly cognitive and personality 


Acute Symptoms in 1144 Patients with 


Carbon Monoxide Poisoning 





PERCENTAGE 
SYMPTOM OF PATIENTS 
Headache 85 
Dizziness 69 
Fatigue or generalized weakness 67 
Nausea or vomiting 52 
Trouble thinking or confusion 37 
Loss of consciousness 35% 
Dyspnea 7 
Chest pain 2 


*Patients with loss of consciousness (LOC) were excluded from Thom’s 
series (N = 65 without LOC; number with LOC excluded not stated). 
Data from references 35, 41-43, 64, 68, and 90. 
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Spectrum of Complications Due to Carbon Monoxide Poisoning 





SYSTEM COMPLICATIONS 


Central nervous 


Impaired cognition, memory dysfunction, vertigo, ataxia, parkinsonism, muscle rigidity, gait disturbance, 


disorientation, mutism, urinary incontinence, fecal incontinence, cortical blindness, hearing loss, 
tinnitus, nystagmus, seizures, coma, electroencephalographic abnormalities, cerebral edema, 
leukoencephalopathy, diabetes insipidus, globus pallidus necrosis 


Psychiatric 
control 
Cardiovascular 


Personality changes, depression, flattened affect, Tourette's syndrome, anxiety, agitation, poor impulse 


Tachycardia, easy fatigue, hypotension, ischemic electrocardiographic changes, arrhythmias, new-onset 


angina or exacerbation of existing angina, myocardial infarction 


Pulmonary 
Gastrointestinal 
Ophthalmologic 
hemorrhages 
Dermatologic 
Muscular 
Hematologic 
Metabolic 


Shortness of breath, pulmonary edema, hemoptysis 
Nausea, vomiting, abdominal cramps, diarrhea, gastrointestinal bleeding 
Decreased acuity, retrobulbar neuritis, paracentral scotomata, papilledema, flame-shaped retinal 


Erythematous patches, cherry-red skin, bullae, alopecia, sweat gland necrosis 
Rhabdomyolysis, compartment syndrome 

Disseminated intravascular coagulation, thrombotic thrombocytopenic purpura, leukocytosis 
Lactic acidosis, hyperglycemia, hypocalcemia, hyperamylasemia (salivary origin) 





changes and parkinsonism. These may develop at the 
time of CO poisoning and continue (persistent neuro- 
logic sequelae) or develop after an asymptomatic 
interval of 3 to 21 days (delayed neurologic sequelae, or 
DNS). Longer latent periods have been reported. DNS 
manifest with a variety of neurologic and psychiatric 
signs and symptoms. Commonly described findings 
include memory loss, confusion, ataxia, incontinence, 
emotional lability, hallucinations, personality changes, 
blindness, and parkinsonism. There are no established 
diagnostic criteria for this disorder, and the observed 
incidence varies widely, from 12% to 74% for CO 
poisoning victims in recently published clinical trials.”540-4 
One recent study, which paired 32 CO poisoning victims 
(8 of whom had loss of consciousness and 24 of whom 
received hyperbaric oxygen [HBO]) with gender, age, 
and educationally matched controls, found no evidence 
of the syndrome at all.** Many patients recover to normal 
over several weeks to months.*:*° 


DIAGNOSIS 


Laboratory Testing 


The diagnosis of CO poisoning is based on suggestive 
history and physical findings coupled with confirmatory 
COHb testing (Table 87-5). CO levels can be tested in 
either whole blood or exhaled air. In hospitals, the most 
commonly used technique is to measure COHb as a 
percentage of total hemoglobin using a multiple 
wavelength spectrophotometer. Blood is collected in a 
closed, heparinized container (a blood gas syringe or 
“green-top” tube) and analyzed on a co-oximeter. 
Because there is no significant difference between 
venous and arterial COHb levels, either type of sample is 
appropriate.*’ Because of endogenous CO production, 
some COHb is present in the blood of healthy subjects. 
Normal COHb levels are 0.5% to 2% in nonsmokers and 
up to 10% to 12% in smokers. Levels are somewhat 


higher in pregnant women, infants, and patients with 
hemolytic anemia. COHb is often misinterpreted as 
oxyhemoglobin by simple bedside pulse oximetry. Pulse 
oximetry overestimates oxyhemoglobin measurements 
by the approximate amount of COHb that is present.*® 
Thus, co-oximetry is required to measure COHb levels 
accurately. 


Relationship of Carbon Monoxide Levels in 


Air and Carboxyhemoglobin Levels at Steady State 





CARBON MONOXIDE CARBOXYHEMOGLOBIN 
CONCENTRATION (%) ACHIEVED AT 


IN AIR (PPM) STEADY STATE NOTES 


10 15 Approximate 
upper limit 
of normal in 
nonsmokers 

NIOSH- 
recommended 
exposure level 
for 8-hr workday 

Current OSHA 
8-hr permissible 
exposure level 
for 8-hr workday 

Approximate 
upper limit of 
normal in 
smokers 

NIOSH 
recommends 
supplied-air 
respirator use 

Immediately 
dangerous to life 
and health level 
(NIOSH) 


35 5 


50 7 


70 10 


350 35 


1200 65 


NIOSH, National Institute of Occupational Safety and Health; OSHA, 
Occupational Safety and Health Administration. Calculated from 
formulas in reference 36, assuming adult patients with normal 
hemoglobin. Interindividual variability exists. 





An alternative method, more commonly used in 
Europe, is to measure CO directly. A blood sample is 
diluted and mixed with a reagent to liberate CO from 
hemoglobin. The CO content of head-space gas is then 
measured with gas chromatography or infrared 
spectrophotometry.*”" Although this method is more 
accurate for measuring low CO levels, there is no clear 
advantage in the assessment of acute poisoning. 

COHb “spot tests,” performed by adding sodium 
hydroxide or ammonia to a tube of blood and observing 
for a persistent pink color, are neither sensitive nor 
specific.°! 

Breath analysis is a valid alternative to blood testing. 
However, because patient cooperation is necessary, 
breath analysis may be impractical in young children and 
patients with significantly altered mental status. Models 
vary greatly in their ease of use, and some give false- 
positive results in the presence of ethanol. Normal levels 
of CO in exhaled air are 0 to 6 ppm in nonsmokers and 
up to 70 ppm in smokers. Most analyzers automatically 
convert these levels to predicted COHb levels for 
medical use. 

A promising new technology is noninvasive pulse co- 
oximetry. These devices, which are essentially a 
technological improvement on pulse oximetry, use 
multiple wavelengths of light to directly measure 
oxyhemoglobin, deoxyhemoglobin, and COHb (and, in 
some models, methemoglobin) through a probe applied 
to the finger or ear. Because this procedure is rapid and 
noninvasive and does not require patient cooperation, it 
has the potential to replace exhaled breath and blood 
co-oximetry analysis for the diagnosis of CO poisoning. 

COHb levels do not correlate well with clinical severity, 
outcome, or response to therapy.*!**°°* The role of a 
COHb measurement is to confirm or exclude that a CO 
exposure has occurred. The diagnosis of CO poisoning is 
made when an elevated COHb level is documented 
concurrently with history, signs, and symptoms suggestive 
of poisoning. In order to interpret COHb measure- 
ments, it is important to know the time since cessation of 
exposure and whether the patient was on oxygen during 
this time. Although COHb elimination varies consid- 
erably between individuals, a reasonable estimate is to 
assume that COHb levels fall by half every 4 to 5 hours in 
patients breathing air and every | hour in patients 
breathing oxygen by mask. If calculations reveal a 
“predicted peak” COHb level of less than 10%, 
symptomatic CO poisoning is unlikely, and an alternative 
diagnosis should be sought. If the diagnosis of CO 
poisoning is confirmed, the history and physical 
examination guide the choice of therapy. Depending on 
the route of exposure, patients with methylene chloride 
poisoning may need serial measurements of blood 
COHb to rule out significant CO poisoning. 

Arterial blood gas measurements are not useful to 
make the diagnosis of CO poisoning. They provide useful 
information with regard to the adequacy of ventilation 
and presence and degree of metabolic acidosis.°° 

Although elevated blood lactate levels may occur in 
severe CO poisoning, most patients in published case 
series have normal lactate levels. It is not clear whether 


52,53 
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elevated lactate is an independent risk factor in CO 
victims who otherwise appear well. CO poisoning rarely 
causes a lactate level greater than 4 mmol/L; an 
alternate explanation for lactic acidosis, such as cyanide 
poisoning or shock, should be sought. In particular, the 
measurement of blood lactate may be a useful surrogate 
for cyanide poisoning for smoke inhalation victims (see 
Chapters 86 and 88). 

Carbon monoxide poisoning can cause myocardial 
infarction. In one case series, patients who demonstrated 
clinical evidence of myocardial injury (elevated CK-MB, 
elevated troponin I, and/or diagnostic ECG changes) 
were followed prospectively. Survivors had a significant 
increase in cardiac and all-cause mortality over several 
years after the poisoning, compared with CO-poisoned 
patients who did not have myocardial injury. 

Unfortunately, it is difficult to extrapolate from this 
study to a management strategy for patients with CO- 
induced myocardial infarction. All patients in this study 
were treated with HBO; HBO did not prevent the 
increased mortality, and it is speculative to say whether 
the rate would have been different had HBO not been 
employed. Patients with myocardial infarction were older 
and more severely poisoned than those without such 
injury, potentially confounding these results. Because 
CO can cause diffuse myocardial injury in the absence of 
coronary artery disease, it unclear whether evidence of 
myocardial infarction indicates a need for coronary 
angiography in the CO-poisoned patient or whether 
cardiac stress testing is safe or accurate in the immediate 
aftermath of CO poisoning. 

Any patient who suffers a prolonged period of 
unconsciousness or shock may develop complications 
such as rhabdomyolysis, compartment syndrome, renal 
failure, or disseminated intravascular coagulopathy. 
Testing for these conditions should be performed when 
clinical suspicion is high. 


Other Diagnostic Testing 


All women with childbearing potential who are suspected 
of having CO poisoning should have a pregnancy test. 
Although this topic is controversial, many experts 
recommend a prolonged period of oxygen therapy and a 
lower threshold for hyperbaric oxygen treatment if the 
CO poisoning victim is pregnant. An assessment of fetal 
status, such as a fetal heart rate, nonstress test, or 
ultrasound, should be performed when practical. 

An ECG should be performed on individuals with a 
history of chest pain, dyspnea, or hypotension. Other 
testing, such as head computed tomography (CT) or 
lumbar puncture, may be needed to exclude other 
causes of altered mental status when the diagnosis of CO 
poisoning is inconclusive. 

A special neuropsychological battery has been 
developed to detect subtle impairment in CO poisoning 
victims that might be missed by routine neurologic 
testing.’ Performance on this battery is altered with CO 
poisoning and improves with therapy. However, the test 
is designed only to detect neuropsychological impair- 
ment and does not distinguish CO poisoning from other 
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causes of encephalopathy, including alcohol. The battery 
is somewhat cumbersome, requires 30 to 45 minutes to 
administer, must be administered in a quiet area, 
requires fluency and literacy in English, assumes normal 
intelligence, is not valid for children younger than 15 
years, and does not predict patients at risk for developing 
delayed neurologic sequelae.**°’ A standard focused 
neurologic examination, including mini-mental status 
examination and testing for ataxia, is adequate for 
routine clinical use. 

Chest radiography is recommended for all seriously 
poisoned patients and those with cardiopulmonary signs 
and symptoms. Noncardiogenic pulmonary edema may 
be evident on chest radiograph. Brain CT is recom- 
mended for seriously poisoned patients. Brain CT may 
show signs of cerebral infarction secondary to hypoxia or 
ischemia. Symmetric low-density lesions of the globus 
pallidus, putamen, and caudate may be detected as early 
as 12 hours after CO poisoning and are associated with a 
poorer prognosis.*8®5? Brain magnetic resonance imaging 
(MRI) is able to detect basal ganglia lesions with greater 
sensitivity than head CT. In addition, other abnormal 
findings demonstrated on head MRI in CO-poisoned 
patients include diffuse, symmetric white matter lesions 
of the periventricular areas.°” 


Differential Diagnosis 


Just as CO poisoning can mimic other illnesses, many 
other conditions cause encephalopathy, headache, 
nausea, weakness, or hypotension. When the diagnosis of 
CO poisoning is excluded or uncertain, testing for occult 
trauma, stroke, infection, drug intoxication, or metabolic 
derangement may be necessary. Rapid bedside tests 
should be used to exclude hypoglycemia and hypoxemia 
in almost all patients. Victims of smoke inhalation who 
have significant lactic acidosis should be suspected of 
having associated cyanide poisoning. 


MANAGEMENT 


Supportive Measures 


All patients should receive aggressive supportive care 
while the diagnosis of CO poisoning is established. 
Patients with significant CNS or respiratory depression 
should have their airway protected, breathing assisted, 
and cardiovascular support provided as necessary. The 
administration of high-concentration, high-flow oxygen 
by tight-fitting face mask or endotracheal tube is 
fundamental. Severely poisoned patients should have 
continuous cardiac monitoring, an intravenous (IV) line 
established, and an ECG performed. Continuous pulse 
oximetry and parenteral thiamine, dextrose (or rapid 
fingerstick glucose determination), and naloxone should 
be considered for patients with altered mental status or 
seizures because of the potential for concurrent illness. 
Hypotension may be treated with IV fluids and, if 
necessary, vasoactive infusions. 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


Decontamination 


Immediate removal from the contaminated environment 
is critical. Except for methylene chloride exposures, CO 
absorption ceases as soon as the patient is removed from 
the poisoned environment. Although CO victims have 
elevated amounts of CO in exhaled air, the amount in- 
volved poses no danger to health care workers. Although 
placing the patient on oxygen speeds the elimination of 
CO from the body, no form of decontamination is 
required. 


Laboratory Monitoring 


Serial measurements of COHb or breath CO are not 
helpful in management unless the exposure was to 
methylene chloride. Once the diagnosis of CO poisoning 
is established, further lab monitoring is only indicated as 
required by other medical conditions (e.g., cyanide 
poisoning, shock, trauma, and metabolic acidosis). 


Antidotes 


The antidote for CO poisoning is oxygen, which should 
be administered at a concentration as close to fiO» 1.0 as 
reasonably achievable and for a period of at least 
4 hours. High-concentration oxygen is delivered by a 
tight-fitting, reservoir-containing (non-rebreather) face- 
mask or by endotracheal tube. Oxygen is delivered at 
ambient (atmospheric) pressure or elevated ambient 
pressure. Although the practice of administering oxygen 
has never been tested to see if it improves outcome, 
oxygen therapy is safe, inexpensive, and convenient and 
greatly improves the rate of CO elimination. The hour 
duration of therapy is chosen for practicality and because 
it allows even the most severely poisoned patients (1.e., 
COHb > 40%) to eliminate CO to negligible levels. 

Many experts recommend HBO or administration of 
oxygen at 2 to 3 atmospheres pressure absolute (ATA) in 
a hyperbaric chamber. Although HBO is reasonably safe, 
it is considerably more expensive and less convenient 
than administration of oxygen at ambient pressure 
(“normobaric” oxygen, or NBO), particularly if transfer 
to another facility is required. 

In experimental animal models of severe CO poisoning, 
HBO therapy decreases brain injury by a variety of 
mechanisms, including improved mitochondrial oxidative 
metabolism, inhibition of leukocyte adherence to 
injured vasculature, and reduced lipid peroxidation. In 
this setting, HBO has a paradoxical, and beneficial, 
antioxidant effect.***°!©5 However, although treatment 
with HBO eliminated hippocampal cell death in a mouse 
model of CO poisoning, there was no difference in 
learning and memory testing.™ 

At least seven case series and nonrandomized clinical 
trials of HBO for CO poisoning have been published.” 
Few of these studies assessed outcomes by objective 
measures, and none were blinded. All reported a benefit 
from HBO over standard NBO therapy. five randomized 
clinical trials studying the effect of HBO on neuro- 
psychological outcomes have been published and are 
listed in Table 87-6. Three of these trials reported a 
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benefit to HBO, and two showed NBO to be equally 
efficacious. These trials have differed greatly in entry 
criteria, blinding, time from poisoning to experimental 
therapy, and outcome measures studied. Only two were 
double-blinded, employed sham “hyperbaric” therapy in 
the NBO arm, and measured outcomes by objective 
neuropsychological testing.*7*° These studies produced 
conflicting results; one study found a strong advantage to 
HBO, whereas the other showed no benefit and a 
nonsignificant trend toward harm. A fifth randomized 
trial used a nonclinical end point, which makes 
interpretation of results and extrapolation to clinical 
practice virtually impossible.°* Methodologic differences 
between studies and missing data make formal meta- 
analysis of these trials impossible. A crude summary of 
the results suggests that HBO provides an advantage over 
NBO that is nearly statistically significant (P= 0.056; Chi- 
squared, 1 degree of freedom), but clinically very modest; 
only 1 of every 21 patients receiving HBO appeared to 
benefit from the therapy. 

If HBO does prevent neurologic injury, it must do so 
by a mechanism other than enhancing CO elimination 
from the blood. In all trials for which the data are reported, 
COHb had declined to negligible levels in almost all 
patients by the time HBO therapy could be initiated, and 
COHb levels did not correlate with neurologic outcome or 
response to therapy. From animal studies, HBO appears 
to displace CO from mitochondrial cytochromes, has 
antioxidant effects that minimize ischemic-reperfusion 
injury, and prevents cellular apoptosis. 

Although expensive and inconvenient, HBO therapy 
is reasonably safe; chamber-related complications occur 
in 0 to 8% of patients.***” Complications include 
middle ear or sinus barotrauma (most common), seizures 
(1%), pneumothorax, gas embolism, and intolerable 
claustrophobia. HBO therapy is not available in most 
American hospitals. Transport to a center that can deliver 
HBO may contribute greatly to expense, inconvenience, 
and treatment delay. 

Unfortunately, no single or combination of factors has 
been shown to reliably predict which CO poisoning 
patients will develop DNS. Most CO-poisoned patients 
recover completely with NBO alone, and therefore 
would not benefit from or need HBO therapy. In 
addition, no trial of HBO therapy has included children. 
Although outcomes are generally worse in elderly 
people, regardless of treatment, it is unclear whether the 
benefits of HBO are any greater in this group. Despite 
the lack of reliably identifying patients with CO 
poisoning at high risk for developing DNS, criteria have 
been proposed to use as indications for HBO in patients 
with CO poisoning” (Box 87-1). These indications 
have not been prospectively evaluated and validated, but 
their presence should provoke strong consideration for 
HBO treatment. 

Almost all experts recommend HBO therapy for 
pregnant women with significant CO poisoning, regardless 
of stage of pregnancy or severity of clinical signs and 
symptoms. A landmark study in pregnant ewes showed 
that COHb levels in the fetus rise more slowly than in the 
mother, ultimately reaching a level 98% higher than the 
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BOX 87-1 


Accepted Indications 


Altered mental status 

History of loss of consciousness or syncope 
Coma 

Seizures 

Focal neurologic deficits 

Pregnancy with evidence of fetal distress 


Considerations 


Metabolic acidosis 

Cardiac end-organ effects (severe arrhythmia, ischemia, or 
infarction) 

Extremes of age 

COHb level > 25%—40% 

Abnormal neuropsychometric testing 

Persistent neurologic symptoms after 4—6 hr of high-flow 
normobaric oxygen 

Pregnancy with COHb level > 15%-20% 


COHb, carboxyhemoglobin. 
Adapted from references 73, 74, and 85. 


maternal level.” When CO exposure was discontinued, 
CO was eliminated from the fetus at about half the 
maternal rate. However, these results cannot be 
extrapolated directly to humans. Sheep hemoglobin A 
has a lower affinity for CO than human hemoglobin A, 
whereas sheep fetal hemoglobin has a much higher 
affinity for CO than human fetal hemoglobin.” During 
human poisoning, the peak fetal COHb percentage 
should be within 1% to 4% of maternal peak levels.°°” 
CO poisoning interferes with oxygen delivery to the 
fetus, but because the normal fetus is profoundly 
hypoxic and acidotic by postnatal standards, it unclear at 
what threshold this would lead to injury. Although 
unclear, pregnant patients likely need longer treatment 
with oxygen because of the slower elimination of CO 
across the placenta, particularly when the CO exposure 
occurred over several hours or more.” 

It is known that severe maternal CO poisoning can 
cause intrauterine fetal demise, limb and vertebral 
anomalies, cranial deformities, brain injury, transient 
hepatomegaly, and congestive heart failure in the 
newborn.’””? It is unclear, however, whether mild to 
moderate maternal CO poisoning can produce adverse 
fetal outcomes. Three case series have examined 
pregnancy outcomes in CO-poisoned women.’”” In all 
cases, women with minor CO poisoning (no loss of 
consciousness and normal mental status) delivered 
healthy babies, despite not receiving HBO. Animal 
studies suggest that a single CO exposure can lead to 
intrauterine hypoxia, fetal brain injury, and increased 
rates of fetal death.®°** It is unclear from these studies, 
however, whether exposures that lead to adverse fetal 


outcome can occur in the absence of significant 
maternal poisoning. The efficacy of NBO or HBO for 
preventing adverse fetal outcomes for pregnant patients 
with CO poisoning has not been determined. To date, 
pregnant women have been excluded from all published 
trials of HBO in CO poisoning. 

HBO is generally considered safe for the fetus and has 
been used safely in pregnant women with CO 
poisoning.® The results in these patients were similar to 
those of the pregnant women treated without HBO. 
When the mothers had normal mentation, the fetuses 
universally did well, whereas maternal coma or loss of 
consciousness carried a poor prognosis despite HBO. 

Patients who develop cardiac arrest as a result of CO 
poisoning have very poor outcomes. In one series of such 
patients, none (0 of 18) survived to hospital discharge 
despite aggressive therapy, including HBO.** 

A reasonable algorithm for managing CO-poisoned 
patients is presented in Figure 87-1. This management 
strategy is in keeping with a recent position statement of 
the Undersea and Hyperbaric Medical Society and the 
consensus report of a panel of CO-poisoning experts.’*°> 
Unresolved issues include which subgroups of CO 
poisoned patients are most likely to benefit from HBO, 
the optimum HBO treatment pressure and number of 
sessions, the necessary intensity of NBO therapy in 
patients not receiving HBO, and the “window of 
opportunity” after which brain injury is irreversible even 
with therapy.” 

In addition to oxygen therapy, several novel 
neuroprotective strategies have been evaluated in a 
mouse model of CO poisoning. Glutamate antagonists 
(riluzole), caspase-inhibitors (disulfiram), nitric oxide 
synthase inhibitors (Mnitro-L-arginine methyl ester, or 
L-NAME), adenosine agonists (2-chloro-N°-cylopentyl- 
adenosine, or CCPA), and adenosine deaminase inhibitors 
(erythro-9-2-hydroxy-3-nonyl-adenine, or EHNA), have 
all been shown to prevent hippocampal damage and 
learning and memory defects in mice.*°** HBO did not 
prevent neurologic injury in the same model.™ Although 
riluzole and disulfiram have been found to be safe and 
effective treatment for other human diseases, neither has 
been tested in human victims of CO poisoning. 


Elimination 
DISPOSITION 


Victims of CO poisoning can be released from the 
hospital after 4 to 6 hours of oxygen therapy (whether 
NBO or a combination of HBO) if they are neuro- 
logically normal, have no more than mild symptoms, and 
have no unmet medical or psychiatric needs. NBO may 
be discontinued before 4 hours for patients with mild 
CO poisoning whose symptoms have resolved and who 
have COHb levels below 5%.* Patients who do not 
recover fully after initial therapy should receive further 
high-flow oxygen treatment and consideration for HBO 
referral and treatment. Patients with moderate to severe 
CO poisoning should be considered for HBO treatment 
upon arrival and subsequently admitted to the hospital, 
preferably to an intensive care unit. 
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Signs/symptoms of CO poisoning 


Oxygen 100% by non-rebreather mask 





Measure CO level in: 
e Patient (venous COHb level) 
e Another exposed family member 
e Environmental air (by EMS/fire dept) 










CO poisoning 
unlikely. 
Work up for 
alternate causes. 





CO level 
elevated? 





Yes 


Syncope, 
persistent No 
altered mental status, Pregnant? 
seizure, 
hypotension 
or ataxia? 
Yes 
Yes 


HBO 
readily 
available? 



















Yes Yes 


No 


Single HBO treatment 


Abnormalities 
persist? Yes: Either acceptable 


Yes No 
Repeat HBO Discharge to 
(up to 3 sessions) safe environment 


FIGURE 87-1 Suggested management algorithm for carbon 
monoxide poisoning. 


4—6 hours 
mask O, 


Symptoms 
persist? 








Upon hospital discharge, patients should be warned 
of the possibility of delayed neuropsychological 
complications and provided with instructions about what 
to do if these occur. All patients diagnosed with CO 
poisoning who are discharged from the emergency 
department after NBO treatment should also have 
mandatory medical follow-up within 1 to 2 weeks so that 
repeat neurologic evaluation can be conducted. Most 
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patients return to normal within 3 to 12 months. 


13,21 


Because of the increased risk of cardiovascular mortality, 
patients who suffer myocardial infarction due to CO 
poisoning should have long-term follow-up and cardiac 
risk assessment performed.” 
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At a Glance... 


Azide 


ALAN H. HALL, MD 


m Severe acute cyanide poisoning can be seen in a wide variety of 
settings, including enclosed-space fire smoke inhalation. 

m Cyanide is a credible toxic terrorism threat agent. 

m Whole-blood cyanide levels require several hours or longer to 
obtain. 

m Emergent suspicion of the diagnosis and the decision to 
administer specific antidotes must be made on clinical and 
screening laboratory grounds. 

m Elevated plasma lactate levels are a specific and sensitive 
indicator of the presence of significant cyanide poisoning in 
both smoke inhalation and pure cyanide poisoning cases. 

m Several specific cyanide antidotes are available throughout the 
world. 

m In the United States, only the cyanide antidote kit containing 
amyl nitrite for inhalation administration and sodium nitrite/ 
sodium thiosulfate for intravenous administration is available 
as of June 2006. 

m Amyl nitrite inhalation is an effective first-aid measure, 
especially in cases of hydrogen cyanide gas exposure. 

m Growing evidence indicates that hydroxocobalamin may be the 
cyanide antidote of choice because of its efficacy and superior 
safety and adverse effects profile. 

m The nitrite and thiosulfate antidote kit is not efficacious for 
sodium azide poisoning; hydroxocobalamin may be of theoretical 
benefit based on limited in vitro data. 


INTRODUCTION AND RELEVANT 
HISTORY 


Cyanide poisoning may be encountered in a wide variety 
of settings. Cyanide salts and hydrocyanic acid are used 
in common industrial processes such as electroplating, 
jewelry and metal cleaning, precious metal extraction, 
laboratory assays, and photographic processes.'* 
Hydrogen cyanide is a chemical intermediate for the 
manufacture of synthetic fibers, plastics, and nitriles.° 
Criminal tampering by replacement of the ingredients in 
over-the-counter capsules with cyanide salts has resulted 
in a number of deaths.®” Victims of enclosed-space fire- 
smoke inhalation may have both cyanide and carbon 
monoxide poisoning.*” 

Cyanide and carbon monoxide are synergistic 
toxicants! (see Chapters 86 and 87). Nontraumatic 
deaths in aircraft accidents may be due to inhalation of 
carbon monoxide and cyanide combustion products."! 
A number of compounds can liberate cyanide on 
spontaneous or thermal decomposition or by chemical 
reaction with acids (e.g., cyanogen, cyanogen bromide, 
cyanogen iodide, cyanogen chloride, calcium cyanide).! 
Cyanogen halides and hydrogen cyanide are potential 
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chemical warfare agents.!? At low concentrations, 
however, cyanogen halides are primarily lacrimating and 
pulmonary irritant agents.” 

Cyanogenic compounds (laetrile, amygdalin from 
plant sources, nitrile compounds such as acetonitrile or 
propionitrile) can release cyanide during metabolism, 
chemical reaction in the gut, or bacterial degradation 
after ingestion.*!*!7 Acute cyanide poisoning from 
apricot or peach kernels is unusual because the pits are 
usually swallowed whole and simply pass through the 
gastrointestinal tract; rare cases have been reported.'® 
Severe or fatal cyanide poisoning with symptom onset 
delay of several hours has followed accidental acetonitrile 
ingestion from glue-on artificial nail-removing 
compounds.!*.° 

Acrylonitrile is a special case. After inhalation or 
dermal exposure, it both undergoes hepatic metabolism 
releasing cyanide and is itself hepatotoxic. Whole blood 
cyanide levels as high as 4.3 ug/mL have been found in 
patients with acrylonitrile poisoning. !” In addition to 
supportive care and cyanide antidotes, treatment with 
N-acetylcysteine in a manner similar to that for aceta- 
minophen poisoning has been recommended to prevent 
hepatotoxicity!” (see Chapter 47). 

Sodium nitroprusside releases cyanide during metab- 
olism, which can result in elevated whole blood cyanide 
levels, and, occasionally, clinical cyanide poisoning.?!** 

Coadministration of sodium thiosulfate or hydroxo- 
cobalamin can prevent cyanide toxicity, especially in 
patients receiving sodium nitroprusside infusions at rates 
greater than 2 pg/kg/minute***° (see Chapter 61). 

The frequent lack of correlation between blood 
cyanide levels and cyanide poisoning symptoms during 
nitroprusside administration suggests that the decision 
of whether to administer antidote therapy must be made 
on clinical grounds (e.g., presence of lactic acidosis or 
signs and symptoms consistent with cyanide poisoning). 
Clinical symptoms in this setting may, however, be due to 
thiocyanate accumulation.*° 

Chronic exposure to low levels of cyanide has been 
postulated to cause retrobulbar optic atrophy (in heavy 
smokers) and ataxic peripheral neuropathy (tropical 
ataxic neuropathy), as well as konzo (spastic upper 
motor neuron paraparesis) in people who consume 
large amounts of improperly prepared cassava, which 
contains the cyanogenic glycosides linamarin and 
lotaustralin in both roots and leaves.?’?° Development of 
these neuropathies seems to require both chronic low- 
level cyanide exposure and either a deficiency of the 
endogenous cyanide-detoxifying enzyme rhodanese or 
protein-calorie malnutrition with dietary sulfur deficiency. 
A condition resembling acute cyanide poisoning treat- 
able with hydroxocobalamin has resulted from acute 
ingestion of improperly prepared cassava.*” 
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Mild disorders of vitamin B,, and folate levels and 
some subclinical thyroid function abnormalities were 
noted in one group of workers with chronic cyanide salt 
exposure.” 

Thyroid enlargement (goiter) and altered iodine-131 
uptake have also been described in workers chronically 
exposed to cyanide? and in populations eating an iodine- 
deficient monotonous cassava diet.*” 


EPIDEMIOLOGY 


Despite widespread cyanide and cyanogenic compound 
use, serious acute cyanide poisoning is rare. Of a total of 
2,267,979 human poison exposures reported to the 
American Association of Poison Control Centers Toxic 
Exposure Surveillance System (TESS) during 2001, only 
303 involved cyanide poisoning; of these, 17 were in 
children younger than 6 years of age, 17 were in patients 
6 to 19 years of age, and 263 were in patients older than 
19 years of age (the remainder were in patients of 
unknown age).*! 

Of the 295 cases in which the reason for exposure was 
known, 237 were unintentional exposures, 37 were 
intentional exposures, and 21 were classified as other. 

A total of 199 (65%) of these patients were treated in 
a health care facility.°! Of cyanide antidotes available in 
the United States, amyl nitrite was not listed in the 2001 
TESS database, sodium nitrite administration was 
recorded in 27 instances, and sodium thiosulfate 
administration was recorded in 57 instances. 

Of the 303 cyanide exposures, clinical outcome was 
known in only 194 (64%).°! In 64 cases (21%), no signs 
or symptoms of cyanide poisoning developed; 116 patients 
(38%) became symptomatic, and 7 (2.3%) developed 
major symptoms (life-threatening signs or symptoms; 
significant residual disability or disfigurement).*! Four- 
teen TESS-reported patients (4.6%) died of cyanide poison- 
ing during 2001.°! 

Some details of these 14 fatal cyanide poisonings were 
available.*' One involved combined carbon monoxide 
and cyanide poisoning from smoke inhalation (car- 
boxyhemoglobin level, 35%; whole blood cyanide level, 
40 ug/mL). 

Of the 13 “pure” fatal cyanide poisoning cases, all were 
adults.*' Ingestion of the involved cyanide compound 
was intentional in 12, and 1 case was classified as 
unintentional misuse. In three of these cases, whole 
blood cyanide levels were more than 20 ug/mL, 66 
ug/mL, and 26.7 ug/mL,; times after ingestion were not 
specified. 

An adult man who worked in a jewelry shop drank 
from an already-open bottle of soda and rapidly devel- 
oped fatal cardiac arrest. The soda was subsequently 
found to have a pH of 7 and a cyanide concentration 
of 100 mg/L.?*! 

An elderly retired chemist accidentally ingested a 
swallow of sodium cyanide-copper cyanide etching 
solution. He was apparently successfully resuscitated 
from the initial severe cyanide poisoning, but sub- 
sequently developed fatal liver, renal, and pancreatic 
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damage, suggesting that copper poisoning contributed 
to the fatal outcome.”! 


PHARMACOLOGY 
Pathophysiology 


Cyanide produces histotoxic hypoxia by binding with the 
ferric iron (Fe**) of mitochondrial cytochrome oxidase, 
thus disrupting the normal functioning of the electron 
transport chain and the ability of cells to utilize O, in 
oxidative phosphorylation.! The result is a shift to 
anaerobic metabolism, a substantial decrease in adeno- 
sine triphosphate synthesis, depletion of cellular energy 
stores, and greatly increased lactic acid production, 
which causes an elevated anion-gap metabolic acidosis. 
Numerous iron- or copper-containing enzymes are 
inhibited by cyanide, but cytochrome oxidase inhibition 
is the major intracellular toxic mechanism in cyanide 
poisoning.” 

The tissue hypoxia of cyanide poisoning has several 
causes. Those tissues most dependent on oxidative 
phosphorylation—heart and brain—are the most severely 
and rapidly affected. Central inhibition of the respiratory 
centers leads to hypoventilation, which in turn produces 
hypoxic hypoxia. 

Myocardial depression with decreased cardiac output 
produces stagnation hypoxia. Until the stage of respi- 
ratory depression or arrest, the blood is relatively 
normally oxygenated. However, the tissues are unable to 
extract and utilize this O, which leads to a greater than 
normal amount of O, in venous blood and an increased 
venous O, percent saturation. 

Cyanide binding to cytochrome oxidase is a reversible 
process. The endogenous enzyme, rhodanese, is a 
natural defense against cyanide exposure. This enzyme 
complexes cyanide with sulfane sulfur, forming much 
less toxic thiocyanate. The body’s sulfur pool is small, 
however, and the availability of sulfane sulfur constitutes 
the rate-limiting factor in natural cyanide detoxification. 
In the absence of an exogenous source of sulfur, 
rhodanese activity is too slow to prevent serious toxicity 
or death in significant cyanide poisoning. 

The central nervous system is a primary target organ 
in cyanide poisoning.**°? The mechanism by which 
cyanide exposure causes neurotoxicity is not completely 
understood. An increase in intraneuronal calcium levels 
and lipid peroxidation, perhaps initiated by cyanide- 
induced decreased adenosine triphosphate levels, which 
impairs sodium and calcium extrusion processes, might 
be a mechanism of nerve injury.** Cyanide-induced 
apoptosis is mediated by cytochome-c release from 
mitochondria.’ Generation of reactive oxygen species 
(ROS) also plays an important role in cyanide-induced 
apoptosis in cortical neurons.” 


Pharmacokinetics 
TOXICOKINETICS 


The toxicokinetics of cyanide are not well understood. 
Available data are either from animal experiments or 
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anecdotal human case reports. In dog plasma in vitro, 
cyanide is about 60% protein bound.”® In vivo, whole 
blood cyanide levels may be four or more times greater 
than serum levels because of the concentration of cyanide 
in erythrocytes.' 

The volume of distribution (Vd) of cyanide in dogs is 
0.498 L/kg.°’ A similar Vd of 0.41 L/kg was estimated in 
a single case of human potassium cyanide poisoning.” 
In this same case, estimates of other toxicokinetic param- 
eters were area under the curve (AUC) 48 ug/mL/nhr, 
clearance 163 mL/min, initial phase half-life (t,/,,) 20 to 
30 minutes, and terminal-phase elimination half-life 
(typ) 19 hours.” The last value is consistent with 
findings in dogs showing only minimal excretion within 
the first 3 hours after oral administration, despite 
absorption of about 95%.°° In victims of human cyanide 
poisoning from smoke inhalation, blood cyanide half-life 
was about 60 minutes.’ 


TOXICODYNAMICS 

In a single patient not treated with specific antidotes, the 
average urinary cyanide excretion over nearly 40 hours 
was 0.64 mg/hr after a probable ingestion of between 
117 and 511 mg of potassium cyanide.® In this same 
patient, the mean whole blood cyanide level 1 hour after 
ingestion was 8.2 ug/mL. This level increased to a mean 
of 19.7 ug/mL at 3 hours and to 23.4 pg/mL at 9 hours 
after ingestion. Despite intensive supportive treatment, 
this patient died about 40 hours after ingestion. 

In contrast, in a patient who survived ingestion of 1 g 
of potassium cyanide after treatment with sodium nitrite 
and sodium thiosulfate, the highest whole blood cyanide 
level was 15.68 ug/mL at 1.75 hours after ingestion; this 
level decreased to 0.82 ug/mL at 5 hours after 
ingestion.” In another patient who survived cyanide 
poisoning secondary to dermal and inhalation exposure 
to propionitrile, treatment with hydroxocobalamin-— 
sodium thiosulfate was associated with a decrease in the 
whole blood cyanide level from 5.71 ug/mL at 2 hours 
after exposure to 0.93 ug/mL 30 minutes later.° Specific 
cyanide antidote administration is associated with more 
rapid decreases in whole blood cyanide levels than is 
seen in patients not administered antidotes.! 


TOXICOLOGY 


Clinical Manifestations 


The natural history of severe acute cyanide poisoning is 
a rapid progression (faster with inhalation than ingestion) 
to coma, shock, respiratory failure, and death.’ Less 
severely poisoned patients administered only intensive 
supportive care have survived,°*” whereas patients also 
administered specific antidotes have survived with whole 
blood cyanide levels as high as 40 Ug/ mL.® Most patients 
who recover from acute cyanide poisoning do not have 
permanent sequelae, although rare cases of parkinsonian- 
like states with bilaterally symmetric lesions in the basal 
ganglia (putamen or globus pallidus) or memory deficits 
and personality changes have been reported. 164143 
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The clinical presentation depends on the route, dose, 
and time elapsed since exposure. Patients with inhala- 
tion exposure to high concentrations may experience 
sudden loss of consciousness after only a few breaths.” 
Combined inhalation and dermal or pure dermal 
exposure to a gas containing 19% hydrogen cyanide 
caused severe acute cyanide poisoning in two workers 
with whole blood cyanide levels of 5.3 and 6.75 ug/mL, 
respectively.” Patients who ingest potentially fatal 
amounts of cyanide salts may not develop life- 
threatening symptoms for up to 0.5 to 1 hour after 
exposure.’ Delayed onset of symptoms (after 1 to 12 or 
more hours) may follow exposure to cyanogens such as 
laetrile, amygdalin, and nitrile compounds.®15-19,20 

In patients who do not experience sudden collapse, 
the initial signs and symptoms can resemble those of 
anxiety or hyperventilation.' Early signs include central 
nervous system stimulation (giddiness, headache, 
anxiety), tachycardia, hyperpnea, mild hypertension, 
and palpitations.® 

Late signs are nausea, vomiting, tachycardia or brady- 
cardia, hypotension, seizures (rare), coma, apnea, dilated 
pupils, and a variety of cardiac effects, including erratic 
supraventricular or ventricular arrhythmias, atrioven- 
tricular blocks, ischemic changes on electrocardiog- 
raphy, and asystole.! Noncardiogenic pulmonary edema 
may rarely occur, even after ingestion of cyanide salts.* 

Of 21 acute cyanide poisoning victims, the following 
effects were noted: loss of consciousness (N = 15), 
metabolic acidosis (N = 14), cardiopulmonary failure 
(N = 9), anoxic encephalopathy (N = 6), and diabetes 
insipidus or conditions mimicking this condition (N = 
1-3), which may be an ominous sign.'® 

The smell of “bitter almonds” (often described as 
“musty”) may be appreciated in some cases, but the ability 
to detect this odor is genetically determined, and many 
people cannot do so.! Cyanosis is a late sign usually only 
noted at the stage of apnea and circulatory collapse.! 

Dermal exposure to cyanide can result in systemic 
cyanide poisoning due to serious burns from molten 
cyanide salts, immersion in vats of cyanide salt solutions 
(with the potential for ingestion and vapor inhalation as 
well as dermal exposure), or total-body contamination 
with cyanide salts in confined spaces. Severe acute 
cyanide poisoning can rarely result from dermal 
exposure to hydrogen cyanide gas.*° 


Diagnosis 


The initial physical examination focuses on the vital signs 
and the respiratory, cardiovascular, and central nervous 
systems. Continuous vital signs and electrocardiographic 
monitoring should be done. Whole blood cyanide levels 
are available, but generally take hours to obtain and 
cannot be used to guide emergent diagnosis or therapy.! 
They can, however, document the diagnosis and 
response to treatment. 


LABORATORY TESTING 
Plasma lactate, serum electrolytes, and arterial blood 
gases should be monitored as frequently as necessary to 
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guide fluid, electrolyte, sodium bicarbonate, and 
respiratory therapy. Pulse oximetry may be unreliable in 
cases of smoke inhalation with combined carbon monox- 
ide and cyanide poisoning and after administration of 
methemoglobin-inducing cyanide antidotes. 

Based on anecdotal case reports and animal experi- 
ments, certain screening laboratory values may help 
suggest the diagnosis when no history is available.! 
Cyanide produces lactic acidosis, which can be confirmed 
by plasma lactate measurements.!°*° Normal plasma 
lactate levels are 1.0 mEq/L (mmol/L) or less. Lactic 
acidosis is present when serum lactate levels are more 
than 2.0 mEq/L (mmol/L). In combined poisoning with 
carbon monoxide and cyanide from smoke inhalation, 
plasma lactate levels may be the best marker of the 
presence and severity of a cyanide poisoning component.’ 
Plasma lactate levels of 10 mEq/L (mmol/L) or greater 
in smoke inhalation victims without severe burns or 
levels of 8 mEq/L (mmol/L) or greater in patients with 
“pure” cyanide exposure are sensitive and specific 
indicators of cyanide poisoning.*”-* 

If the patient is still breathing or is receiving assisted 
ventilation, the arterial partial pressure of O, may be 
relatively normal. Cyanide inhibits the extraction of O» 
from the blood at the tissue level. Thus, more O, than 
normal is present in the venous blood; this may be 
reflected by an increased (>40 mm Hg) peripheral 
venous partial pressure of O, an increased measured 
peripheral venous O, percent saturation (>70%), or a 
narrowing of the normal difference between the measured 
arterial O, percent saturation and the measured central 
venous or pulmonary artery O, percent saturation (the 
normal central venous O, percent saturation is about 
70%).+16 However, a mixed venous O, percent saturation 
less than 90% does not, in itself, exclude acute cyanide 
poisoning.” 


OTHER DIAGNOSTIC TESTING 
If pulmonary edema develops, a chest radiograph should 
be obtained periodically. 

A smoke inhalation clinical scoring system (scale from 
1 to 10) based on the following clinical findings has been 
proposed: hoarseness (1 point); stridor (1 point); 
carbonaceous sputum (1 point); soot in the airways 
(1 point); singed nasal hairs (1 point); facial burns (1 
point); abnormal chest auscultation findings (1 point); 
mental status change (1 point); and abnormal findings 
on chest radiography (2 points). In one case series, this 
clinical scoring system was predictive of a fatal outcome 
after smoke inhalation exposure from enclosed-space 
fires; it was also the strongest predictor of measured 
carboxyhemoglobin and whole blood cyanide levels.” 


DIFFERENTIAL DIAGNOSIS 

Other cytochrome oxidase inhibitors such as hydrogen 
sulfide and sodium azide may produce clinical and 
laboratory findings similar to those seen in cyanide 
poisoning (see Chapter 91 and later discussion in this 
chapter on Sodium Azide). Although sodium nitrite might 
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have some efficacy in the treatment of hydrogen sulfide 
poisoning, it is ineffective for treating sodium azide 
poisoning.” 


MANAGEMENT 


Supportive Measures 


Cyanide-exposed patients with only restlessness, anxiety, 
or hyperventilation do not require antidote therapy. 
Such patients should be administered supplemental Os 
and undergo a few hours of clinical monitoring. 
Antidotes should be administered only if more serious 
symptoms develop. 

Rescuers must not enter areas with high airborne 
concentrations of cyanide without a self-contained 
breathing apparatus or air-supplied respirators. Mouth- 
to-mouth breathing should be avoided if at all possible, 
and care must be taken by rescuers not to inhale the 
victim’s exhaled breath. Appropriate prehospital care 
consists of airway management, including endotracheal 
intubation if required, administration of 100% sup- 
plemental Os by tight-fitting mask or endotracheal tube, 
placement of at least one large-bore intravenous line, 
administration of sodium bicarbonate if shock (with 
presumed metabolic acidosis) is present, decontamination 
of exposed skin or eyes, administration of standard anti- 
arrhythmic or anticonvulsant medications if necessary, 
and administration of amyl nitrite by inhalation. 

Amyl nitrite pearls may be broken in gauze and held 
close to the nose and mouth of patients who are 
spontaneously breathing. Alternatively, they may be 
placed into the lip of the facemask or inside the resus- 
citation bag in patients with apnea or hypoventilation. 
Amyl nitrite should be inhaled for 30 seconds of each 
minute, and a used pearl should be replaced with a fresh 
one every 3 to 4 minutes. Amyl nitrite and supplemental 
Os administration alone have been efficacious in treating 
hydrogen cyanide—poisoned patients in one occupational 
exposure setting.°! Supportive measures alone may 
sometimes prove to be satisfactory,*”** although patients 
administered specific antidotes together with supportive 
therapy have survived with higher whole blood cyanide 
levels, awakened sooner from coma, and had more rapid 
resolution of acidosis.°°>" 

Standard antiarrhythmic and anticonvulsant med- 
ications are appropriate for the treatment of cyanide- 
induced arrhythmias and seizures. Atropine or vaso- 
pressors may be required if symptomatic bradycardia or 
hypotension unresponsive to less aggressive measures 
are present. 

Normobaric Os is synergistic with cyanide antidotes. 
Although not proved, hyperbaric oxygen (HBO) may be 
efficacious in patients not responsive to supportive and 
antidotal therapy, and some severely cyanide-poisoned 
patients treated with HBO have survived.'**° Smoke 
inhalation victims with serious known carbon monoxide 
poisoning and suspected cyanide toxicity may be treated 
with HBO when available.’ 


CHAPTER 88 Cyanide and Related Compounds—Sodium Azide 


Decontamination 


Exposed skin and eyes should be copiously flushed with 
water or normal saline. Contaminated clothing should 
be removed and isolated in impervious containers. 
Inducing emesis is contraindicated because of the 
potential for rapid progression to coma or seizures. 
Gastric aspiration might be beneficial within about 30 
minutes after ingestion of cyanide salts. Although older 
references question the efficacy of activated charcoal 
administration, a single dose of about 1 g of activated 
charcoal per kilogram of body weight may be 
administered to patients who have ingested cyanide salts 
and related compounds. 


Antidotes 


In the United States and some other countries, specific 
therapy consists of the administration of the antidotes 
found in the cyanide antidote kit. Once intravenous 
access has been established, amyl nitrite inhalation 
should be discontinued and sodium nitrite administered 
intravenously. The usual adult dose is 300 mg (one 
10-mL ampoule of 3% solution). The pediatric dose for 
the average child is 0.12 to 0.33 mL/kg administered 
over absolutely no less than 5 minutes intravenously. 

Sodium nitrite is a potent vasodilator, and rapid 
administration may cause significant hypotension, which 
can be avoided by initial slow administration, either (1) 
by slow intravenous push over absolutely no less than 5 
minutes, or (2) by diluting the dose in 50 to 100 mL of 
5% dextrose in water, initially beginning with a slow 
infusion rate, and then increasing to the most rapid rate 
possible without causing hypotension. Frequent blood 
pressure monitoring should be done during sodium 
nitrite administration. 

Another potentially serious, although rare, adverse 
effect of sodium nitrite administration is induction of 
excessive methemoglobin levels. Induction of some level 
of methemoglobinemia has long been thought to be 
the mechanism of action of sodium nitrite because 
methemoglobin has a greater affinity for cyanide than 
cytochrome oxidase. This hypothesis has been questioned. 

Excessive methemoglobin induction occurs most 
often in patients given excessive amounts of sodium 
nitrite, but it is rarely seen with therapeutic doses. 
Methemoglobin levels should be monitored, especially 
when multiple doses of sodium nitrite are required. 
Inducing levels greater than 30% to 40% must be 
avoided. The determinant of when “enough” sodium 
nitrite has been infused is the patient’s clinical response. 

Sodium nitrite is followed by intravenous adminis- 
tration of sodium thiosulfate, in an adult dose of 12.5 g 
(one 50-mL ampoule of a 25% solution). The average 
pediatric dose is 1.65 mL/kg. No cases of significant 
adverse effects from sodium thiosulfate administration 
have been reported in humans, despite more than 50 
years of clinical use of the drug. A continuous infusion of 
1 g of sodium thiosulfate per hour for 24 hours was 
considered efficacious in one case of potassium cyanide 
ingestion poisoning.”” 
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In cases of smoke inhalation with known carbon 
monoxide and suspected cyanide poisoning, sodium 
thiosulfate and 100% supplemental O, can be admin- 
istered initially if hydroxocobalamin is not available. 
Sodium nitrite administration should be withheld until 
the patient is at pressure in an HBO chamber, where 
dissolved plasma O, can adequately compensate for 
induced methemoglobinemia.*> When HBO was not 
immediately available for treatment of smoke inhalation 
patients, sodium nitrite was administered successfully 
without significant complications.*° 

Second doses of sodium nitrite and sodium thiosulfate 
at one half the initial amounts may be administered 30 
minutes after the first doses if clinical response is 
inadequate. With exposure to certain nitrile compounds, 
continued metabolic release of cyanide may cause 
prolonged poisoning requiring multiple antidote doses. 
If producing a satisfactory clinical response, sodium 
thiosulfate alone could be used in such cases because its 
inherent toxicity is low. 

Alternate antidotes in clinical use in other parts of the 
world such as hydroxocobalamin (Cyanokit), dicobalt- 
ethylenediaminetetra-acetic acid (Kelocyanor), and 4- 
dimethylaminophenol (4-DMAP) are not available in the 
United States as of June 2006. A growing body of 
evidence, primarily from patients with combined carbon 
monoxide and cyanide poisoning from enclosed-space 
fire smoke inhalation, but also from patients with 
aliphatic nitrile or cyanide salt poisoning, indicates that 
hydroxocobalamin may be the cyanide antidote of 
choice.4/°455 

Hydroxocobalamin is more rapidly acting than sodium 
thiosulfate, does not produce methemoglobinemia, 
which can impair oxygen transport as do 4-DMAP and 
the nitrites, does not cause hypotension as does sodium 
nitrite, and has a much better adverse effect and safety 
profile than do the nitrites, 4 DMAP and Kelocyanor.*”*4 
It has been shown to be safe and effective for decreasing 
low whole blood cyanide levels in volunteer heavy 
smokers and is an effective and safe cyanide antidote in 
a variety of experimental animal species.°°°’ The only 
noted side effect in patients treated with hydroxocobal- 
amin has been transient reddish-brown discoloration of 
the urine, sclera, mucous membranes, and skin from the 
color of the medication itself.‘”°! Hydrocobalamin can 
be combined with sodium thiosulfate in more severe 
poisoning cases because there is an antidotal syn- 
ergy.175497 

Because of its intense reddish-brown color and peak 
light absorption at 352 and 525 nm, hydroxocobalamin 
can interfere with automated colorimetric clinical 
chemistry measurements of aspartate aminotransferase, 
total bilirubin, creatinine, magnesium, and serum iron.” 


Elimination 


Hemodialysis cannot be considered standard treatment 
for cyanide poisoning, but it has been efficaciously used 
as supportive therapy in a patient who developed renal 
failure secondary to rhabdomyolysis in the course of 
severe cyanide poisoning.'® One patient with severe acute 
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cyanide poisoning treated with supportive measures, 
antidotes, and charcoal hemoperfusion has also been 
reported.* This patient was improving after antidotal and 
supportive therapy at the time that hemoperfusion was 
begun. Hemoperfusion has no place in the treatment of 
acute cyanide poisoning. 


Disposition 


Asymptomatic patients with apparent minimal exposure 
should be observed in a controlled setting for 4 to 
6 hours. If exposure was to a nitrile compound, the onset 
of symptoms may be delayed for 12 hours or longer; 
in this situation, a longer period of observation and 
monitoring is necessary. 

Patients who have serious symptoms (coma, seizures, 
shock, metabolic acidosis, cardiac arrhythmias, ischemic 
electrocardiographic changes, or hypoventilation) and all 
those administered antidotes should be admitted to an 
intensive care unit for clinical monitoring until all 
symptoms have resolved, or for a minimum period of 
24 hours. Outpatient follow-up at intervals for a period of 
weeks should be arranged to screen for the possible 
development of rare delayed central nervous system effects. 

Given the acute shortage of suitable organ donors, 
brain-dead poisoning victims should not be excluded as 
donors, if: (1) clinical and laboratory evidence shows 
true brain death (not central nervous system depression 
or lack of central nervous system activity due to the 
continued presence of the poison); (2) the poison itself 
has not irretrievably damaged or destroyed the organ 
under consideration for transplantation; and (3) the 
organ being considered for transplantation is not a 
reservoir, such that the transplanted organ itself might 
secondarily poison the transplant recipient. Organs have 
been successfully transplanted from brain-dead acute 
cyanide poisoning victims without causing secondary 
cyanide poisoning.” 


SODIUM AZIDE 


Sodium azide is a white to colorless crystalline solid that 
is highly soluble in water and is used as a preservative in 
aqueous laboratory reagents and biologic fluids and in 
automobile airbags as a gas generator.®! It has also been 
investigated for use as an herbicide, insecticide, 
nematocide, fungicide, and bacteriocide and is used in 
the manufacturing of rubber, latex, wine, and Japanese 
beer, and as a chemical intermediate in lead azide 
production.®! Its use in automotive airbags has not resulted 
in sodium azide poisoning, but it has rarely caused 
relatively minor chemical burns by producing nitrogen 
gas and sodium oxide; the latter reacts with water to form 
corrosive sodium hydroxide.°! 

Sodium azide poisoning has most often occurred as a 
result of accidental or suicidal ingestion of colorless, 
odorless, tasteless laboratory solutions, which can be 
mistaken for water or normal saline, and has occurred in 
health care settings or laboratories. Suicidal cases 
have generally been seen in individuals with access to the 
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chemical in laboratories because otherwise it has limited 
availability.°*°* One patient died after mistakenly ingesting 
1 g of sodium azide obtained from a hospital but intended 
to be added as a preservative to a container for his 24- 
hour urine specimen.” 

The 2001 American Association of Poison Control 
Centers TESS*! does not have a specific listing for 
sodium azide. A recent systematic review covering the 
period of 1927 to 1999 found that a total of 38 
publications constituted the knowledge base of sodium 
azide human health effects.°! Of these, 32 publications 
were case reports, 5 were occupational studies, and 1 
paper was an experimental study of the use of sodium 
azide as a potential antihypertensive agent (since 
abandoned because of significant side effects) .°!°* There 
were a total of 185 exposed people, with 116 from the 
experimental study.°' Adults were involved in 183 cases 
and children in 2 cases. 

Of the 69 acute poisoning cases, 43 followed ingestion 
(26 survivors; 17 fatalities), 12 followed inhalation from 
occupational exposure (all 12 patients survived), 9 were 
exposed by the intravenous route from sodium azide 
contamination of hemodialysis apparatus (all 9 survived), 
and 5 patients had dermal exposure (4 survivors; 
1 fatality).°' The dermal exposure fatality involved 
exposure to a metal azide during an explosion causing 
45% total-body surface area burns.°'! The hemodialysis 
patients exposed by the intravenous route developed 
hypotension, blurred vision, headache, nausea, vomiting, 
syncope, and cramping when ultrafilters used for prepa- 
ration of dialysis fluid were pretreated with a preservative 
consisting of 0.25% sodium azide and 25% glycerin and 
not flushed.” 

Ingestion is the most common route of exposure in 
serious poisoning cases.°! Fatality is usually associated 
with doses greater than 700 mg (or 10-13 mg/kg), 
whereas nonfatal poisoning has been seen with doses 
ranging from 0.3 to 150 mg (or 0.004-2 mg/kg).°! In a 
series of four fatal and six nonfatal sodium azide 
poisoning cases, the lowest dose in survivors was 5 to 
10 mg, and the highest dose was 80 mg” The lowest fatal 
doses were 0.7 g in women and 1.2 to 2 g in men.°” 

Sodium azide is rapidly absorbed from the gastro- 
intestinal and respiratory tracts (as hydroazoic acid 
vapor).°! Its extent of dermal absorption is unclear, but a 
single fatal case from a warehouse accident has been 
reported.°! Sodium azide is metabolized by the liver and 
excreted by the kidneys, but human absorption, 
distribution, metabolism, and excretion kinetics data are 
not available,®! except for a half-life of about 2.5 hours 
calculated in a single fatal case. 

Hypotension is the most common clinical effect, and 
the time between exposure and the onset of hypotension 
is somewhat predictive of survival.°' When hypotension 
occurs within minutes to | hour after exposure, it is a 
physiologic response, and the clinical course is most 
often benign. When the hypotension is delayed in onset 
more than 1 hour, it “. . . constitutes an ominous sign 
for death.”°! 

Other common clinical effects are nausea, vomiting, 
diarrhea, headache, dizziness, temporary vision loss, pal- 
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pitations, dyspnea, temporary loss of consciousness, and 
depressed sensorium.®! Markedly depressed sensorium, 
seizures, coma, hypothermia, cardiac dysrhythmias, chest 
pain, tachypnea, cyanosis, noncardiogenic pulmonary 
edema, acute respiratory distress syndrome (ARDS), 
metabolic acidosis, oliguria, and cardiorespiratory arrest 
are seen in severe poisoning cases.®!62,65,68 

The hypotensive effects are due to dilation of 
peripheral blood vessels, but it is unclear whether this 
effect is caused by the parent compound or its 
metabolism to nitric oxide.®! Sodium azide does inhibit 
heme-containing enzymes such as catalase, peroxidase, 
and cytochrome oxidase,°!*”? but its lethality may be 
due instead to enhanced excitatory nervous transmission 
in the central nervous system, caused by the parent 
compound itself or by metabolically released nitric 
oxide.®!71 

One case of cardiomyopathy presenting as an acute 
myocardial infarction was reported in a previously 
healthy 29-year-old female student who mistakenly 
ingested 700 mL of a buffering solution containing 0.1% 
sodium azide.’ Nausea, weakness, and confusion 
occurred initially and prompted overnight observation 
in a hospital. These effects had resolved by the following 
morning, and she was discharged, only to develop 
exertional dyspnea over the following 24 hours and 
severe precordial chest pain radiating to the left arm 
3 days after ingestion. Electrocardiogram and creatine 
kinase elevations indicated possible myocardial 
infarction. Cardiac catheterization and chest x-ray were 
consistent with cardiomyopathy. Over several hours, the 
patient developed episodes of ventricular tachycardia 
and refractory hypotension and died in asystolic arrest. 
At autopsy, histology of the left ventricle revealed 
cardiomyopathy but no monocellular infiltrates to suggest 
an inflammatory etiology.’* Chest pain for 6 months after 
survival of acute sodium azide poisoning has been 
reported in one patient who ingested 80 mg.°’ 

Sodium azide levels in blood are not readily available, 
and diagnosis and treatment decisions must be based on 
clinical grounds. Postmortem blood concentrations have 
ranged from 7.4 to 8.3 mg/L in one acutely fatal suicidal 
case to between 40 and 262 mg/L in other reported 
cases. Interestingly, cyanide has been detected in the 
postmortem blood in three sodium azide fatalities 
(0.38 mg/L, 1.6 mg/L, and 9 mg/L), but it is not clear 
whether the cyanide production took place in vivo or in 
the postmortem remains. 

Severe hypotension may be unresponsive to volume 
expansion and vasopressors.°! Phenobarbital had a 
protective effect against sodium azide poisoning in mice 
and rats, whereas diazepam and phenytoin did not.”! 
Phenobarbital should thus be considered for patients 
with seizures after sodium azide exposure not responsive 
to other anticonvulsants. 

There is no specific antidote for sodium azide 
poisoning in current clinical uset”? and only symp- 
tomatic and supportive treatment can be given.®? The 
U.S. cyanide antidote kit containing amyl nitrite, sodium 
nitrite, and sodium thiosulfate has not been efficacious 
in human poisoning cases or in animal experiments.°1°771. 
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Kelocyanor (dicobalt EDTA) and sodium thiosulfate alone 
have been ineffective for prevention of sodium azide 
poisoning in experimental animals.” 

Hydroxocobalamin has not been administered to 
sodium azide—poisoned humans. An in vitro study in 
isolated rat mitochondria found that when hydroxo- 
cobalamin was added to sodium azide-inhibited 
mitochondria, cytochrome-c oxidase was less inhibited 
than when sodium azide was added alone.” This gives a 
potential theoretical mechanism of action for hydro- 
cobalamin in the treatment of sodium azide poisoning, 
and further studies should be pursued. When it is 
available, hydroxocobalamin could be administered to 
patients with life-threatening sodium azide poisoning 
because of its highly favorable safety profile. It is notably 
efficacious for reversing the severe hypotension seen in 
acute cyanide poisoning, and severe hypotension unre- 
sponsive to usual treatments is a hallmark of sodium 
azide poisoning. 
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At a Glance... 


m The isocyanates are widely used precursors to polyurethane 
products, as well as carbamate insecticides. 

m= Methyl isocyanate was released at the worst industrial disaster 
in history on December 2 and 3, 1984, at Bhopal, India. 

m  lsocyanates are chemical compounds consisting of R-N=C=0 
groups, which react with compounds containing reactive 
hydrogen atoms to form polymers. 

m Toxicity of the isocyanates varies inversely with molecular 
weight, related to volatility and vapor pressure. 

m The most common occupational illness associated with the 
isocyanates is diisocyanate asthma, which has a distinct 
mechanism of toxicity as compared with atopic asthma. 

m Management of isocyanate exposure is supportive; asthmatic 
symptoms should be managed as for atopic asthma. 


The isocyanates are a diverse group of molecules that 
contain one or more R-N=C=O moieties, used most 
commonly in the synthesis of polyurethane plastics, 
foams, paints, and coatings, as well as in the production 
and degradation of carbamate insecticides. Regarding 
the latter, the isocyanates are known for the worst indus- 
trial disaster in history, in which thousands died in 
Bhopal, India in 1984 (discussed later). 

Demand for polyurethanes, and thus their isocyanate 
precursors, is strong. Worldwide production of poly- 
urethanes had been estimated at 2.2 to 3.4 million tons 
(2 to 3 million tonnes) in 2001; an automobile may contain 
110 pounds (50 kg) of polyurethane and a residence 
440 to 660 pounds (200-300 kg).! 

Because of their commercial ubiquity, clinically relevant 
toxicity, and historical infamy, the isocyanates merit 
awareness by the medical toxicologist. This chapter 
discusses four isocyanates of commercial importance: 
methyl isocyanate (MIC), methylene diphenyl diisocyanate 
(MDI), toluene-2,4 and 2,6 diisocyanate (TDI, or 2,4-TDI 
or 2,6-T'DI), and hexamethylene diisocyanate (HDI). 


PHYSICOCHEMICAL PROPERTIES 


MIC (CAS 624-83-9) is most commonly associated with 
production and degradation of carbamate insecticides. 
At ambient conditions, it is a colorless liquid with a 
pungent odor and a high vapor pressure (348 mm Hg). 
Its odor threshold of 2.1 parts per million (ppm) is two 
orders of magnitude greater than its recommended 
exposure limits (see “Regulations”). Water solubility is 
10% at 59° F (15° C). MIC reacts violently with water in 
an exothermic reaction producing polymeric MIC gas 
(perhaps creating trimers of MIC under the conditions 


seen at Bhopal*). Flammability is high, with a flash point 
of 19° F (—7° C). Pyrolysis results in decomposition to 
hydrogen cyanide and carbon dioxide. Environmental 
degradation of MIC is prolonged in air, with an atmos- 
pheric half-life estimated at 3 months; water degradation 
is shorter, at a half-life of about 2 days.’ 

MDI (CAS101-68-8), TDI (CAS 584-84-9 and 91-08-7), 
and HDI (CAS 822-06-0) are known as diisocyanates, that 
is, molecules containing two isocyanate moieties. Their 
use is predominantly in the formation of polymers, 
namely polyurethane plastics and foams, by means of 
reaction with alcohols (polyols). At ambient conditions, 
MDI and 2,4-TDI are white-yellow solids, whereas 2,6-TDI 
and HDI are clear to pale yellow liquids. The vapor 
pressures of the diisocyanates (0.000005-0.5 mm Hg) 
are low. Water solubilities are low to insoluble. 
Flammabilities are low, with flash points above 200° F 
(93° C). The diisocyanates are less reactive with water 
than MIC, and under conditions of controlled water 
addition, they have the desirable effect of producing 
foams.‘ In addition, the less toxic MDI has replaced TDI 
in many settings. Environmental degradation is more 
rapid than with MIC, with the diisocyanates having 
atmospheric half-lives of hours to 2 days, as well as “rapid” 
water degradation.’ Table 89-1 provides a comparison of 
these agents. 


SOURCES OF EXPOSURE 


MIC is both a crop pesticide reagent and an ingredient, 
as well as a degradation product of the pesticide metam- 
sodium. Air concentrations of MIC were found to be up 
to 2.5 ppb in the 72 hours following ground injection of 
metam-sodium for field fumigation in California.’ 
Cigarettes may contain four micrograms of MIC each, 
and workers who are in an environment at the threshold 
value for an 8-hour workday may be exposed to 460 Ug 
daily. On the night of December 2 and 3, 1984, the 
introduction of water into two MIC storage tanks at 
the Union Carbide plant in Bhopal (capital of Madhya 
Pradesh, India, population 900,000) overwhelmed 
multiple safety systems and released about 27 tons of 
MIC into the environment within 1 to 2 hours, resulting 
in a mean estimated air concentration 1350 times the 
U.S. Occupational Safety and Health Administration 
(OSHA) limit (see “Regulations”). 

The diisocyanates (MDI, TDI, HDI) are used in 
countless global industries, including adhesives, painting 
and varnishing, wire coating, vehicle building, mining, 
upholstery, plastics, rubber, insulation, and textiles.4 The 
major group of workers potentially exposed are those in 
the foam and rubber industry, who use the isocyanate 
monomers during manufacturing. 
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Comparison of Common Isocyantes 
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VAPOR PRESSURE ODOR 
MOL. WT. (mm Hg) AT THRESHOLD CONVERSION (ppm 

COMPOUND STRUCTURE (g/mol) 77° FI25° C (ppm) TO mg/m?)* 
Methyl isocyanate CH3N=C=O 57.05 348 2] Topin 2-3 mem: 
Hexamethylene OCN(C,H,2)NCO 168.22 0.03 0.001 1 ppm = 6.9 mg/m? 

diisocyanate 
Toluene diisocyanate NCO 174.15 0.05 0.17 1 ppm = 7.12 mg/m? 

(shown as 2,4-TDI) 

H3C NCO 

Methylene diphenyl [OCN(C,H,)],-CH> 250.25 5x 10% 0.4 1 ppm = 10.2 mg/m? 


diisocyanate 


*mg/m? = ppm x mol. wt./24.45, under conditions of 1 atmosphere and 25° C. 





TOXICITY 


Mechanisms of isocyanate toxicity are incompletely 
understood. Much of the literature regarding the 
cellular and molecular toxicity of MIC followed from 
the acute, high-dose exposure in Bhopal. Most of the 
literature available concerning the diisocyanates focuses 
on the occupational asthma phenomenon (see “Clinical 
Manifestations”), a predominantly chronic, low-dose 
exposure. 

MIC toxicity, despite the horrible disaster of 1984, 
remains enigmatic for several reasons. Although the 
Bhopal incident released mostly MIC (probably in 
trimerized form), it is likely that decomposition products 
such as hydrogen cyanide, nitrogen oxides, carbon 
monoxide, and other molecules (including reagents, 
etc.) played a role in the toxicity experienced by the 
Bhopal victims. Descriptions of “relief of symptoms” 
when sodium thiosulfate was administered to 30 Bhopal 
victims 2 months after the event prompted Indian 
authorities to recommend widespread thiosulfate 
treatment, although ultimately this was not carried out. 
Details of the reported response to delayed thiosulfate 
administration in these 30 victims are not known, and 
conclusions about efficacy cannot be drawn. 

A two-part study conducted on rats by Jeevaratnam 
and Sriramachari®’ examined the histopathologic mani- 
festations of pulmonary MIC toxicity both by inhala- 
tional (232, 465, and 930 ppm) and subcutaneous (164.3, 
328.6, and 657.2 mg/kg) routes. In the acute phase, 
concentration- and dose-dependent necrotizing bronch- 
itis and pulmonary edema were seen by inhalation, 
whereas subcutaneous administration resulted in vascu- 
lar endothelial damage and pulmonary edema, appar- 
ently leaving normal bronchial epithelium. The sub- 
acute and chronic phase (10 weeks) demonstrates a 
convergence of the inhalational and subcutaneous 
group tissue findings, both manifesting a diffuse 
interstitial pulmonary fibrosis.° 

A burst of research activity in the immediate post- 
Bhopal era regarding the systemic toxicity of MIC 


appears to have been short-lived, but quite interesting. 
Jeevaratnam and Sriramachari® examined the non- 
pulmonary viscera of rats exposed to both inhalational 
and subcutaneous MIC and found vascular congestion, 
focal hepatocellular necrosis, and tubular rupture and 
degeneration in the kidney. Other authors have 
investigated in animal and in vitro models the inhibition 
of cardiac Na*t/K*-ATPase in rabbits,’ binding to ery- 
throcyte membrane sulfhydryl groups in rats,!° and 
changes in free amino acids in the brain and plasma of 
mice.!! These data are not directly applicable to 
occupational exposures of much lower concentrations, 
particularly given the propensity of isocyanates to react 
with surface water and proteins, decreasing their 
absorption. 

Issues of carcinogenicity and reproductive effects of 
MIC are unclear. The Agency for Toxic Substances and 
Disease Registry (ATSDR) of the Centers for Disease 
Control and Prevention (CDC) reports that MIC is not 
classified in terms of carcinogenicity, nor for repro- 
ductive effects, but makes mention of some of the 
observations at Bhopal, which included an apparent 
increase in stillbirths and spontaneous abortions.'? 
Dhara and Dhara’? cited a few epidemiologic, animal, 
and cytogenetic studies from the Bhopal experience that 
yielded no definitive conclusions for humans but do 
suggest the need for further observation. 

The mechanisms of diisocyanate toxicity (see “Clinical 
Manifestations”) are likewise incompletely understood. 
Asthma induced by the diisocyanates differs mecha- 
nistically, yet less so clinically, from atopic asthma. This 
form of occupational asthma is of great concern because 
sensitization to subsequent lower exposure levels has 
been demonstrated. Diisocyanate asthma, in contrast to 
atopic asthma, appears to lack a consistent immuno- 
globulin E (IgE)—associated mechanism. The prevalence 
of diisocyanate-specific IgE in symptomatic patients 
has been reported to be less than 20%; further- 
more, these antibodies have been found in asym- 
ptomatic patients, indicating a weak association with the 
disease state.*!° Regarding the airway inflammatory 


CHAPTER 89 


response, it appears that diisocyanate-induced asthma 
results in an increased neutrophil influx with increased 
interleukin-8 (IL-8) production, as compared with 
atopic asthma, which demonstrates relatively more 
eosinophils.'® The cellular immune response differs as 
well. Diisocyanate-induced asthma seems to invoke more 
of a helper T-cell subset 1 (T41) response (with a sub- 
sequent neutrophil, IL-8, and interferon-y [IFN-y] 
response), as compared with atopic asthma, which has a 
predominantly T,,2-mediated response.'* Transmigration 
of these inflammatory and immune cells across 
endothelial and epithelial basement membranes is, in 
part, mediated by enzymes known as matrix metallo- 
proteinases (MMPs). In a recent murine model by Lee 
and colleagues,!° in which bronchioalveolar lavage 
(BAL) fluid is examined after nebulized TDI exposure, 
MMP inhibitors are shown to blunt the migration of 
leukocytes and decrease the expression of adhesion 
molecules, interleukins, and tumor necrosis factor-o that 
are initiated after TDI exposure. Extrapulmonary sensi- 
tization (e.g., skin sensitization resulting in pulmonary 
effects) may also play a role in diisocyanate-induced 
asthma. As for immune recognition, the diisocyanates 
appear to haptenize with native protein in order to 
initiate a cellular response; in most models, albumin 
has been the carrier protein used. Wisnewski and 
coworkers!® examined HDI-exposed volunteers, through 
inhalational (20-30 parts per billion [ppb]) and skin 
(0.1% v/v) routes, and found that keratin 18 and keratin 
10, both type I (acidic) keratins of the respiratory 
epithelium and skin, respectively, were conjugated to 
HDI and might play a role in antigen presentation. 
Genetics also appear to play a role; allelic variations of 
glutathione S-transferase appear to alter susceptibility to 
isocyanate hypersensitivity.!” 

Carcinogenesis and reproductive issues regarding the 
diisocyanates are also being investigated, but current 
knowledge regarding these in humans is limited. 
Bolognesi and colleagues'® provide a review of the 
evidence regarding TDI and MDI carcinogenesis and 
conclude that, although some short-term animal studies 
have shown gene mutations and chromosomal damage, 
the few epidemiologic studies produced have not been 
able to demonstrate that TDI and MDI are occupational 
carcinogens. As with MIC, the potential role of metabolic 
intermediates and adducts is undergoing continued study. 


CLINICAL MANIFESTATIONS 


The toxicity of the isocyanates will vary by the specific 
substance (e.g., MIC versus TDI), dose, route, and 
chronicity of the exposure. In humans, the predominant 
effects of the isocyanates are mucosal and respiratory, 
both upper and lower, consistent with an intermediate 
water solubility (see Chapter 9), and in some cases, 
dermal. A distinction should be made between the 
chronic effects of an acute exposure and the chronic 
effects of a chronic exposure, as provided by the examples 
of Bhopal and diisocyanate asthma, respectively (discussed 
subsequently). 
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Acute Exposure 


Despite the confounders and limitations described, the 
largest acute human MIC exposure was the Bhopal 
incident. More than 200,000 people were exposed to 
MIC at this tragic event.'? The immediate (1 week) death 
toll has been estimated at 2500, thought to be due 
predominantly to acute pulmonary edema.” Early autopsy 
results revealed severe necrotizing lesions of the upper 
and lower respiratory tract as well as pulmonary edema. 
In survivors, respiratory symptoms were described as 
rhinorrhea, throat irritation, cough with frothy expecto- 
ration, and dyspnea. Chest films obtained 2.5 to 3 months 
after exposure in 903 subjects revealed only 65 that were 
thought to be associated with acute gas exposure,’ 
although the immediate radiographic appearance in 
these patients is unknown. Ocular toxicity in the acute 
phase included symptoms of severe burning and photo- 
phobia associated with chemosis and corneal ulceration; 
only a few cases of iritis were seen, and blindness was not 
known to have occurred.* 

Chronic effects of acute exposure to MIC resulted (and 
continue to result by some accounts) in much morbidity 
and mortality. The death toll is recently said to be greater 
than 6000, and the number of victims with chronic health 
effects greater than 50,000.° Later pulmonary deaths may 
have been related to secondary infections,” as well as 
interstitial fibrosis and other structural changes,” 
consistent with findings from an animal model’ (see 
“Toxicity”). Beckett?! stratified 454 adults by distance from 
the incident site and found forced midexpiratory flow rate 
(FEF,;_7,) reductions that correlate with distance from the 
incident, concluding that small airways obstruction may 
be attributed to gas exposure. Chronic ocular issues may 
include chronic conjunctivitis and corneal opacities.** 
Chronic neurologic effects are reported, but these are not 
well defined, and associations may be stronger with a mass 
casualty event than with the chemical itself.* Reproductive 
and pediatric effects of MIC are discussed later. 

Acute diisocyanate toxicity is predominantly pulmonary 
and may be subdivided into four entities: chemical 
bronchitis, hypersensitivity pneumonitis, asthma, and 
acute nonspecific airways disease.* Chemical bronchitis is 
typically associated with an acute, higher-level exposure, 
resulting in marked upper respiratory and ocular 
irritation symptoms as well as cough, chest pain, and 
tightness; transitory or permanent changes in pulmonary 
function tests may be seen.* High-level exposures would 
be expected to produce symptoms as seen with MIC, 
including pulmonary edema and death. Hypersensitivity 
pneumonitis is a rare presentation; in one series by 
Baur,” 16 patients were diagnosed clinically from 1780 
isocyanate workers based on their symptoms of repeated 
episodes of fever, dyspnea, and malaise after a latency 
period of several hours after isocyanate exposure. Of 
those selected, 14 agreed to participate in the study, 
yielding the confirmatory findings of decreased diffusion 
capacity (10 patients), reticulonodular pattern on chest 
film (9 patients), and the presence of serum IgG to TDI- 
albumin (10 patients). Five patients underwent lung 
biopsy, revealing lymphohistiocytic infiltrates in all. 
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Diisocyanate asthma is the most common mani- 
festation of diisocyanate-associated pulmonary disease, 
with the initial description in 1951 by Fuchs and Valade.‘ 
Asthma associated with the diisocyanates may be sub- 
divided into immediate, late-onset, and dual-onset forms. 
An interesting case series by Zammit-Tabona and 
colleagues** provides insight into these presentations. In 
their series, 11 foundry workers with exposure to MDI 
and symptoms consistent with asthma were subjected to 
a single inhalational MDI challenge at a concentration 
less than 0.02 ppm for 60 minutes. Seven patients, two of 
whom were atopic, developed asthmatic reactions as 
measured by spirometry (>20% fall in forced expiratory 
volume in 1 second [FEV,]). One patient was discounted 
owing to response to formaldehyde challenge. The 
remaining six had late-onset reactions, with onset an 
average of 5 hours after the exposure; two of these 
patients also had immediate-onset reactions (before the 
end of the challenge). Four of the six patients also 
developed recurrent nocturnal asthmatic symptoms, 
away from any known exposure, for a period of 3 to 7 
days after the single-dose challenge. 


Chronic Exposure 


Chronic MIC exposure and resulting effects are not well 
defined in the literature. In regard to chronic 
pulmonary diisocyanate exposure, the clinical effects 
may be divided into isocyanate-associated asthma and 
chronic nonspecific airways disease.* Diisocyanate 
asthma may be diagnosed after several years of potential 
exposure; whether this phenomenon is due to the 
chronicity of the exposure and disease latency or to a 
delay in diagnosis% is unknown. Diisocyanate asthma 
may develop within months after exposure’; however, 
newer employees may have had exposures during 
previous jobs, confounding the time course.*° Loss of 
sensitization after removal from exposure is a possibility 
in diisocyanate asthma. Mapp and colleagues?’ found 
that in a group of TDI-sensitized patients, provocation 
after increasing intervals of time following TDI exposure 
indicates a reversible increase in airway responsiveness. 
In a recent 30-year follow-up of workers at a single TDI 
factory unit, Ott and colleagues*® reported an initial 
decline in FEV, within the first 2 years of reporting 
symptoms, but no acceleration of decline in lung 
function thereafter. These two studies seem to be in 
contrast to the findings of Padoan and associates,” in 
which 87 subjects with TDI-induced asthma were 
followed for 11 years. In this group, airway reactivity to 
methacholine challenge persisted even after 10 years of 
nonexposure, and the presenting FEV, and provocative 
dose were among the factors predictive of subsequent 
reactivity and decline in pulmonary function. All these 
considerations highlight the importance of early 
recognition of respiratory symptoms and removal of 
employees from further isocyanate exposure. 

Case reports exist for diisocyanate-associated skin 
lesions in chronically exposed workers. Larsen and 
colleagues*” reported on 10 nurses in an outpatient 
orthopedic clinic who worked with diisocyanate- 
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containing casting material. Patch testing to five types of 
diisocyanates yielded one patient with a “doubtful” 
reaction toward two types. Their conclusion that the 
diisocyanates are predominantly irritants rather than 
sensitizers stands in contrast to other animal studies and 
case reports identifying positive patch testing or IgE 
antibodies to isocyanates after dermal exposure. 

Any potential carcinogenic risk after chronic dliso- 
cyanate exposure in humans is only theoretical at this 
time and is based on very heavy (e.g., 6 mg/mĉ) chronic 
inhalation exposures in animal models.'*°° 


PRENATAL AND PEDIATRIC ISSUES 


The reproductive effects of the isocyanates in humans 
are largely undefined, but some evidence for adverse 
effects exists at massive exposure doses. In the case of the 
Bhopal disaster, Dhara and Dhara’ reported on a study 
indicating that a higher rate of miscarriages occurred in 
the affected area, as well as higher perinatal and 
neonatal mortality rates. In a recent letter,'? Ranjan and 
associates discussed their findings of a selective growth 
retardation in boys exposed in utero or as young 
children to the Bhopal disaster versus matched controls. 
Reproductive toxicity data regarding the diisocyanates 
are also limited, but reassuring. One study found a no 
observed adverse effect level (NOAEL) of about 0.3 ppm 
MDI in pregnant Wistar rats with regard to maternal and 
developmental toxicity.°! Other studies showed NOAELs 
in the range of 0.1 to 0.3 ppm TDI in CD rats in regard 
to reproductive toxicity.°*”* 


ASSESSMENT 


Diagnosis of isocyanate-associated disease is best defined 
in the occupational setting, particularly for diisocyanate- 
induced asthma. Important historical components 
include a suspected exposure and symptoms of airway 
hyperreactivity, including cough, wheezing, and shortness 
of breath; these may be delayed by several hours after 
each exposure and therefore may present as nocturnal 
asthma in day-shift workers. Fever and respiratory symp- 
toms in exposed workers would suggest hypersensitivity 
pneumonitis. A full medical, occupational, and social 
history should be elicited, including personal and family 
history of pulmonary disease, potential sources of previous 
isocyanate exposure (and perhaps sensitization), and 
smoking status. 

Pulmonary function testing begins with sequential 
peak expiratory flow measurements both during and 
away from a potential exposure. Inhalational challenge 
testing may be indicated and is divided into nonspecific 
bronchial hyperresponsiveness (NSBH) and specific 
bronchoprovocation testing (SBPT).°* NSBH is performed 
by challenging the patient with a known airway reactant 
such as methacholine or histamine, whereas SBPT involves 
the use of the suspect diisocyanate itself. Generally, a 20% 
decrease in FEV, during either test supports a diagnosis 
of reactive airways***; however, the SBPT is considered 
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the gold standard.** Nonspecific testing is often per- 
formed in lieu of SBPT because of the lack of availability 
of such tests at many centers. Many organizations have 
published guidelines on the diagnosis of occupational 
asthma, including that of the diisocyanates, and are 
included in a review by Bernstein and Jolly.** 

Laboratory evaluation for diisocyanate-associated 
asthma is not well-defined, although currently an area 
of research interest (see “Toxicity”). Other ancillary 
tests that may be useful include chest radiography, 
bronchoalveolar lavage, and biopsy, particularly in cases 
of suspected hypersensitivity pneumonitis.*° 


MANAGEMENT 


Treatment of isocyanate-associated disease, regardless of 
the specific moiety or the acuity, requires removal of the 
patient from the source of exposure, followed by surface 
decontamination as needed (see Chapter 2). Management 
of the patient’s airway and breathing takes precedence 
over further care. Co-inhalations should always be 
suspected, especially in the setting of fire (e.g., carbon 
monoxide, cyanide gas). Management in the disaster 
setting is addressed in Chapter 103. In cases of 
diisocyanate-associated asthma, acute treatment should 
follow that of standard principles for the atopic asthmatic. 
Removal of the worker from any further isocyanate 
exposure is required because the safe concentration 
for reexposure of sensitized individuals has not been 
defined. 


PREVENTION 


It is uncertain at what levels and duration of exposure 
diisocyanate-associated pulmonary disease develops.’ 
Although there are mandated exposure guidelines (see 
“Regulations”), some authors believe these to be too 
lenient. Baur® advises that although occupational 
exposure limits for the various diisocyanates in most 
Western countries are placed at about 10 ppb, a more 
appropriate “health-based” level based on current 
research would be 2.5 to 5 ppb. 

Environmental monitoring is an important compo- 
nent of exposure prevention. There are several methods 
for detecting the presence of isocyanates, including 
colorimetry (wet and dry) and chromatography (thin 
layer, gas, and high-performance liquid) .* Each regula- 
tory or advisory body, as discussed next, adopts an explicit 
method for standardizing detection of the environ- 
mental burden. 


REGULATIONS AND EXPOSURE 
ADVISORIES 


In the United States, multiple agencies, both governmental 
and private, dispense recommended worker exposure 
limits in multiple formats. In general, it is helpful to 
categorize these into “regulatory” (enforceable) and 
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Regulatory and Advisory Limits for 


Representative Isocyanates 





OSHA NIOSH NIOSH ACGIH AIHA 

PEL (ppb) REL (ppb) IDLH (ppb) TLV (ppb) ERPG (ppb) 
MIC 20 (TWA) 20(TWA) 3000 20 25-5000 
MDI 20 (C) 50) 7500 5 N/A 
TDI 20(C) None 2500 5 N/A 
HDI None 5 (TWA) N/A N/A N/A 


ACGIH, American Conference of Government and Industrial Hygienists; 
AIHA, American Industrial Hygiene Association; C, ceiling limit; ERPG, 
emergency response planning guidelines; HDI, hexamethylene 
diisocyanate; IDLH, immediate danger to life or health; MDI, 
methylene diphenyl diisocyanate; MIC, methyl isocyanate; N/A, not 
available; NIOSH, National Institute of Occupational Safety and Health; 
OSHA, Occupational Safety and Health Association; PEL, permissible 
exposure limit; ppb, parts per billion; REL, recommended exposure 
limit; TDI, toluene-2,4 and 2,6 diisocyanate; TLV, threshold limit value; 
TWA, threshold weighted average. 





“advisory” types. OSHA provides regulatory values. The 
National Institute of Occupational Safety and Health 
(NIOSH), also a federal program, provides advisory 
limits. Private programs such as the American Conference 
of Government and Industrial Hygienists (ACGIH) and 
the American Industrial Hygiene Association (AIHA) 
also provide advisory limits. The AIHA guidelines are 
for emergency exposures only. These are summarized in 
Table 89-2 for MIC, MDI, TDI, and HD1.3®:37 

There are also regulations at the state level, 
superseded at all times by federal regulation. Other 
nations have their own regulations. Refer to Chapter 82 
for definitions and further details on regulatory agencies 
and promulgations. 
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At a Glance... 


m Hydrofluoric acid is highly toxic by the dermal, inhalation, 
ocular, and oral routes. 
m Symptoms and tissue effects may be delayed. 
m HF exposure can induce systemic toxicity related to electrolyte 
abnormalities. 
Hypocalcemia 
Hypomagnesemia 
Hyperkalemia 
m Treatment is directed at rapid and complete deactivation of 
absorbed fluoride ion. 
m Treatment options vary by site of exposure. 
Dermal: initial water irrigation and use of calcium 
gluconate via various routes 
Topical calcium gluconate gel 
Subcutaneous intralesional calcium infiltration 
Regional intravenous calcium infusion—Bier block 
technique 
Intra-arterial calcium infusion 
Ocular: water/normal saline irrigation, 1% calcium 
gluconate drops 
Inhalation: fresh air and nebulized 2.5% calcium gluconate 
Ingestion: cautious lavage with calcium gluconate, support 
for systemic complications 


INTRODUCTION AND EPIDEMIOLOGY 


Hydrofluoric acid (HF) is an aqueous solution of the 
inorganic acid of elemental fluorine. HF will dissolve 
anything that has glass or silica content as well as various 
metals, rubber, leather, and most organic materials 
including human tissue. In the industrial setting, HF is 
used to etch and frost glass, clean metal parts before 
electroplating, and etch silicon wafers in electronic 
semiconductor materials. HF is used in the petroleum 
industry to manufacture high-octane gasoline and in 
various metal processes, including pickling stainless 
steel, producing aluminum and uranium, and cleaning 
and removing rust from iron, copper, and brass. 

The majority of inhalation exposures and those 
involving high concentrations are nearly exclusive to 
industry. Industrial exposures, though less frequent than 
home exposures, normally account for the majority of 
severe exposures accompanied by long-term morbidity 
and mortality. An ll-year investigation by the U.S. 
Occupational Safety and Health Administration (OSHA) 
of nine deaths attributed to HF indicated that unsafe 
work practices were contributing factors in all nine.! 

In the home setting, HF exposures can occur when 
rust removers are used with inadequate dermal 
protection. Consumer HF-containing products are most 
commonly rust removers and aluminum and chrome 


cleaning products. The majority of exposures in the 
home setting involve the distal extremities, primarily the 
hands and fingers. A case of hydrofluoric acid burns to 
the hand has been reported after ignition of a 
compressed air duster containing 1,1-difluoroethane, 
which decomposes to HF at high temperatures.* Other 
products of concern to the lay public are wire wheel 
cleaners, which contain ammonium bifluoride in a 
concentration of 15.9%. As little as 2 mL of this type of 
product has proved fatal in toddlers when ingested.’ 


STRUCTURE-ACTIVITY RELATIONSHIPS 


Hydrofluoric acid is a colorless, corrosive liquid or gas, 
which fumes at concentrations greater than 40% to 
48%,* boils at 19.5°C, and has an odor threshold in air of 
0.5 to 3 ppm.° The vapor pressure of HF gas over a 
concentrated solution (70% HF at 80°F) is relatively high 
at 150 mm Hg and thus resembles acetone and other 
volatile liquids. HF is miscible in water and in solution 
has virtually no odor as opposed to in gaseous form, 
where it has a strong, irritating odor. HF is manufactured 
from calcium fluoride (fluorospar), which is reacted with 
sulfuric acid to form HF gas’: 


CaF, + HSO, T] 2 HF + CaSO, 


where CaF, = fluorospar and HSO; = sulfuric acid. 

The gas is then cooled to be stored as anhydrous HF 
liquid, which by definition refers to concentrations 
greater than 99%. Most injuries from HF do not involve 
anhydrous HF but varying concentrations of >20% used 
in diverse industry applications or household products 
with lower concentrations. HF and additional free 
fluoride ions are also generated when ammonium 
bifluoride dissociates in aqueous solution: 


NH,HF, — HF + F- + NH,’ 


where NH,HF, = ammonium bifluoride. 


PHARMACOLOGY AND TOXICOLOGY 


Pathophysiology 


Concentrated solutions of HF are strong proton (H°) 
donors that can cause coagulative necrosis similarly to 
other strong inorganic acids (e.g., HCl), while dilute 
solutions of HF are weak acids. HF is referred to as a 
binary hydride, and it has the highest bond dissociation 
energy, so it requires more energy to dissociate com- 
pared with other halogen group series acids (i.e., HF > 
hydrochloric acid [HCl] > hydrobromic acid [HBr] or > 
hydriodic acid [HI]). The reverse is true with regard to 
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strength of acidity (ability to donate a proton, or H*). HF 
has a dissociation constant (K4) of 3.53 x 10, which is 
1000 times less dissociated than HCI. It has a pKa of 3.8.° 
Cellular damage from the proton donated by HF causes 
initial tissue injury by dehydration and corrosion. It is the 
fluoride ion, however, that is responsible for the majority 
of tissue damage from HF. Fluoride ion has a 
permeability coefficient similar to that of water (P = 1.4 
x 10 cm/sec).*° HF in the systemic circulation may 
dissociate to H* and free fluoride ions, which may cause 
severe acidosis as well as systemic fluorosis.*!° 

The presence of free fluoride ions results in a number 
of pathophysiologic effects. Fluoride ions are intensely 
electronegative and attract several cellular and systemic 
cations such as calcium and magnesium. In this process, 
biologically active calcium and magnesium are depleted 
at a rapid rate. Specifically, the binding of calcium may 
exceed the rate at which calcium can be mobilized from 
bone, and this process may lead to severe systemic 
hypocalcemia.'! Fluoride ion exposure also results in low 
ionized calcium.!*1 In general, low ionized or low total 
calcium may be associated with significant neurologic 
effects including tetany and seizures as well as 
cardiovascular instability and other effects.‘*'° Although 
the systemic depletion of calcium may be severe, in most 
cases of HF poisoning, clinical evidence of hypocalcemia 
such as tetany, Chvostek’s sign, and Trousseau’s sign may 
be absent.!” Some authors have described patients with 
leg cramping.'® Because of the rapid onset of hypo- 
calcemia, early replacement of calcium is crucial in 
significant exposures and should not await laboratory 
confirmation. The electrocardiogram at the bedside 
may also offer clues, since hypocalcemia is a well-known 
cause of prolonged QT, interval. One author described 
recurrent ventricular tachycardia in association with QT 
prolongation after an adult was exposed to 30% HF over 
44% body surface area (BSA) and survived.'? The 
hypomagnesemia seen with HF poisoning may also cause 
prolonged QT and atypical ventricular tachycardia.*° 
According to the World Health Organization (WHO) 
guidelines, increased likelihood of significant hypo- 
calcemia may be suspected if the patient has a dermal 
burn of 1% BSA from HF concentrations of 50% or 
greater, any dermal burn of 5% BSA regardless of the 
concentration of HF, inhalation of HF vapors from 
solutions of greater than or equal to 60%, or even small 
ingestions of HF solutions including more dilute 
household products.?!7* In clinical practice, however, 
there are often exceptions to these guidelines. 

Additionally, free fluoride ions inhibit many mem- 
brane and intracellular enzymes including those of the 
Krebs cycle and importantly the Na*/K'-ATPase pump**? 
as well as enzymes that are magnesium or manganese 
dependent.** Inhibition of Krebs cycle enzymes may 
result in cellular energy failure, which contributes to cell 
death. Fluorides react with trace amounts of aluminum 
(Al) to form AIF} complexes that have been shown to 
activate G proteins in cell membranes, which may alter 
cell-signaling processes and lead to inflammation.” 
Fluoride ions also stimulate phospholipase A», which 
may liberate arachidonic acid, the precursor for various 
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inflammatory eicosanoids.” On a more emergent level, 
fluoride reportedly stimulates adenylate cyclase,*° which 
in the myocardium results in increased cyclic adenosine 
monophosphate (AMP) and may increase the possibility 
of arrhythmias.*° Direct myocardial tissue injury is also 
possible from high myocardial fluoride levels in cases of 
fatal systemic fluorosis from serious dermal burns."° 

Changes in potassium flux across membrane channels 
have been implicated in fluoride poisoning and are the 
subject of recent research on the use of amiodarone for 
its potassium channel blocking effects.” The Nat/K*- 
ATPase system is responsible for pumping sodium ions 
out of the cell and potassium ions into the cell to 
maintain normal extracellular levels of each cation. 
When poisoned by fluoride ions, this pump will result in 
excess extracellular potassium, which exacerbates the 
hyperkalemic state. The resultant hyperkalemia is likely 
a contributory factor in enhancing myocardial 
irritability. The effects of hypocalcemia and dysfunction 
of the Na*/K*-ATPase system on potassium flux may not 
be immediate. Delayed ventricular fibrillation, frequently 
described in severe dermal exposure, ingestions, and 
inhalation exposures to concentrated HF may be due to 
late-onset hyperkalemia.*? Others report this arrhythmia 
in the absence of hyperkalemia.'*!° The mechanism of 
acute fluoride-induced sudden cardiac death from 
ventricular arrhythmias has been attributed to profound 
hypocalcemia, but in canine studies this lethal effect 
appears to be more temporally due to the elevation in 
serum potassium.” A large fraction of the increase in 
extracellular potassium may derive from transfer across 
the erythrocyte membrane of red blood cells in 
circulation that are exposed to the fluoride ion.** In vitro 
studies show that while fluoride ion decreases 
extracellular calcium, it increases intracellular calcium, 
which is believed to trigger calcium-dependent Kt 
channels that allow for enhanced K* efflux and resultant 
hyperkalemia.” Moreover, in dogs this fluoride-induced 
hyperkalemia cannot be prevented by glucose, insulin, 
or bicarbonate.*° 

From a pathophysiologic standpoint, the treatment of 
fluoride-induced hyperkalemia may depend on removal 
of fluoride as well as potassium. This is problematic at 
best. To some extent, the treatment of HF-induced 
hypocalcemia with intravenous (IV) calcium should help 
correct some effects of hyperkalemia. Although sodium 
bicarbonate administration may lower extracellular 
potassium and correct the acidosis of systemic HF poi- 
soning, it also may lower ionized calcium.*? Maintaining 
normal to supranormal extracellular calcium levels may 
diminish the likelihood of ventricular arrhythmias 
(ventricular fibrillation, or VF) in severe HF exposure.’ 
In one report, a 33-year-old man developed severe hypo- 
calcemia (0.78 mmol/L ionized calcium), metabolic 
acidosis (pH 7.04), and several episodes of VF after 
ingesting HF. As much as 4 g of IV calcium chloride 
including 1 g/hr infusion were administered, yet the 
patient still had five episodes of VF. An ultrahigh dose of 
calcium at 200 mL/hr (20 g/hr calcium chloride) was 
subsequently infused and achieved an ionized calcium 
level of 4.34 mmol/L; no further VF was observed.® 


CHAPTER 90 Hydrofluoric Acid and Other Fluorides 


The delayed pain characteristic of HF dermal expo- 
sures can be attributed to some of these pathophysio- 
logic effects on potassium flux across the membrane but 
likely is more complex. Some authors have attributed 
pain as secondary to the precipitation of calcium 
fluoride and magnesium fluoride in deep tissues as well 
as hyperkalemia, which leads to neural stimulation.*!*? 
We question, however, the notion of attributing pain 
(nociceptive stimulus) to tissue deposition of insoluble 
calcium and magnesium salts of fluoride. The effective 
correction of pain due to fluoride toxicity employs 
calcium and possibly magnesium to complex with free 
fluoride ions. This process generates insoluble calcium 
fluoride or magnesium fluoride, yet is the very therapy 
that alleviates pain. 

The authors believe that the neural stimulation theory 
from enhanced K* flux and in some cases extracellular 
hyperkalemia is more plausible. The stimulation of 
unmyelinated free nerve endings (C fibers) and later, 
slower conducting myelinated A-6 fibers in damaged 
tissue likely occurs after HF exposure. Fluoride-induced 
calcium deficiency at the cellular membrane allows 
enhanced outward K* flux through Ca*'-dependent 
K* channels.*”°? Extracellular hyperkalemia at the cell 
membrane surface may not always translate to abnor- 
mal serum potassium even in severe or fatal human 
HF poisoning,**°** but it may occur and be life 
threatening.'®*° Hyperkalemia is associated with peri- 
pheral neural depolarization as well as depolarization in 
muscle and excitable cardiac tissue.°°°® Mild to moderate 
hyperkalemia shifts the resting potential toward depolar- 
ization and there is an increase in conduction velocity 
in human atrial cells, whereas severe hyperkalemia 
may lead to a reduction in conduction velocity.°° This 
discussion of potassium in no way diminishes the conse- 
quences of severe systemic hypocalcemia or hypomagne- 
semia seen in serious HF exposures. Hypocalcemia, 
especially in combination with hypomagnesemia, is a 
major contributing factor in myocardial irritability in 
many cases. 

Enhanced potassium flux at the cellular level is 
probably insufficient explanation for the mechanism of 
pain. The molecular mechanism of pain, especially in 
damaged or inflamed tissue, is complex, and sodium 
channels, voltage-gated potassium channels (Kv), and a 
host of neuropeptides and excitatory amino acids are 
involved.*? Protons (H*) and lower tissue pH may 
stimulate a subpopulation of C fibers and contribute to 
pain.*° Substance P (an 1l-amino acid peptide), 
released from vesicles in sensory nerve fibers, also may 
contribute to pain.“ Hyperkalemia may signal increases 
in calcitonin gene-related peptide (CGRP), a known 
nociceptive neuropeptide, as evidenced by in vitro 
release of CGRP by potassium chloride.** High 
extracellular potassium appears to enhance the release 
of glutamate in the central nervous system.**** Glutamate 
receptors are localized in the peripheral nervous system 
on nociceptive, afferent, unmyelinated C-fiber type 
nerves. Studies in animal models of pain have shown 
that peripheral glutamate is involved in nociceptive 
transmission under normal conditions and with 
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inflammation. Thus, inflamed and injured tissue 
having suffered the initial burn effects of the H* ions and 
subsequently the effects of fluoride ions will likely have 
exposed free unmyelinated nerve endings that will signal 
the pain sensation.*” 

In summary, fluoride ion results in alterations of 
potassium flux with extracellular hyperkalemia, as well as 
hypocalcemia and hypomagnesemia, all of which 
contribute to altered membrane excitability of peripheral 
sensory nerves as well as cardiac tissue. These ion 
derangements, especially hyperkalemia, may herald the 
release of nociceptive peptides such as CGRP and 
glutamate, all of which play a role in the generation of 
pain. More research is needed at the molecular biologic 
level to further clarify these constructs. 


Toxic Pathology and Clinical Effects 


HF and related products may cause dermal, ocular, 
pulmonary, gastrointestinal (GI), and systemic injury. 
Unique exposure routes, however, include a case of 
intradermal injection of 5 mL of 7% HF in a suicide 
attempt with severe local and systemic effects including 
hypocalcemia,‘ and fulminant colitis following self- 
administration of an HF enema.*? Nevertheless, most HF- 
related injuries that the emergency or occupational 
physician encounters are from dermal exposures with 
resultant injury largely dependent on the concentration 
of HF and extent of exposure. Oral and inhalation 
exposures, however, should be considered potentially fatal 
irrespective of HF concentration. Industrial exposures 
may involve exposure to anhydrous HF and varying 
concentrations below that to approximately 20% HF. 
Household products usually contain HF in lower 
concentrations but may also cause injury from misuse or 
failure to use protective equipment. Household products 
used as rust removers and aluminum wheel cleaners for 
automobiles usually contain 6% to 12% and less than 
20% HF.5 Consumers may use these products without 
wearing gloves or protective garments, and the lack of 
immediate pain or irritation often is deceiving. Vinyl or 
rubber gloves are superior to latex, since HF attacks 
latex. Additionally, since moist skin appears to be more 
permeable to HF, a glove with a pinhole leak may allow 
HF to contact skin and the occlusive, moisture-retaining 
effect of the glove may enhance absorption.®°’ Other 
forms of fluoride that dissociate to HF upon contact with 
water include ammonium bDifluoride found in auto- 
mobile alloy wheel cleaners. Exposures, both dermal and 
inhalational, to ammonium _bifluoride—containing 
products has resulted in deaths and serious morbidity 
including marked hypocalcemia, hypomagnesemia, and 
ventricular fibrillation in several pediatric patients.*!%°" 
Additional forms of fluoride that are significant for 
human health include sodium fluoride as found in 
fluoridated water supplies or dental products. Sodium 
fluoride tablets, which generally contain 0.25 to 1 mg 
of fluoride ion, have caused fluoride poisoning in 
children.°*°* As opposed to HF in household and auto- 
mobile cleaners, the fluoride contained in toothpaste 
usually is not consumed in quantities sufficient to cause 
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toxicity with common daily use. Dental preparations 
containing fluoride include toothpaste and gels as well as 
mouthwashes, topical fluoride gels, and dental rinses 
that may induce minimal toxicity in accidental over- 
doses. The forms of fluoride found in these products 
usually release only small amounts of free fluoride anion, 
thus reducing the risk of acute toxicity. 

Nevertheless, cases of fluoride poisoning have 
occurred with ingestion of fluoride rinses as well as large 
ingestions of toothpaste (4.5 to 9 ounces with 0.15% 
fluoride ion w/v) in small children.” Some consider 
approximately 5 mg/kg of F ion from dental products as 
“toxic,” with nausea, vomiting, diarrhea, and abdominal 
cramping likely to occur at this dose,” whereas others 
believe the toxic range is 5 to 10 mg/ ke? The estimated 
lethal dose of fluoride is in excess of 30 mg/kg.” 

In a series of 87 children, those who ingested up to 
8.4 mg/kg from dental products had mild, self-limited 
primarily GI symptoms.” A 15-kg toddler who ingests a 
full 4.6-ounce tube of children’s fruit-flavored tooth- 
paste, however, could be at risk for significant toxicity. 
This exposure can be calculated as follows: 


A 4.6-ounce tube of a popular children’s flavored 
toothpaste contains 2.4% sodium fluoride and 
has 0.15% w/v of fluoride ion. 

4.6 ounces X 29.57 mL/oz = 136.02 mL in the tube. 

136.02 mL x 0.15 g/100 mL (0.15% w/v fluoride) 
= 204.03 mg of fluoride. 

204.03 mg fluoride in a 15-kg child = 13.6 mg/kg. 


Serious poisoning due to fluoride-containing dental 
products has been reported. GI hemorrhage, hypo- 
calcemia, hypomagnesemia, ventricular tachycardia, and 
ventricular fibrillation have been reported in a 43-year- 
old following an ingestion of up to 25 ounces of a topical 
fluoride gel containing 1.23% fluoride.’ Death occurred 
following ingestion of 200 mg (16 mg/kg) of fluoride in 
a 3-year-old boy.°° Subgingival irrigation of deep 
periodontal pockets with a 2% stannous fluoride (SnF) 
solution resulted in extensively erythematous mucosa of 
half of the hard palate and necrosis of the soft tissue 
close to the palatal aspect of two molars.°! 

Excessive fluoridation has also been associated with 
skeletal fluorosis.” The American Academy of Pediatrics 
Committee on Nutrition and Fluoridation recommends 
that the optimal daily dose of fluoride effective in 
preventing dental caries is 0.05 to 0.07 mg/kg/day. 
Dental fluorosis, characterized by mottled teeth, has 
occurred with excessive fluoridation. There is evidence 
that levels of fluorosis have increased in part owing to 
widespread use of fluoridated water in food processing 
and dentifrices containing sodium fluoride used in 
combination with ingestion of fluoridated water.” 


DERMAL TOXICITY 

When in contact with skin, HF dissociates into hydrogen 
ions and free fluoride ions. There may be a latent period 
before a clinically evident burn is apparent, dependent 
on the concentration of the acid and the length of time 
it is in contact with the skin.°*® Other mineral acids are 
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rapidly neutralized, whereas the process of tissue 
destruction may continue for days with HF.®® Fluoride 
ions penetrate tissues deeply, causing tissue damage and 
the potential for systemic toxicity depending on the HF 
acid concentration. 

In general, exposure to HF solutions of greater than 
50% concentration results in immediate pain and tissue 
destruction.*?!°” The skin appears blanched, and within 
1 to 2 hours the dermal lines are obliterated by edema.” 
Even a small cutaneous exposure to greater than 50% 
HF can be rapidly fatal.!”°8 Two cases of delayed death at 
7 days and at 15 days resulting from multiple organ 
system failure have been reported following significant 
dermal burns from 70% HF.®™ Dermal contact with 
concentrations of 20% to 50% HF usually result in a 
burn that develops within a few hours.*! In fact, 
concentrations greater than 20% HF have a potential for 
serious toxicity regardless of the degree of surface area 
involved.’”! Contact with solutions of less than 20% HF 
concentration results in dermal injury that usually 
develops with a latent period of about 24 hours.” 

Hand and finger involvement is common in house- 
hold product exposures” as well as industrial-strength 
solutions of HF.*”’ The clinical presentation of exposure 
to strong HF solutions of greater than 20% begins with 
pain at the site that is characteristically intense” and 
often described by patients as “burning,” “deep,” 
“throbbing,” or “exquisite.”°* Local erythema and edema 
may or may not be present initially, but later a pale, 
blanched appearance of the skin is apparent in more 
severe burns from concentrated HF (e.g., >50%) 24:77 
Extensive bullae and maceration of tissue may be seen.” 
Gray areas may develop and progress to frank necrosis 
and deep ulceration within 6 to 24 hours.*4 

Since subungual tissue is lacking in stratum corneum, 
it is particularly susceptible to the penetration of fluoride 
ions, and exposure may result in a gray, black, or bluish 
discoloration of the nails.2!’8 This is of clinical 
importance, since the nail bed is generally inaccessible to 
administration of topical calcium therapy. 

Tissue fluoride may be extremely high at the site of 
the burn, but such burns also result in elevated serum 
fluoride levels. In a fatal industrial exposure to 70% HF 
over 9% BSA, the burn site had 303 ug of fluoride per 
gram of dry tissue (normal, 0.2 to 0.8 ug/g) and serum 
fluoride was measured at 4.17 ug/mL (normal, 0.01 
to 0.04 ug/mL) 0 In another case, a serum fluoride level 
of 21.3 ug/mL (normal, 0 to 0.5 Ug/mL) was reported in 
a child who survived an 11% BSA burn from a 
combination product consisting of 8% hydrofluoric acid 
and 23% hydrochloric acid.” Urinary fluoride (toxic, 
>10 mg/L) is also used to document exposures. 1379 

Secondary contamination attendants to the victims of 
HF exposure has been reported in two emergency 
department (ED) personnel who developed respiratory 
and skin irritation from patients who had not been 
decontaminated prior to arrival.’ In another case, all 
three members of an operating room team developed 
marked conjunctival and nasal irritation from presumably 
unbound fluoride present in tissue that they were 
débriding on the fifth day postinjury.°? 
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OCULAR TOXICITY 

Ocular toxicity with concentrated HF solutions may be 
immediate or delayed.®” Denuded corneal and con- 
junctival epithelium, corneal stromal edema, and 
conjunctival ischemia may be seen.’! Severe eyelid 
edema and conjunctival chemosis with decreased visual 
acuity has also been described in a worker sprayed with 
aerosolized and solid particles of HF.** Even vapors of 
HF can cause ocular damage.**** Anhydrous HF may 
result in immediate damage and globe perforation 
necessitating enucleation.® Lid deformities, uveitis, and 
glaucoma have also been described.* 

Delayed effects may be seen, as evidenced by a 25-year- 
old sprayed in the eye with HF who was treated in an ER 
and released, only to return 5 days later with a foreign 
body sensation in his affected eye. Examination revealed 
a corneal erosion measuring 4 x 5 mm accompanied 
by marked conjunctival injection, chemosis, and sub- 
conjunctival hemorrhages.* In a 3-year-old child, initial 
symptoms of pain and redness resolved with irrigation 
alone after she had sprayed her eyes with a wire wheel 
cleaner containing an unknown percentage of phosphoric 
acid and hydrofluoric acid. Pain, however, returned in 
4 days. She sustained bilateral corneal opacities, which 
were treated with topical antibiotics and corticosteroids 
under the care of an ophthalmologist. Her ocular 
examination was normal at 30 days postexposure.®® 


INHALATION TOXICITY 
Upon inhalation, HF has resulted in local pulmonary as 
well as systemic effects. Acute lethal inhalation exposures 
in humans have resulted in congestion, edema, or 
necrosis in the liver, kidneys, and spleen, as noted on 
autopsy.°’ The American Conference of Governmental 
Industrial Hygienists’ (ACGIH) threshold limit value 
(TLV) and the OSHA permissible exposure limit (PEL) 
have both been set at 3 ppm or 2.6 mg/m’. Since TLV 
is a ceiling threshold level and PEL is a time-weighted 
average over 8 hours, these standards are not very useful 
to the emergency physician confronted with a worker 
who has been exposed in a factory accident to HF at 100 
or 150 ppm for a short time. Thus, some researchers 
have sought to define a short-term exposure limit 
(STEL) at which brief (<10 minutes) exposures at higher 
levels might produce irritation but not serious or 
irreversible effects on the respiratory tract. In one such 
study, rats were used to derive an STEL for humans of 
130 ppm for a 10 minute or less exposure.*® 

Potroom workers in the aluminum smelting industry 
are at increased risk for inhalation of HF® and 
particulate fluoride salts,?? which have caused inflam- 
matory responses in the upper and lower respiratory 
tracts of healthy individuals at HF levels of less than 
5 mg/mĉ.* In a volunteer study, 20 individuals exposed 
to HF at levels varying from 0.2 mg/m? to 5.2 mg/m’ had 
elevated levels of plasma fluoride that correlated with 
increasing concentrations of HF. The authors also found 
that exposures above 2.5 mg/m’ were associated with 
pronounced upper respiratory tract symptoms and with 
increased neutrophils and tumor necrosis factor—o 
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(TNF-) in nasal fluid. In some cases, HF inhalation 
may result in pulmonary edema and severe lung injury! 
or death,’! whereas others report an adult respiratory 
distress syndrome (ARDS)-like syndrome necessitating 
prolonged intubation but with normal pulmonary 
function at outcome.’* Postmortem examination of tissue 
in fatal inhalation cases has revealed bronchi obstructed 
with mucus and blood and severely ulcerated, necrotizing 
tracheobronchitis with pseudomembrane formation.”! 

The sudden onset of asthma in an adult with no 
previous history has been reported immediately 
following an inhalation exposure to an 8% to 9% HF rust 
remover.’’ Chemical pneumonitis has been reported in a 
previously healthy 26-year-old woman who used three 
10-ounce applications of an 8% HF-containing rust 
remover in an attempt to remove a stain in a bathtub. On 
presentation, she had shortness of breath, orthopnea, 
fever, nonproductive cough, severe right shoulder pain, 
and auscultated wheezes and crackles over her right 
thorax. A chest radiograph revealed a right lower lobe 
infiltrate. Over the ensuing 3 to 4 days, her respiratory 
status deteriorated and she was intubated, requiring 
a fraction of inspired oxygen (FIO,) of 1.0 and positive 
end-expiratory pressure (PEEP) of 10 cm H,O to main- 
tain oxygen saturation above 70%. All cultures for bac- 
teria, viruses, fungi, and mycobacteria were negative.” 

Respiratory symptoms may be persistent for months to 
years following inhalation of HF.”! While changes in 
respiratory function have been described with large 
exposures as mentioned above, there also appears to be 
an association between low-level HF exposure and a 
decline in chronic lung function as measured by forced 
vital capacity (FVC) and forced expiratory volume in 1 
second (FEV,).7°°° 


INGESTION TOXICITY 

The toxicity of HF in oral ingestions is generally severe 
and rapid, with death occurring in less than 1 hour in 
some cases.*?* This route of exposure is not uncommon, 
as reported by one regional poison center over a 2-year 
period. The authors found 1172 HF exposures 99 of 
which were human cases of ingestion.** All these 
ingestions involved products which contained 6% to 8% 
HF. Hypocalcemia was found in 4 of 29 cases in which 
calcium was measured, and all four of these patients were 
adults who intentionally drank 3 oz or more in a suicide 
attempt. Two of these patients died. 

GI symptoms after HF ingestion include throat pain, 
nausea, vomiting, gastric pain, and hematemesis.2**°° 
Endoscopic studies show esophageal erythema and 
edema” as well as superficial ulcerations in the stomach 
in treated cases. Systemic symptoms are also likely with 
HF ingestion and may be life threatening. A survivor of 
two swallows of an 8% HF-containing rust remover 
developed severe hypocalcemia and received 1100 mg of 
calcium gluconate in the first few hours. Despite calcium 
replacement, the patient became hypotensive (BP 
62/40, HR 140) and developed ventricular fibrillation 
for which she was defibrillated as many as 30 times®; she 
ultimately survived neurologically intact. 
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Ingestion of ammonium bifluoride (NH,HF,) re- 
sulting in death in two children has been reported** and 
survival in two others.'’ In one case, a 3-year-old girl 
ingested an unknown quantity of a wheel cleaner 
containing NH,HF», which had been placed in a drinking 
cup. Within 20 minutes of ingestion she was obtunded, 
flaccid, and with circumoral cyanosis. She was intubated 
and treated with multiple doses of IV and nebulized 
calcium gluconate, but within 30 minutes of arrival she 
suffered bradyasystolic arrest. Curiously, the QT, interval 
remained normal until the time of the arrest. She could 
not be resuscitated, and postmortem examination 
revealed severe pulmonary hemorrhage as well as 
hemorrhagic necrosis of the pharynx, esophagus, and 
stomach.” Both of two survivors of significant NH,HF, 
ingestion displayed significant hypocalcemia (one, 
4.2 mg/dL, and the other, 2.6 mg/dL; normal, 9 to 
11 mg/dL) and one displayed severe hypomagnesemia 
(0.3 mg/dL; normal, 1.5 to 2.1 mg/dL). An electro- 
cardiogram (ECG) available in the first case revealed a 
slightly prolonged QT. (0.48 seconds) that prompted 
treatment with IV calcium. One patient developed 
delayed ventricular fibrillation at approximately 3.5 hours 
and the second at an estimated 6 to 7 hours postinges- 
tion.! Urinary fluoride levels confirmed the exposure 
in both cases (77 and 110 mg/L; toxic, >10 mg/L). 


DIAGNOSIS 


Laboratory and Other Diagnostic 
Testing 


Diagnosis of acute fluoride toxicity is based on clinical 
presentation and history of exposure. The onset of 
systemic toxicity may be rapid and abrupt; hence, treat- 
ment is best initiated prior to definitive knowledge of the 
electrolyte status of the patient. Frequent monitoring of 
calcium, magnesium, potassium, and phosphorus as well 
as arterial blood gas (ABG) levels is essential during 
evaluation and treatment of HF exposure. Hypo- 
calcemia, hypomagnesemia, hyperkalemia, and acidosis 
are suggestive of HF toxicity. Renal and hepatic functions 
are important parameters to monitor, since toxicity to 
these organs may accompany systemic fluorosis.®° 

Continuous cardiac monitoring and hourly serum 
calcium concentrations are essential during parenteral 
(1.e., subcutaneous, intravenous, or intra-arterial) calcium 
supplementation to guard against the risk of hyper- 
calcemia associated with the inexact nature of dosing 
with calcium salts.7° 

Serum and urinary fluoride levels may be used as indi- 
cators of severity of exposure, since neutralized fluoride 
is eliminated primarily by the renal system. Fluoride 
levels are not very useful in the management of acute 
overdose, and normal or reference values vary in the 
literature. For serum, the generally accepted “normal” 
range is 0.01 to 0.04 ug/mL; some use an upper refer- 
ence limit of no more than 2 Umol/L. The normal range 
for urine fluoride varies from 0.2 to 3.2 mg/L (toxic, 
>10 mg/L). 
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Differential Diagnosis 


Phosphoric acid may be present in products used for 
etching metals and creating semiconductor products. It 
may also burn the skin but does not have the delayed 
effects characteristic of HF. If the patient has severe pain 
in the extremities or other areas of the skin without 
noticeable redness early following exposure to unknown 
chemicals, HF toxicity should be considered. 


MANAGEMENT 


Regardless of the route of HF exposure, initial manage- 
ment is aimed at thorough decontamination to reduce 
the absorption of fluoride. This is followed by attempts at 
rapid and complete deactivation and neutralization of 
absorbed fluoride ion to prevent or minimize tissue 
damage and systemic toxicity. 


Dermal Exposure 


First aid for dermal exposure to HF is immediate removal 
of contaminated clothing, taking extreme caution to 
protect attending personnel from cross-contamination, 
and irrigation of the exposed site with copious amounts 
of water for a minimum of 15 to 20 minutes. Decon- 
tamination is followed by careful débridement of vesi- 
cles and bullae to allow topical neutralization efforts to be 
optimally effective.’ 

A wide variety of treatment options have been devised 
to treat tissue hypocalcemia by deactivating free fluoride 
ions at the site of injury, thereby promoting formation of 
a nontoxic, insoluble calcium salt. Selection of a 
treatment modality is based on the history of the 
exposure and clinical status of the patient (Fig. 90-1). 

Initial topical neutralization should include massage 
of a 2.5% to 5% calcium gluconate gel into the burn 
site.+75,85.95 An extemporaneous preparation of calcium 
gluconate gel 2.5% to 5% is formulated by adding 3.5 to 
7 g of calcium gluconate powder to a 5-ounce tube of 
water-soluble surgical lubricant (e.g., KY Jelly).*?! 
Alternatively, the gel may be formulated by adding 10 
l-g calcium carbonate tablets (e.g., Tums antacid 
tablets), which have been crushed into a fine powder, to 
20 mL of water-soluble surgical lubricant to create a 
slurry.” The calcium carbonate will not be fully 
dissolved. Some authors advocate formulating the gel 
with dimethyl sulfoxide (DMSO), since it is thought to 
enhance the absorption of calcium into underlying 
tissues*?®; however, safety and efficacy of DMSO use 
have not been established. Calcium chloride should 
not be used as a substitute for either the gluconate or the 
carbonate forms of calcium in topical applications owing 
to its potential for cellular toxicity and tissue irritation.” 
To facilitate application to the hands and digits, it is 
recommended to place 10 mL of the prepared gel inside 
a sterile surgical glove that is a half-size too large and 
insert the patient’s hand into the glove.* Bending the 
fingers intermittently ensures optimal contact between 
the gel and the treatment area and facilitates main- 
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Immediate water irrigation for 15-20 minutes 
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Calcium gluconate 2.5% gel 


(Use when affected area is limited to recent exposures 
(<24 hours) involving small body surface areas 
exposed to HF concentrations < 20%. The gel may 
also be used in all dermal exposures during preparation 
for parenteral routes of calcium administration). 





If pain is not successfully attenuated within 
45—60 minutes proceed with an appropriate 
alternate treatment modality: 


Subcutaneous intralesional 5-10% 
Calcium gluconate infiltration 


(Use when affected area is limited to 


small surface areas and when 
HF concentrations < 20%) 


Regional intravenous calcium 
gluconate infusion 
(Use as alternative to fingernail 
removal when larger surface areas are 
involved in the distal extremities) 


intra-arterial calcium 
gluconate infusion 
(Use as alternative to fingernail removal or 
when a large surface area is involved 
and/or when HF concentrations are > 20%) 





FIGURE 90-1 Dermal treatment of hydrofluoric acid burns. 


tenance of joint mobility. If the patient obtains pain relief 
within 1 hour, liberal use of the gel can be continued for 
3 to 4 days at 4 to 6-hour intervals® or whenever pain 
recurs.*! It is hypothesized that topical treatment with 
calcium pulls fluoride ions back across the skin by a 
diffusion gradient.” This rationale suggests that topical 
administration of calcium is more efficacious in recent 
exposures (<24 hours), where the fluoride ion may not 
have penetrated deeper tissue layers, or in extensive 
exposures while preparing for more invasive means of 
calcium delivery to the tissues.’°%° 

Topical applications to neutralize the fluoride ion may 
have limited success in extremely late presentations 
(>24 hours) or when the skin shows evidence of altered 
integrity such as a toughened outer coagulum and 
blisters that may limit the access of subcutaneous tissues 
to administered calcium.” 

When pain persists beyond 45 to 60 minutes of topical 
calcium neutralization’®© or if severe burns from 
solutions greater than 20% HF are present on initial 
consultation,?!-88>.97 subcutaneous intralesional admin- 
istration of calcium gluconate should be considered. 
Tissue destruction and associated pain may be mini- 
mized by subcutaneous intralesional administration of 
calcium gluconate, as introduced in 1932 by Freehagen 
and Wellmann,” with proven efficacy by Jones” in 1939. 

A standard protocol in use, first described by Dibbell” 
in 1970, involves multiple subcutaneous intralesional 
injections of 10% calcium gluconate beneath the 
affected area by means of a 30-gauge needle to deliver a 
maximum volume of 0.5 mL/cm? of tissue, extending 
5 mm beyond the injured site.4657278-100 Each injection of 


0.5 mL of 10% calcium gluconate solution delivers 
4.2 mg of elemental calcium, which has been estimated 
to neutralize 0.025 mL of 20% HF.'"' A plastic surgeon or 
hand specialist should be consulted prior to attempting 
tissue infiltration. Subcutaneous injections into the 
tissues of the fingers must not be circumferential nor 
should they exceed 0.5 mL per affected digit owing to 
the possibility of the injection itself producing vascular 
impairment or of local compartment syndrome in 
already edematous tissue,” If local pain recurs, repeat 
injections?!”8 may be warranted, with extension of the 
treated site beyond the recommended 5 mm.”*7 When 
tissues of the face are infiltrated, it is advised that a 
5% calcium gluconate injection be used to reduce the 
risk of tissue irritation, potential scarring, and keloid 
formation. Administering large volumes of subcuta- 
neous calcium gluconate in single or repeated injections 
should be avoided because it may result in hyper- 
calcemia, decreased tissue perfusion, local compartment 
syndrome, and ischemia-induced necrosis.’2° Calcium 
chloride should never be substituted for calcium 
gluconate in subcutaneous injections owing to the risk of 
tissue necrosis related to its hypertonicity.*"!! 

Velvart!"? recommends that subcutaneous calcium 
injections not be attempted when necrosis is apparent on 
presentation in favor of a more definitive treatment 
modality. The main disadvantage of subcutaneous 
infiltration is obvious discomfort to the patient. Since the 
end point of therapy is cessation of pain, the use of 
anesthesia has been discouraged during the infiltration 
procedure?!.8 although parenteral morphine is often 
required. Local calcium infiltration may require removal 
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of fingernails to gain access to contaminated subungual 
structures that are easily penetrated by HF because of the 
lack of corneum stratum. In some instances, “burr holes” 
into the fingernails may be sufficient to deliver adequate 
calcium to underlying tissues.” Fingernail removal is a 
disfiguring process that requires up to several months for 
regrowth, causing extended disability in occupations 
requiring the use of the hands and fingers. An 
alternative to fingernail removal is trimming the nail 
plate back to its attachment at the nailbed* or injecting 
the nail bed via a lateral or volar route through the fat 
pad,” which is accomplished under digital nerve block. 
Instead of local injection and fingernail removal, one 
can infuse calcium locally. The decision to advance to 
more definitive modes of calcium delivery is warranted 
when fingernail removal is being considered or when 
there is lack of response to topical or subcutaneous 
injection. 

Regional IV calcium infusion is a therapeutic option 
proposed for treatment of HF burns of the upper 
extremity to promote analgesia while minimizing tissue 
destruction.!9%!°7 Success has been reported with HF 
injuries to the lower extremity.'°? Calcium gluconate, 
10 mL of a 10% solution in 30 to 40 mL of normal saline, 
is injected intravenously into the affected limb by means 
of the Bier block technique. Ischemia of the limb is 
maintained with a tourniquet for 20 to 25 minutes to 
allow calcium to accumulate in tissues at the site of 
injury.!°° Some clinicians utilize a second tourniquet 
proximal to the first to prevent inadvertent systemic 
calcium administration. In the event of failure of 
regional IV calcium infusion, a second infusion should 
be attempted.!°!°7 Patients should have continuous 
cardiac monitoring and frequent serum calcium level 
measurements during Bier block-IV calcium infusion. 
Some authors advise regional IV calcium infusion as a 
viable alternative to subcutaneous intralesional infil- 
tration owing to the discomfort imposed on the patient 
during infiltration without anesthesia and the need for 
fingernail removal in some instances.!°°!°7 Adverse 
effects reported with regional IV calcium infusion have 
been limited to minor complaints of warmth and 
burning during the calcium infusion and discomfort 
during maintenance of tourniquet inflation.'°° Transient 
forearm fasciculation for up to | hour has been reported 
in one case.! 

An additional yet more invasive means of fluoride ion 
deactivation is delivery of calcium by an intra-arterial 
infusion method. This treatment modality is indicated 
for severe exposures to HF of greater than 20% con- 
centration, late presentations (>24 hours) unresponsive 
to other therapies, extensive burn areas where available 
tissue space is limited for subcutaneous infiltration of 
calcium.” Aschinger and colleagues!” introduced the 
procedure, specified for injuries to the distal extremities, 
in 1979, with modifications by Velvart'” in 1983 and 
Vance” in 1986. The technique for intra-arterial infusion 
involves the percutaneous insertion of a long catheter 
into the radial, ulnar, or brachial artery, as determined 
by the site of injury. The origin of vascular supply to the 
injured area is identified by digital subtraction 
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arteriography. A pressure transducer and monitor are 
used to confirm the position of the catheter; once the 
catheter is optimally in place, a dilute solution of calcium 
salts (10 mL of 10% calcium gluconate in 40 to 50 mL 
5% dextrose) is infused over a 4-hour period by means of 
a pump apparatus. Treatments are repeated at 4hour 
intervals until the patient remains pain free for a 4hour 
period. Continuous cardiac monitoring, vital signs, and 
calcium levels are closely observed during intra-arterial 
calcium infusion. 

Lin and colleagues'’® recommend modifying the 
above procedure by continuously infusing calcium over a 
12-hour period using an ambulatory infusion pump. This 
modification offers the patient additional comfort and 
mobility during the treatment period while maintaining 
excellent clinical efficacy. 

Intra-arterial calcium infusion enables the delivery of 
large volumes of calcium to the injured site without 
impairment of surrounding structures or induction of 
local tissue toxicity.’7!°2 Some toxicologists and vascular 
hand surgeons with extensive experience in the use of 
intra-arterial calcium infusion may consider this 
technique earlier in the course of management, while 
taking necessary precautions including continuous 
arterial waveform monitoring. This technique is most 
appropriate when it is advantageous to administer large 
amounts of calcium to the burn site in the case of extensive 
burns from highly concentrated HF accompanied by a 
considerable risk of hypocalcemia and systemic toxicity. 

A single 10-mL intra-arterial infusion of 10% calcium 
gluconate delivers 84 mg (4.7 mEq) of elemental 
calcium to tissues injured by HF.” The infusion is 
painless to the patient and avoids the need for fingernail 
removal. Case reports have demonstrated proven efficacy 
for pain relief up to 24 hours after the injury with intra- 
arterial infusion.'°? When intra-arterial infusion is 
employed early in the course of treatment, initial tissue 
débridement should be conservative, since rejuvenation 
of avital tissue has been noted.'”” Despite its advantages, 
intra-arterial infusion has significant drawbacks in that it 
requires hospitalization, specialized equipment, and 
coordination by a vascular surgeon experienced in the 
technique.” Complications include local arterial spasm, 
arteritis, and soft tissue loss.” Siegel and Heard!” reported 
nerve palsies, carpal tunnel syndrome, and persistent 
increased sensitivity to cold and paresthesias from their 
experience in treating 38 extremities in 28 patients. 


10 


Ocular Exposure 


The speed with which irrigation is instituted is the most 
important factor in preventing damage from ocular 
exposure to HF. An immediate single irrigation with tap 
water or isotonic NaCl for 15 to 20 minutes is the best 
initial first aid and should be instituted immediately at 
the scene. Multiple or prolonged irrigations are 
discouraged on the basis of studies in rabbit eyes which 
indicate that multiple irrigations can increase the rate of 
corneal ulceration from 6% to 40%.°! Although the pH 
of the burn surface may rapidly return to normal after 
initial irrigation, deeper tissues may remain at con- 
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siderable risk for serious injury. Some clinicians recom- 
mend that once the patient is in the ED, an additional 
5 to 10 minutes of irrigation with a 1% calcium gluconate 
solution should be instituted to ensure that adequate 
decontamination has been achieved and that remaining 
fluoride ion on the surface of the eye is neutralized.*! 
Calcium gluconate 1% drops should be instilled every 
2 to 3 hours for up to 2 to 3 days,®***°° accompanied by 
conventional use of cycloplegics and antimicrobial 
agents when necessary. Efficacy of this treatment has 
been demonstrated in several cases involving HF 
concentrations of up to 49%.** The use of corticosteroid 
agents is proposed by some clinicians to lessen fibroblast 
formation in the cornea.®*'!! Systemic analgesic agents 
are helpful in controlling the pain associated with ocular 
exposure to HF. An ophthalmology consultation and 
examination are highly advisable for all patients with 
ocular exposure to HF. 

It is not feasible to extrapolate treatment for dermal 
HF burns to the eye.*!®° Many irrigants that have been 
suggested as immediate first aid in dermal exposures 
(e.g., Hyamine 0.2% and Zephiran 0.05%) can induce 
additional toxicity to the eye.®! 

Other irrigant solutions have been proposed for the 
treatment of ocular exposure to HF. Hatai®® suggested 
the use of milk or lactated Ringer’s solution as appro- 
priate eye irrigants, since both have physiologic com- 
patibility with the eye and both have a divalent calcium 
ion. Further research is needed to evaluate their efficacy. 

Water, isotonic sodium chloride (NaCl), and isotonic 
magnesium chloride (MgCl,) when available are the best 
irrigating solutions for HF exposures to the eye in an 
experimental rabbit model.®! 


Inhalation Exposure 


Inhalation exposure to HF is most common in industrial 
settings. Multiple organ systems are at risk, since HF 
fumes at concentrations greater than 40% to 48%. Rapid 
removal from the contaminated environment is key to 
reducing morbidity and mortality. Rescue personnel 
should wear self-contained breathing apparatus (SCBA) 
and containment suits to prevent exposure. To patients 
in respiratory distress, 100% humidified oxygen should 
be administered immediately, followed by administration 
of a 2.5% to 3% calcium gluconate solution in normal 
saline with 100% oxygen via nebulization.”®° HF inhalation 
is accompanied by a significant risk for immediate or 
delayed-onset pulmonary edema, especially with prolonged 
exposure or exposure to high concentrations. If there is 
evidence of pulmonary edema, the patient should be 
placed on intermittent positive pressure breathing 
(IPPB) with PEEP and calcium should be delivered per 
nebulization.®’ In a reported case, 5% calcium gluconate 
per IPPB was employed utilizing a nebulizer after an 
inhalation exposure to 100% HF. Chest films and 
computed tomographic (CT) scan were normal at 21 
days postexposure when the patient was discharged.” 
Patients exposed to HF by inhalation may require 
intubation and mechanical ventilation, especially when 
exposed to concentrations exceeding 60%.° Inhaled HF 
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is rapidly introduced into the liver and kidneys via the 
blood stream and is accompanied by a high risk for 
systemic toxicity.® It is essential to maintain an adequate 
airway and closely monitor serum calcium, magnesium, 
and potassium levels; arterial blood gases (ABGs); and 
O, saturation. Continuous observation for 24 to 48 hours 
after inhalation exposure to HF in a health care facility is 
suggested. 

Some clinicians recommend the early use of corticos- 
teroids to prevent noncardiogenic pulmonary edema and 
to control the inflammatory response.*””® Since there is 
not complete agreement about this recommendation, 
the use of steroids as a standard regimen remains 
controversial. 


Oral Exposure 


Oral exposure to HF results in rapid systemic absorption 
even with dilute solutions and is associated with a high 
risk for systemic toxicity. Simple dilution with a 
demulcent will not arrest the progression of tissue 
damage or the development of systemic toxicity when 
HF preparations are ingested. Induced emesis is contra- 
indicated, as is neutralization with oral sodium bicar- 
bonate.”! Recommended first aid is oral administration 
of 1 to 2 cupfuls of milk or water. Milk is preferred owing 
to the presence of calcium ions,” though milk of 
magnesia may be given for its available magnesium ions 
and its demulcent effect on oral and gastric mucosa. To 
the authors’ knowledge, there are no reports of benefit 
from activated charcoal in the management of oral 
exposures to HF. 

Treatment in the ED may include cautious nasogastric 
lavage with a small-bore nasogastric tube to remove 
residual HF if this can be performed within 60 to 90 
minutes of ingestion and perforation has not 
occurred.*?! It has been advocated to add 10% calcium 
gluconate to the lavage fluid to help bind fluoride 
present in the GI tract.*!° Lavage with 20 mL of calcium 
chloride in 1000 mL of normal saline has been initiated 
after ingestion of 10% HF.’ Chan and Duggin® contend 
that it does not matter which form of calcium is used for 
lavage so long as enough calcium is provided to bind 
available fluoride. In a rare case of a self-administered 
concentrated HF enema, calcium carbonate enemas 
were given to bind intraluminal fluoride ion. A 
gastroenterology/surgery consultation and examination 
are highly advisable for all patients with significant or 
symptomatic oral exposure to HF. 


Systemic Toxicity: Flouride-induced 
Electrolyte and Cardiac Abnormalities 


Systemic toxicity should be anticipated with any ingestion 
or inhalation of HF and with any dermal exposure 
involving a large surface area or a high concentration of 
HF. Continuous cardiac monitoring, hourly electrolyte 
values, and frequent ABG determinations are essential 
during the acute phase of systemic toxicity. IV access is 
essential for the supplementation of depleted electro- 
lytes and sodium bicarbonate. 
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HYPOCALCEMIA 

Hypocalcemia has been associated with a prolonged QT, 
interval and ventricular fibrillation. In adults, a slow IV, 
prophylactic infusion of 20 mL of 10% calcium 
gluconate is recommended when systemic toxicity is 
anticipated.’ Continuous cardiac monitoring is 
indicated, since too rapid calcium administration may 
induce cardiac arrhythmias, most notably bradycardia. 
Prior to calcium administration, a serum calcium level 
should be drawn but the initial prophylactic infusion 
should not be delayed pending results. Calcium should 
be infused until the level reaches the upper limit of 
normal in an effort to prevent ventricular fibrillation 
related to hypocalcemia in myocardial tissue.?”?!74 Some 
clinicians propose the substitution of chloride salt for 
calcium gluconate, since it provides increased amounts 
of calcium ion. Calcium chloride however, has a 
potential for irritation and is best delivered by a central 
line. In addition, calcium chloride is acidifying and so 
should not be used when acidosis coincides with 
hypocalcemia. It is important to note that attempts to 
increase extracellular calcium through supplementation 
may exacerbate potassium efflux, so treatment of 
hypocalcemia may confound hyperkalemia in the setting 
of systemic fluorosis.*° 


HYPERKALEMIA 

Hyperkalemia may precipitate the development of 
peaked T waves and cardiac arrhythmias. Aggressive 
measures such as hemodialysis may be required to 
achieve normalization of potassium levels.**°? Although 
there are recent reports of the use of cation exchange 
resins (e.g., Kayexalate) for hyperkalemia,'” no one has 
reported such use to treat the hyperkalemia of HF 
exposure. Considering the time delay in rise of 
extracellular potassium, this may be an intervention to 
consider in advance of the anticipated hyperkalemia 
seen in significant HF exposures. 


HYPOMAGNESEMIA 

Hypomagnesemia is associated with QT prolongation 
and ventricular arrhythmias. Correction of hypomagne- 
semia is achieved with IV magnesium sulfate. 


ACIDOSIS 

Sodium bicarbonate may be used to correct acidosis. 
Inducing a slight metabolic alkalosis with sodium 
bicarbonate is indicated to enhance the excretion of 
fluoride ions in the urine.*! 


ALTERNATE FORMS OF FLUORIDE AND RELATED 
TOXICITY 
With exposures to oral forms of fluoride including 
toothpastes, oral rinses, dentifrices, and oral supple- 
ments, it is important to establish the type and the 
amount of the fluoride salt present in the product as well 
as the amount ingested. ‘Table 90-1 gives a partial listing 
of fluoride salts and the amount of elemental fluoride 
in each. 

When ingested amounts of elemental fluoride exceed 
5 to 8 mg/ kg,”8 provision of calcium in the form of milk 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


Elemental Fluoride Amounts in Common 


Fluoride Salts 





SALTS OR PRODUCT ELEMENTAL FLUORIDE 


Sodium fluoride (NaF), 2.2 mg 1 mg 
Stannous fluoride (SnF,), 4.1 mg 1mg 
Sodium monofluorophosphate 1mg 


(MFP) 7.6 mg 
Fluoride toothpaste Maximum of 1 mg per 
gram of toothpaste 
The maximum 
allowable amount of 
elemental fluoride in a 
tube of toothpaste is 
260 mg 
0.25 to 1.0 mg per tablet 
or milliliter of product 


Oral nutritional supplements 





and dairy products or calcium-containing antacid tablets 
will bind fluoride in the stomach. Fluoride salts 
dissociate in the acidic environment of the stomach to 
form HF acid, which causes GI irritation. When large 
amounts of fluoride salts are ingested, there is a risk of 
systemic fluoride toxicity, but this is rarely the case in 
accidental ingestion. 
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9 1 Hydrogen Sulfide 


TEE L. GUIDOTTI, MD, MPH 


At a Glance... 


m Severe acute hydrogen sulfide poisoning can be seen in a 
variety of settings but is most commonly observed in the oil and 
gas industry. 

© High concentrations of hydrogen sulfide may cause “knockdown,” 
a sudden loss of consciousness, which may be accompanied by 
apnea. 

m Unprotected rescuers are at high risk of death. Self-contained 
breathing apparatus should always be worn during rescue 
attempts. 

m In addition to altered consciousness, hydrogen sulfide some- 
times causes pulmonary edema and keratoconjunctivitis (“gas 
eye”). 

m Laboratory studies are rarely available for confirmation; 
therefore, the diagnosis is based on history and clinical grounds. 

m Supportive care, with attention to the airway, is critical. 

m Sodium nitrite, a component of the Taylor cyanide kit, is a useful 
antidote for hydrogen sulfide but only if given promptly. 
Hyperbaric oxygen may also be effective in severe cases. 


Hydrogen sulfide (HS) has been recognized as an 
occupational hazard since the time of Ramazzini in the 
18th century. HS is among the most common causes of 
fatal gas inhalation exposures in the workplace and is 
mostly a problem today in the oil and gas industry, in 
swine confinement facilities, and in manure collection 
systems. HS is generated in municipal sewers and 
sewage treatment plants, pulp and paper operations 
(in Kraft and especially sulfite mill technologies), 
construction zones in wetlands (such as marshes), 
asphalt roofing, and pelt processing (in which soaking in 
sulfide solution loosens hair for removal), and may be a 
hazard in confined spaces in which organic material, 
such as fish or offal, has decayed or in which inorganic 
sulfides may be reduced. HS may be both an 
occupational and a potential community environmental 
health risk in areas with geothermal activity and hot 
springs, such as Rotorua, New Zealand.’ 

HS is the principal hazard in the “sour gas industry,” 
that part of the natural gas industry extracting sulfur- 
containing natural gas. Organic sulfur is reduced to 
hydrogen sulfide during the prolonged degradation 
process of organic material underground that forms 
natural gas and petroleum. Sour gas is distributed in oil 
and gas fields worldwide but is concentrated in western 
Canada, Texas and the Gulf Coast, Michigan, the Middle 
East (including Saudi Arabia and Abu Dhabi), central 
Asia (including Kazakhstan, Iran, and Pakistan), and 
Russia. Most sour gas falls between 2% and 35% HS, but 
some wells in the Canadian province of Alberta exceed 
98% 212 


MECHANISM OF ACTION 


The primary toxicity of HS is conventionally assumed to 
result from inhibition of cytochrome-c oxidase and 
possibly other heme-containing macromolecules by 
aqueous sulfide.'?!* HS is classified as a cellular 
asphyxiant, together with carbon monoxide, cyanide, 
and azide. HS interacts with a number of enzymes 
and other macromolecules, including hemoglobin and 
myoglobin. The effect of HS in disrupting cytochrome-c 
oxidase activity is the same as oxygen deprivation or 
asphyxiation except that it may act more quickly. This 
is thought to be the primary mechanism of action of 
the characteristic reversible neurotoxicity associated 
with HS, the sudden loss of consciousness called 
“knockdown.”° 

The mechanism of action of HS is often attributed to 
inhibition of cytochrome-c oxidase and therefore to a 
mechanism identical to that of cyanide.!° However, there 
are clearly other mechanisms.!° One lethal end point of 
H.S exposure is respiratory paralysis, a dose-dependent 
reduction in ventilatory drive resulting in apnea, which 
follows an initial hyperpnea.!” Infusion of the sulfide ion 
alone into the circulation mimics the systemic effects of 
H.S inhalation. The apneic response to HS is not 
enhanced by intra-arterial injection of sulfide into the 
carotid artery, which delivers blood directly to the brain, 
compared with intravenous injection into the femoral 
artery, in which mixing occurs in the general circulation. 
The apneic response can also be blocked by paralysis of 
the vagal nerve by lidocaine or by infusion of sodium 
bicarbonate solution, in the absence of acidosis. These 
findings strongly suggest that a peripheral receptor in 
the lung is responsible for the apneic response.'® 
Hydrogen sulfide may also be a neuromodulator, and so 
toxic exposure may involve direct functional effects as 
well as cell toxicity.'©'9,”° 

Pulmonary edema and mucosal irritation, particular 
of the eye, are nonspecific irritant effects of hydrogen 
sulfide, reflecting its chemical reactivity.?! 


TOXICOKINETICS 


H.S is poorly soluble in water. Exposure occurs exclu- 
sively by the inhalation route, and to date all described 
toxicity incidents have involved exposure in the gaseous 
phase. HS is inhaled and enters the circulation directly 
across the alveolar-capillary barrier. Once absorbed, HS 
dissociates in part into hydrosulfide ion, HS”, then is 
spontaneously transformed into sulfide [S*] and then 
sulfate [SO,7]. Some H.S remains as free HoS in blood, 
and this fraction appears to interact with metallopro- 
teins, disulfide-containing proteins, and thio-S-methyl- 
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transferase, forming methyl sulfides. The sulfide ion 
binds to heme compounds and is itself metabolized by 
oxidation to sulfate. Sulfate is then excreted by the 
kidney or lost in intermediary metabolism. Little is 
known of the toxicokinetics of HS and sulfide.” 


CLINICAL PRESENTATION 
Pathophysiology 


It has been known for many years that HS has potent 
neurotoxic properties. Respiratory paralysis may occur 
if exposure is prolonged, presumably as a direct con- 
sequence of sulfide toxicity inhibiting brainstem res- 
piratory nuclei. However, the studies cited on apnea,'®!® 
supported by studies suggesting a chemoreceptor 
response,” suggest that there are other pathways that 
affect central activity. 

Animal studies of the toxicity of HS are often difficult 
to interpret. Exposure to HS is known to increase levels 
of taurine in cerebrospinal fluid, for example, but it is 
not clear whether this is a toxic effect or a protective 
effect because taurine may act on neurons to reduce the 
neurotoxicity of some agents.*? Likewise, HS is known to 
increase serum glucose levels in postpartum rats, but an 
aggravating effect on diabetes has not been suggested in 
the literature on human toxicity.*4 Chronic low-level 
exposure to HS is associated with abnormal proliferation 
and ramification of Purkinje cells in the cerebellum of 
rats, but there is no comparable human exposure 
outcome with which to compare these observations.”* 

In healthy, fit human volunteers, exposure to HS as 
low as 5 ppm during exercise (30 minutes) is associated 
with an early shift from aerobic to anaerobic metabolism, 
as indicated by increasing blood lactate levels, but with- 
out symptoms.” This observation precipitated a review of 
occupational exposure levels in the United Kingdom.”*° 

In the past, there was a controversy over whether 
sulfhemoglobin occurs after high-level H S exposure, 
but the weight of evidence is that it does not." 


Manifestations 
ACUTE TOXICITY 


Acute central neurotoxicity, pulmonary edema, and the 
mucosal effects are the characteristic features of acute 
toxicity of HS. Odor perception, olfactory paralysis, and 
keratoconjunctivitis are the characteristic effects of HS 
at lower concentrations.*!!2! In addition to the effect 
of olfactory paralysis, which is an effect at higher expo- 
sure levels (>100 ppm), olfactory fatigue occurs at lower, 
ambient levels, so that the person exposed may not be as 
aware of the odor because of habituation, even though 
there is no toxic effect on olfaction. See Table 91-1 for 
health effects of hydrogen sulfide at various exposure levels. 

H.S-induced acute central toxicity leading to 
reversible unconsciousness is sudden and is colloquially 
called a “knockdown.” Knockdowns can be acutely fatal 
as a consequence of respiratory paralysis and cellular 
anoxia. Very high concentrations (500-1000 ppm) are 
associated with a knockdown. This is an abrupt loss of 
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Health Effects of Hydrogen Sulfide at 


Various Exposure Levels 





CONCENTRATION 
(ppm) EFFECTS 

0.01-0.3 Odor threshold (highly variable) 

1-5 Moderate offensive odor, may be 
associated with nausea, tearing of the 
eyes, headaches, or loss of sleep with 
prolonged exposure; healthy young 
male subjects experience no decline in 
maximal physical work capacity. 


10 8-hour occupational exposure limit in 
Alberta, OSHA PEL 

15 15-minute occupational exposure limit in 
Alberta 

20 Ceiling occupational exposure limit 
evacuation level in Alberta; odor very 
strong 

20-50 Keratoconjunctivitis (eye irritation) and 


lung irritation. Possible eye damage 
after several days of exposure; may 
cause digestive upset and loss of 
appetite 

100 Eye and lung irritation; olfactory 
paralysis, odor disappears 


150-200 Sense of smell paralyzed; severe eye and 
lung irritation 

250-500 Pulmonary edema may occur, especially if 
prolonged 

500 Serious damage to eyes within 30 


minutes; severe lung irritation; 
unconsciousness and death within 4 to 
8 hours; amnesia for period of 
exposure; knockdown 

1000 Breathing may stop within one or two 
breaths; immediate collapse 


OSHA, Occupational Safety and Health Administration; PEL, 
permissible exposure limit. 
From Guidotti TL: Hydrogen sulfide. Occup Med 1996;46(5):367-371. 





consciousness and collapse, described by those who 
witness it as appearing much like turning off the switch 
on a mechanical doll. A knockdown may be fatal if 
exposure is prolonged. If exposure is transient, as usually 
happens in the oil patch, recovery may be equally rapid 
and apparently complete.??’ Some veteran oilfield 
workers have returned to what they were doing without 
reporting the event and without treatment, considering 
the experience all in a day’s work. 

Central effects observed after a knockdown might 
represent primary toxicity of HS, secondary effects from 
low-level cellular anoxia, or the sequelae of acute brain 
injury. The long-term central effects of a knockdown in 
any given case may represent an episode of toxic anoxia, 
or even a secondary traumatic injury. In at least one 
case, focal cortical necrosis was documented following a 
knockdown in which the patient never recovered 
consciousness. 

HS is irritating to mucous membranes, although this 
feature of HS exposure may have been overly empha- 
sized in the literature.*® HS penetrates deeply into the 
respiratory tract because its solubility is relatively low, 
rendering it capable of causing alveolar injury leading to 
acute pulmonary edema. 


The irritant effect is also seen in the upper airway; 
experimental studies suggest that the olfactory mucosa 
do not recover as fast as the bronchial epithelium. 
Recently, this pattern of toxicity was demonstrated to be 
attributable to selective toxicity of olfactory mucosa in 
the nasal passages.” Human subjects exposed to 
transient high levels of HS have been reported to show 
deficits on standardized tests of smell and taste years 
later, suggesting that the effect may be a permanent 
sequela under some circumstances.’ 

Pulmonary edema is also a well-recognized acute 
effect of HS toxicity, especially when exposure is 
prolonged. Older studies suggest that 20% of cases of 
HS toxicity reaching the emergency department showed 
evidence of pulmonary edema.’ Experimental studies 
have shown that although H.S at high concentrations 
produces a marked alveolitis and profuse edema, it is 
only moderately cytotoxic for pulmonary cells and does 
not seem to disrupt the basement membrane of the 
alveolar endothelium. Thus, the ultimate prognosis for 
recovery and remodeling may be good if the patient can 
be supported through the acute episode.’*°*! Acute 
inhalation of HS may be fatal, depending on the 
concentration and duration of exposure and the 
duration of anoxia. In one series of 152 cases from 
China, an overall mortality rate of 5% was reported.°”* 

It is not clear whether hydrogen sulfide exposure is 
associated with chronic respiratory sequelae. Exposure 
in the short term does not appear to be associated with 
reduced lung function or increased airways reactivity.°°** 
However, other studies have suggested that a reduction 
in residual volume is a subclinical effect.’ Cross- 
sectional studies of sewer workers, who are exposed to 
hydrogen sulfide, suggest that after accounting for 
smoking, lung function is significantly reduced and may 
show an accelerated rate of decline among age groups.*! 
A single case report has suggested interstitial fibrosis, but 
this has not been observed in other studies or case series.”® 

Prolonged anoxia, which might be due in these 
incidents to respiratory paralysis, pulmonary edema, or 
asphyxia in a confined space, results in a severe 
metabolic acidosis that further complicates resuscitation. 
Overwhelming exposure may be associated at autopsy 
with skin and organ discoloration, pulmonary edema, 
and renal tubular necrosis.”® 

Most standards for the protection of occupational and 
community populations are based on prevention of 
keratoconjunctivitis (eye irritation) and respiratory tract 
irritation. The slope of the exposure-response relation- 
ships for these conditions is not as steep as it is for 
central nervous system effects.>” 

“Gas eye,” or keratoconjunctivitis, is a superficial 
inflammation of the cornea and conjunctiva that is often 
recurrent in workers in sour gas plant who are exposed 
for prolonged periods to relatively low concentrations. A 
peculiar feature of this effect is that it can be associated 
with reversible chromatic distortion and visual changes. 
It has been suggested that the corneal epithelium devel- 
ops a fine punctate stain and becomes edematous, and 
that small vesicles form that act as a diffraction grating. 
This results in a colored halo surrounding the object. 
This effect is sometimes accompanied by blepharo- 
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spasm, tearing, and photophobia. In the viscous rayon 
industry, this problem is encountered with carbon 
disulfide exposure.°?! 3” 

There are few data on teratogenicity, mutagenicity, or 
carcinogenicity for HS, largely because it is so toxic. In 
animal studies, HS appeared unlikely to cause repro- 
ductive toxicity after exposures that are plausible in occu- 
pational and workplace situations.***? Exposure to 75 
ppm is reported to prolong delivery time of gravid rat 
dams at the time of parturition, and rat pups exposed at 
the same level in utero or neonatally showed only minor 
delays in ear and hair development.” Exposure to lower 
levels, although still toxic in human context, has been 
shown to elevate circulating glucose in maternal rats, 
with secondary metabolic effects in the offspring.** HS 
appears to enhance the mutagenicity of peroxide but is 
not genotoxic alone.*” Evidence for cancer in human 
populations is weak. Studies of residents of Rotorua, which 
is a largely Maori community and cultural center, have 
observed an excess of cancers of the sinus overall (which 
may be confounded by wood dust exposure in Rotorua’s 
extensive native craft industry) and of lung cancer in 
Maori women, which was not completely explained by 
higher smoking rates but which was accompanied by a 
statistically significant deficit among Maori men."! 


Laboratory Features 


The management of HS toxicity does not depend on 
laboratory confirmation or monitoring sulfide levels.**°° 

Sulfide measurements can be made on postmortem 
brain tissue, but this is currently a research tool that has 
not been validated for forensic use in humans.?! Blood 
sulfide levels are not diagnostic of HS toxicity, must be 
performed within 2 hours of exposure, but are seldom 
available, are subject to many limitations, and are not 
available on an emergency basis.° 

Urinary thiosulfate levels show promise as a biologic 
exposure indicator in the monitoring of occupational 
exposure but are profoundly influenced by diet and have 
not been validated for human toxicity.” 

The partial pressure of oxygen in arterial blood may 
be normal in HS toxicity, unless there is pulmonary edema 
or another reason for respiratory compromise. Metabolic 
acidosis and a low arteriovenous oxygen difference may 
indicate anoxia at the cellular level and may correlate with 
severity of toxicity, but this has not been documented. 

The chest film may show evidence of noncardiogenic 
pulmonary edema.’ 


TREATMENT 


Treatment of transient exposures, and of knockdowns in 
which the worker has regained consciousness, is not 
specific.” Removal from exposure is critical, of course. 
Unlike cyanide intoxication, there is no evidence that 
H.S intoxication would confer a risk on the rescuer 
during mouth-to-mouth resuscitation. 

Patients should be observed for pulmonary edema 
overnight, and metabolic acidosis should be treated.'* 
Because workers may encounter HS while performing 





€ 1338 


hazardous tasks, incidental injuries may require 
treatment.”? Overwhelming exposures and prolonged 
knockdowns may require aggressive treatment, but the 
circumstances in which these exposures occur often lead 
to delays in transport and treatment. 

Combined treatment with hyperbaric oxygen and 
nitrite has emerged as the treatment of choice, but the 
literature remains anecdotal, reflecting experience 
acquired one case at a time.*!**4°*° Increased oxygen 
tension may overcome some of the physiologic disad- 
vantages of nitrite treatment. 

Empirically, nitrite treatment alone has been used 
successfully in managing acute cases, but its mechanism 
of action remains uncertain. Nitrite treatment is based 
on the observation that HS resembles cyanide in that 
both bind reversibly to cytochromes, although there 
appear to be differences at a biochemical level.!* The 
theory is that methemoglobin generated by nitrite would 
displace the sulfide, as it does cyanide, and regenerate 
the active cytochrome oxidase.” Although methemo- 
globin is more effective in binding sulfide than 
oxyhemoglobin, the complex between sulfide and 
methemoglobin does not last long enough to make 
much difference. The sulfide disappears quickly from 
the circulation under conditions of good oxygenation 
anyway. The evidence suggests that nitrite can only be 
effective within the first few minutes after exposure and 
may actually slow sulfide removal thereafter. There are 
also reasons to believe that the methemoglobin 
hypothesis is insufficient to explain the action of nitrite 
even in the first few minutes. A further practical problem 
with this approach is that it may add to the anoxic 
burden that already may exist from the cytochrome 
poisoning, respiratory paralysis due to central toxicity, 
and ventilation-perfusion mismatch associated with 
pulmonary edema. It may also induce hypotension and 
further complicate the anoxia with hypoperfusion. 
Administration of nitrites is usually begun with 
inhalation of amyl nitrite perles (for 30 seconds out of 
every minute) followed by sodium nitrite intravenously, 
in the same dosages as for cyanide poisoning. The 
literature suggests infusion of 300 mg of fluid containing 
10 mL of 3% NaNO, over 4 minutes, titrating the 
drop in blood pressure to maintain systolic pressure 
above 80mm Hg (10.6 kPa).!?5558 In children, the 
recommended intravenous treatment dose would be 
as for cyanide intoxication (see Chapter 88). Because of 
the potential for inducing hypotension in a child, 
however, such treatment should only be considered 
in cases in which the cause is indisputably hydrogen 
sulfide exposure and the patient is not already 
recovering. Because hydrogen sulfide is primarily an 
occupational exposure, occasional episodes of toxicity 
may occur in adolescents”? but would be extremely rare 
in children. 

Treatment with oxygen and supportive care alone has 
been recommended in order to avoid further com- 
plicating the toxic effects with iatrogenic anoxia and 
nitrite toxicity. However, confirmation that oxygen 
therapy alone works is limited to anecdotal reports and 
experimental studies with H,S-exposed mice did not 
show increased survival with oxygen alone. 
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Hyperbaric oxygen therapy is an attractive and logical 
option for treating HS intoxication, and anecdotal 
evidence suggests that it may be effective.” The utility of 
oxygen is probably related to the oxygenation of mar- 
ginally anoxic tissues and the displacement of sulfide 
from binding sites on cytochrome-c oxidase, but this has 
not been worked out. By the nature of such poisoning 
incidents, it is difficult to perform clinical trials and 
to compare therapies. A series of three treatments at 
2.5 atmospheres for 90 minutes each has been recom- 
mended.®” Given the low morbidity of hyperbaric 
oxygen treatment in skilled hands,°' it is a prudent 
intervention if facilities are available.°*°’ Outcomes 
are not guaranteed, and neurologic sequelae may still 
occur following treatment.*° 

Decontamination is not required for the protection of 
health providers and bystanders. However, the foul odor 
of hydrogen sulfide may complicate management and 
cause anxiety among other patients. Removal of clothing 
and simple skin washing with soap and water should 
remove the odor from the patient. Airing outdoors 
should greatly reduce the odor from clothing. 

Many antidotes to HS intoxication have been 
proposed, but few have shown efficacy. Ascorbate has 
been proposed to reverse methemoglobinemia, but 
because this is not the problem in sulfide toxicity, this 
intervention, although benign, is unlikely to be useful.®° 

Sodium thiosulfate has been proposed as a treatment 
for HS intoxication on analogy to its role in cyanide 
toxicity, but its efficacy has not been demonstrated, and 
the rationale is in question. Sulfide is oxidized and 
excreted sufficiently rapidly by the body that clearance is 
not the problem. Thiosulfate is a metabolite of sulfide 
and not a substrate for enzymatic oxidation, which destroys 
the toxic moiety, in the case of cyanide intoxication.” 

There is evidence that the respiratory paralysis 
observed in some fatal knockdowns is associated with 
monoamine oxidase inhibition.°* This inhibition is 
reversed by dithiothreitol (DTT), which also displaces 
sulfide from brain tissue in vitro after exposure in 
animals.®° DTT has also been found to be protective if 
given to animals as pretreatment before exposure. These 
observations have led to efforts to use this agent and 
other thiol compounds as specific antidotes. In practice, 
however, these approaches have been disappointing. 

Pretreatment with several agents is associated with 
increased survival in animals: pyruvate,°° o-ketocar- 
boxylic acids,®’ bicarbonate,'® and glucose (unpublished 
observation). To date, these pretreatments have not led 
to successful therapeutic or prophylactic interventions. 


DISPOSITION 


Patients presenting to the emergency department after 
significant acute hydrogen sulfide exposure should be 
admitted or observed for several hours in most cases, 
owing to the substantial risk of development for 
pulmonary edema. 

The prognosis for recovery after exposure to hydro- 
gen sulfide is an area of controversy. The evidence is 
strong for neurologic sequelae following knockdown, in 
the context of acute high exposure, but weak for effects 
associated with chronic, low-level exposure. 


Chronic Sequelae of Acute Exposure 


Chronic central nervous system effects after repeated or 
prolonged knockdowns have not been adequately 
studied. The available evidence strongly suggests that 
knockdowns are sometimes, if not usually, associated 
with chronic neurologic sequelae.*3237446 However, case 
series describing these effects may be confounded by 
effects of head trauma during falls, anoxia from apnea, 
or seizure activity. Extrapyramidal symptoms resembling 
Parkinson’s diseases may appear during recovery from 
an H,S-induced coma.*©*® 

Experimental studies on mice do suggest a cumulative 
effect in reducing brain cytochrome-c oxidase activity. 
Experimental studies also help to localize the effects of 
H.S in the brain and appear to suggest anoxia as the 
mechanism. The available animal evidence points to 
injury to the cerebral cortex, cerebellum, and possibly 
brainstem and spinal cord at concentrations approaching 
those humans might encounter. The lesions are similar 
to those seen in oxygen deficiency and in poisoning by 
other cytochrome oxidase inhibitors. 14247 


Chronic Effects of Lower-Level 
Exposure 


Although there is sufficient evidence to conclude that a 
chronic toxicity syndrome exists as a sequela of knock- 
down, the evidence to date is weak for the conclusion 
that a chronic toxicity syndrome exists as a result of long- 
term, low-level exposure. Ecological studies of residents 
of Rotorua suggest some excess morbidity in both the 
central and peripheral nervous systems, but the pattern 
is not consistent, being strongest for mononeuritis. 
There was an elevated risk for cardiovascular disease but 
a reduced frequency of stroke and evidence for an 
elevated prevalence of high blood pressure. Other 
potential confounders include mercury (which was not 
measured) and other sulfides (not reported).*! 

Kilburn and colleagues have published data*® sug- 
gesting neurobehavioral effects observed in populations 
exposed to low levels of HS, including single exposures 
below 1.0 or 0.5 ppm. The subjects consisted primarily 
of litigants, involved in a lawsuit for compensation for 
damages arising out of their exposure. The studies 
describe a pattern of poor recall, delayed reaction time, 
unilateral (not bilateral) changes in visual performance, 
and abnormal balance (requiring special technology to 
detect). The group has described similarly nonspecific 
patterns for other potential hazards. In these studies to 
date, the effects of litigation, posttraumatic stress, 
anticipation of compensation, and test bias cannot easily 
be ruled out. Neurobehavioral testing is also easily con- 
founded by effects of learning, practice, motivation, 
sleep, education, distraction, depressed mood, and 
stress. The wide range of “normal” performance on these 
tests renders them rather insensitive and nonspecific in 
identifying neurotoxic outcomes, limitations freely 
acknowledged in the neurobehavioral literature. This 
literature is therefore difficult to interpret. 

The Medical Diagnostic Review, a population-based 
prevalence survey and clinical screening conducted in 
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southern Alberta in the mid-1980s, found no evidence of 
an excess in prevalence of neurologic signs and findings, 
both soft and hard, in populations living downwind of 
sour gas facilities.“ Animal studies show no evidence of 
behavioral change after exposures of less than 80 ppm, a 
concentration that is effectively much higher in rats than 
humans because upper airway clearance is less in the rat.”? 

Other properties of HS have been difficult to assess 
because mucosal irritation and cellular anoxia dominate 
the clinical picture. Secondary effects may be overlooked 
in the more obvious acute toxicity profile of HS. Respi- 
ratory, cardiac, eye, and host defense disorders emerge 
as the most likely secondary effects to be associated with 
HS, but the evidence remains inconclusive.!!°7 


PREVENTION 


H.S is heavier than air. Workers entering a depression 
or confined space in which the gas has collected are 
likely to be at highest risk, although potentially lethal 
exposures can and do take place in the open air. 
Personal protection required is the self-contained 
breathing apparatus (SCBA). In the past, tympanic 
membrane defects (perforated eardrums) excluded 
workers from certification for SCBA gear, on the grounds 
that HS could bypass the SCBA; this is not supported by 
the evidence and no longer recommended.” 

H.S is very odorous, with a low olfactory threshold, 
from less than 0.01 to 0.3 ppm. By 1 to 5 ppm, the odor 
is very offensive, like rotten eggs. However, the gas has 
poor warning properties at high exposure levels. As with 
most strong odors, workers may become accustomed to 
them in the short term, a phenomenon known as olfactory 
fatigue. There is also a specific mechanism known as 
olfactory paralysis that results in loss of the ability to 
perceive the odor, owing to neurotoxicity affecting the 
olfactory bulb and fibers. In relatively high concen- 
trations (about 100 ppm), HS paralyzes the olfactory 
mechanism, preventing perception of any smell. This 
removes the primary warning sign of HS exposure and 
the principal warning to, say, oilfield workers caught in a 
plume.5-5!427,69.70 

As in most such incidents, casualties usually occur in 
twos or more, as would-be rescuers rush to save their 
coworkers and in their haste neglect to protect them- 
selves with an SCBA. Intensive training and ready 
availability of personal protective equipment are 
required to prevent such situations.°® 

Although there have been no documented cases of 
serious, irreversible injury or death in the public 
attributed to Alberta’s sour gas industry, there have been 
a number of occupational fatalities arising from HəS 
exposure in Alberta.'* As a consequence, the oil and gas 
industry, the Alberta Government, and representatives of 
local residents and public agencies have developed an 
elaborate network of stakeholder organizations and 
public consultation mechanisms, which have been a 
model for other jurisdictions. Other locations where HS 
is a prominent hazard include Texas, Louisiana, and 
Iran. When a well blowout releases substantial quantities 
of sour gas, the usual management strategy is to ignite 
the gas, so that combustion converts the HS to less toxic 
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sulfur dioxide, notwithstanding the recognized irritant 
effects of this agent. This protects the community and 
nearby workers and allows crews to get closer to cap or 
shut down the well. 

The OSHA Permissible Exposure Limit and the 
NIOSH Recommended Exposure Limit for HS are both 
10 ppm, 8-hour time-weighted average. OSHA also has a 
short-term standard of 15 ppm. Alberta has adopted the 
same set of standards as occupational exposure levels 
and in addition has a ceiling of 20 ppm and an 
evacuation standard for the general population of 
5 ppm.®”! Studies on normal volunteers during exercise 
suggest that 5 ppm of H,S is easily tolerated and results 
in minimal detectable physiologic change.” In the 
absence of definitive studies of community residents or 
low-level exposure of workers, this is the best evidence 
available that current occupational exposure standards 
are probably adequate, bearing in mind that time- 
weighted averages are generally of less significance than 
peak exposures for this agent for neurotoxicity but may 
be more suitable for irritant effects. 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


The encroachment of communities on industrial sites 
and oil and gas fields that were once relatively isolated, 
together with economic incentives to site wells and 
facilities where deposits exist in urban locations, has 
resulted in many conflicts in land use and regulatory 
requirements for emergency planning to protect residents 
and create setbacks, or buffer zones, between gas 
facilities and populated areas. The Alberta Energy and 
Utilities Board and its predecessor agencies have been 
particularly proactive in emergency planning based on 
projected concentrations generated by computer models 
in the event of an uncontrolled release. Because of the 
nature of incidents involving HS, emergency response 
usually involves high levels in uncontrolled situations 
requiring rescue. Table 91-2 summarizes acute exposure 
levels proposed for both emergency planning and 
response purposes. 

The exposure-response curve for lethality is ex- 
tremely steep for hydrogen sulfide.°’? Among inhaled 
toxic substances, HS gives little margin of safety. One 
can visualize an encounter with concentrations of HS 





Guidelines for Emergency Planning and Response 


CONCENTRATION 
GUIDELINE (ppm) 
Emergency response 


planning guidelines (ERPGs) for planning purposes. 


ERPG-1 0.1 
ERPG-2 30 
ERPG-3 100 


Acute exposure guideline Note: In actual uncontrolled 
levels (AEGLs) 


to measure exposure. 


AEGL 1 10 min 0.75 
30 min 0.60 
60 min 0.51 
4 hr 0.36 
8 hr 0.33 

AEGL 2 10 min 41 
30 min 32 
60 min 27 
4hr 20 
8 hr 17 

AEGL 3 10 min 76 
30 min 59 
60 min 50 
4hr 37 


8hr 31 


Note: Concentrations are modeled 


incidents, it may not be possible 


INTERPRETATION 


Source: American Industrial Hygiene Association, 2004. 
ERPGs are intended to guide land use and resource 
planners and to determine appropriate emergency 
response contingencies for communities near facilities. 
They assume exposure of the general population, 
including more susceptible individuals. 

Exposure for up 1 hour without experiencing “other than 
mild transient adverse health effects or perceiving a 
clearly defined objectionable odor.” 

Exposure for up to 1 hour without developing 
“irreversible or other serious health effects or symptoms 
that could impair an individual's ability to take protective 
action.” 

Maximum airborne concentration “below which it is 
believed nearly all individuals could be exposed for up to 
one hour without experiencing or developing life- 
threatening health effects.” 

Source: U.S. Environmental Protection Agency, Office of 
Pollution Prevention and Toxics, 2002. Intended to be 
guidelines in context of emergency response only: once- 
in-a-lifetime, short-term exposure to airborne chemicals 
that are acutely toxic. (Note: the significant figures in 
which AEGLs are given far exceed the accuracy of 
exposure assessment in most real uncontrolled incidents.) 

“Concentrations above which predicted that general 
population, including susceptible individuals, could 
experience notable discomfort, irritation or certain 
asymptomatic non-sensory effects that are not disabling 
and that are transient and reversible.” 

“Concentrations above which predicted that general 
population, including susceptible individuals, could 
experience irreversible or other serious, long-lasting 
adverse health effects or an impaired ability to escape.” 


“Concentrations above which predicted that general 
population, including susceptible individuals, could 
experience life-threatening health effects or death.” 





above 500 ppm as being much like hitting a wall, with the 
degree of damage having much more to do with 
concentration, analogous to the speed with which one 
hits the wall, than with the duration of contact with the 
wall. Concentration is much more important than 
duration of exposure. Fatal exposures to hydrogen 
sulfide in humans, for example, may in theory take place 
at 150 ppm for 6 hours (concentration-time product = 
0.252) or 650 ppm for 8.5 minutes (0.005). This means 
that, for HS, higher concentrations are much more 
toxic, even with proportionally shorter exposure levels. 
This also appears to be true for experimental pulmonary 
edema induced in the rat. Many current models for risk 
assessment use a concentration-time constant for 
lethality of the general form C" x t, where n ranges from 
1.43 to more than 4.36; the empirical evidence favors the 
higher exponents. Occupational exposure levels based 
on time-weighted averages do not take this into 
account.®”? 

Sour gas, the accepted term in the oil patch for natural 
gas containing HS, contains more than natural gas and 
hydrogen sulfide. The process stream contains variable 
amounts of methyl mercaptans (CH3SH, [CHs] oS, and 
[CH3]oS), carbonyl sulfide (COS) and carbon disulfide 
(CS), and some trace metals. Mercaptans are also added 
to natural gas as a safety measure to ensure detection of 
leaks. Production also involves exposure to a variety of 
production chemicals incidental to gas exposure.®” 
Flaring introduces numerous other products of 
incomplete combustion and has become a particularly 
controversial issue in Alberta in recent years. A major 
study of downwind exposure to emissions from gas 
facilities and effects on animals is under way, and 
findings are expected to be available in the near future. 
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At a Glance... 


m Patients should be evaluated for pulmonary, gastrointestinal, 
and CNS toxicity. 

m Management is primarily symptomatic and supportive. 

m Radiographic findings do not always correlate with clinical 
presentation. 

m= All symptomatic or suicidal patients should be admitted. 

m Patients who remain asymptomatic for 6 hours with normal 
radiographic findings may be considered for discharge. 


Hydrocarbons are a group of organic compounds com- 
posed primarily of hydrogen and carbon. Common 
hydrocarbons are derived either directly from plants 
(e.g., pine oil) or from petroleum distillates. Although 
often mixtures, petroleum distillates are of three basic 
types: aliphatic, halogenated, and aromatic hydro- 
carbons. Aromatic and halogenated hydrocarbons are 
discussed in other chapters. Petroleum distillates 
are produced from the fractional distillation of crude 
petroleum and contain various amounts of aliphatic 
(straight chain) and aromatic (cyclic) hydrocarbons. 
Those classified predominantly as aliphatic hydro- 
carbons are discussed here. Some examples are kero- 
sene, gasoline, mineral spirits, naphtha, mineral seal oil, 
diesel oil, and fuel oil (see Table 73-1). Turpentine is a 
hydrocarbon made from pine oil. 


EPIDEMIOLOGY 


Hydrocarbon exposures are frequent and account for 
an inordinate number of health care visits and hospital 
admissions. The American Association of Poison Control 
Centers reported 59,132 hydrocarbon exposures in 
2002.' Twenty-two percent of exposed individuals 
required treatment in a health care facility, and nearly 
22% of these patients were considered to have suffered 
exposures of moderate or major severity. Nearly half of 
all exposures occur in children younger than 6 years 
of age, and the vast majority of exposures are un- 
intentional. Nevertheless, intentional exposures are not 
uncommon and frequently have greater potential for 
toxicity. Fifteen deaths were reported as a result of hydro- 
carbon exposure in 2002.! 

Petroleum distillates continue to be the most com- 
monly reported cause of hydrocarbon poisoning, ac- 
counting for more than 39,000 exposures. Unmarked, 
poorly stored containers and an attractive aroma or 
color may account for the high percentage of exposures 
among young children. In adults, poisoning is most 
often by intentional ingestion, occupational exposure, 
or inadvertant aspiration when siphoning fuels. Adult 


ingestions generally involve larger volumes along with a 
greater likelihood of co-ingested toxins. The most com- 
mon route of exposure is by ingestion, but inhalation, 
cutaneous, and intravenous exposures have been 
reported. Nearly one quarter require treatment in a 
health care facility. The most commonly ingested 
products in this group in order of frequency are (1) 
gasoline, (2) lubricating oil, (3) mineral spirits, (4) 
lighter fluid or naphtha, (5) lamp oil, and (6) kerosene.! 


PATHOPHYSIOLOGY 


Petroleum distillates are potent solvents, capable of 
destroying lipid-containing cell membranes. The toxicity 
of petroleum distillates is mainly a result of their 
potential to cause a fulminant and sometimes fatal 
pneumonitis when aspirated. Central nervous system 
(CNS), gastrointestinal (GI), hepatic, renal, cardiovascular, 
and hematologic toxicity may also occur. Cutaneous 
toxicity may occur with prolonged dermal exposure. 
After oral ingestion, pulmonary toxicity occurs from 
aspiration rather than by GI absorption. Aspiration may 
occur when the hydrocarbon is initially ingested or 
during vomiting. Although vomiting often precedes and 
results in aspiration, lack of vomiting does not preclude 
the possibility that aspiration has occurred. The 
potential for aspiration is determined by the physical 
properties of viscosity, surface tension, and volatility. The 
risk of aspiration involving any particular petroleum 
distillate increases with low viscosity, low surface tension, 
and high volatility.’ However, the single most important 
property determining aspiration potential is viscosity, the 
tendency to resist flow. Low viscosity allows penetration 
further into the distal airways. Viscosity is measured in 
Saybolt seconds universal (SSU). Substances with an SSU 
value greater than 100 have a low aspiration potential 
(e.g., mineral and fuel oil), whereas those with an SSU 
value of less than 45 have a high potential for aspiration 
(e.g., gasoline, kerosene, mineral seal oil). Low surface 
tension may allow the petroleum distillate to spread 
from the upper GI tract to the trachea, and high volatility 
(i.e., tendency of a liquid to become a gas) increases 
the likelihood of pulmonary absorption and risk of CNS 
depression that can blunt the gag reflex. When aspi- 
rated, petroleum distillates dissolve surfactant, resulting 
in alveolar collapse, ventilation-perfusion mismatch, 
and subsequent hypoxemia.** Bronchospasm and direct 
capillary damage lead to a chemical pneumonitis and 
hemorrhagic bronchitis and alveolitis that peak in in- 
tensity at about 3 days.” A late process of alveolar 
proliferation and thickening may occur, peaking at 
about 10 days. Upper airway injury may occur and in- 
cludes hyperemia, mucosal irritation, and inflammation 
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of the oropharynx. A case of epiglottitis has been re- 
ported after gasoline ingestion.® 

Systemic toxicity is uncommon after ingestion or aspi- 
ration but may develop if a petroleum distillate contains 
toxic additives, if it is a vehicle for more toxic substances, 
or if a massive ingestion has occurred. The specific toxin 
involved determines whether cardiovascular, renal, 
hepatic, or hematologic toxicity ensues.’ Petroleum 
distillate inhalation abuse (e.g., gasoline sniffing) does 
not produce a chemical pneumonitis but instead leads to 
complex CNS toxicity caused by the combined effects of 
its many constituents (e.g., aromatic hydrocarbons, 
naphthenes, and tetraethyl lead) .°” 


Plant Hydrocarbons (Terpenes) 


Terpenes are aliphatic or cyclic hydrocarbons and in- 
clude turpentine, pine oil, and camphor. Pine oil, a 
component of many household cleaners, is a product of 
pine trees and is composed primarily of terpene 
alcohols. It is normally present in cleaners in concen- 
trations of 20% to 35% and occasionally as high as 60% 
in products such as Pine Sol. Turpentine is a distillate 
from pine trees and is commonly used as a solvent 
for paints and varnishes. Camphor is discussed in 
Chapter 99. 

Pine oil is well absorbed from the GI tract and is 
metabolized by the epoxide pathway and excreted in the 
urine.’ The volume of distribution is thought to be quite 
large, with the highest concentrations found in the 
brain, lungs, and kidneys. 

Turpentine is also readily absorbed through the GI 
tract and lungs" and distributed throughout the body. 
The highest concentrations are found in the liver, 
spleen, kidneys, and brain.!* The details of turpentine 
metabolism remain unclear. Elimination of turpentine 
and its metabolites is primarily by the kidneys. 

Because of the terpenes’ lower volatility and higher 
viscosity, the risk of aspiration is somewhat less than with 
the more volatile or less viscous hydrocarbons. In ad- 
dition to the aspiration risk, pine oil and turpentine 
produce more CNS and GI symptoms than do the ali- 
phatic hydrocarbons. Ingestions of turpentine exceeding 
2 mL/kg are potentially toxic.!! Although adults have 
survived pine oil ingestions of up to 500 g,’° the 
commonly cited lethal dose is 60 to 120 g. In children, 
the minimum lethal dose is probably 14 g.'° 


CLINICAL PRESENTATION 


The initial signs and symptoms following petroleum 
distillate ingestion usually involve three main organ sys- 
tems: pulmonary, GI, and CNS. The majority of children 
who present to health care facilities after a petroleum 
distillate exposure remain asymptomatic. Patients who 
aspirate generally demonstrate initial symptoms (e.g., 
coughing, gasping, and choking) within 30 minutes; 
these reach peak intensity between 24 and 48 hours 
after exposure.'* During the first 24 hours, tachypnea 
with grunting respirations, nasal flaring, retractions, and 
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cyanosis may develop or may be delayed as long as 2 
days.* The characteristic odor of the petroleum distillate 
may be apparent on the breath. Although auscultation 
may reveal rales, rhonchi, and wheezing, lower airway 
involvement cannot be predicted by initially normal 
findings on examination. Hemoptysis and pulmonary 
edema may be observed in severe cases. Laboratory 
evaluation (e.g., arterial blood gases, pulse oximetry) 
may reveal hypoxemia (from ventilation-perfusion 
mismatching) and early hypocarbia. This may progress 
to hypercarbia and acidosis. As many as 75% of hos- 
pitalized patients demonstrate chest film abnormalities. 
These abnormalities occur within 2 hours in up to 88% 
of patients and in 98% by 12 hours.”!>16 Common early 
changes include unilateral and bilateral basilar 
infiltrates, punctate perihilar densities, and localized 
areas of atelectasis.!>'® Pneumatoceles are infrequent 
but when they occur are delayed in onset (e.g., 3 to 15 
days) and resolution (e.g., 15 days to 21 months).!% 
Pleural effusion, pneumothorax, pneumomediastinum, 
pneumopericardium, and subcutaneous emphysema 
may develop.!5172021 Symptoms correlate poorly with 
radiographic findings, and both may be delayed in 
onset.” It is best to treat patients rather than rely on 
the absence of or delayed resolution of radiographic 
findings. Although fever and leukocytosis may be 
noted in as many as 15% to 20% of victims during the 
first 48 hours, their persistence suggests bacterial 
superinfection.'* 

GI symptoms are common and include local irritation 
of the oropharynx, nausea, vomiting, and abdominal 
pain. Vomiting appears to increase the likelihood of 
aspiration.!”> CNS toxicity may occur in the presence of 
aspiration-induced hypoxemia, large ingestions, or toxic 
additives (e.g., aromatic hydrocarbons). Symptoms 
range from lethargy (91%) or somnolence (5%) to coma 
(3%) and seizures (1%) .”4 

Cardiovascular toxicity is uncommon, but both fatal 
dysrhythmias and myocardial dysfunction have been re- 
ported.”° Dysrhythmias and sudden death after siphon- 
ing gasoline may be attributed to hypoxia or absorp- 
tion after aspiration resulting in myocardial sensi- 
tization to endogenous catecholamines.’ A 19-month- 
old girl developed severe, reversible myocardial dys- 
function after ingesting paint thinner.** Isolated case 
reports of acute renal tubular necrosis,?°?’ supra- 
glottitis,** severe burns after prolonged immersion in 
gasoline,” and hemoglobinuria secondary to intra- 
vascular hemolysis have been reported.**°° One case 
report associated turpentine ingestion with hemorrhagic 
cystitis.°' Both inhalation abuse and parenteral adminis- 
tration of petroleum distillates have been reported to 
cause toxicity. CNS manifestations of inhalation abuse 
include confusion, dizziness, agitation, incoordination, 
and coma.”83233 Inhalation of leaded gasoline has also 
been associated with the development of organic lead 
poisoning.®”**? Parenteral administration has resulted 
in thrombophlebitis, cellulitis, and necrotizing myositis 
with compartment syndrome. Systemic toxicity includes 
seizures, hemorrhagic pneumonitis, pulmonary edema, 
and febrile reactions.°**° 


CHAPTER 92 


Systemic toxicity of pine oil and turpentine ingestion 
primarily consists of GI irritation and CNS depression. 
Signs and symptoms include nausea, vomiting, diarrhea, 
weakness, somnolence, or agitation. Severe cases may 
present as stupor or coma; seizures are uncommon.”! 
When systemic toxicity occurs, it usually develops within 
2 to 3 hours of the exposure. GI and CNS symptoms 
generally resolve within 12 hours in moderately severe 
exposures. Dysuria and hematuria thought to be 
secondary to hemorrhagic cystitis have been reported in 
a turpentine ingestion 12 to 72 hours after exposure.*! 


DIAGNOSTIC EVALUATION 


All symptomatic patients should receive a medical eva- 
luation. A thorough history should include product 
identification, approximate amount, concentration, time 
of ingestion, and symptoms before presentation. The 
physical examination should focus on the vital signs and 
mental status, and the pulmonary and GI systems. If 
significant aspiration has occurred, respiratory symp- 
toms should develop within 6 hours and reach peak 
intensity 24 to 48 hours after exposure.'* Pulse oximetry 
should be performed and a chest film obtained. 
Laboratory evaluation for symptomatic patients and for 
those who have ingested concomitant toxins may include 
arterial blood gas determination; complete blood count; 
determinations of electrolytes, glucose, blood urea 
nitrogen, and creatinine; urinalysis; and liver function 
tests. A directed toxic screen may help confirm the 
presence of toxic additives or other concomitant 
ingestions. Patients without symptoms for 6 hours after 
exposure remain asymptomatic.'* 

The distinctive odors of pine oil and turpentine and 
a thorough history and physical examination are the keys 
to diagnosis. The examination should focus on the pul- 
monary, GI, and central nervous systems. No specific 
laboratory tests help determine severity." If aspiration is 
suspected, an arterial blood gas determination and ap- 
propriately timed chest radiograph should be obtained. 


MANAGEMENT 


Clinical and radiographic assessment of a patient’s res- 
piratory status determines initial management. Patients 
who remain asymptomatic with normal findings on chest 
films (obtained 4 or more hours after exposure) may be 
discharged after 6 hours of observation. Patients who 
are symptomatic, who have abnormal findings on chest 
films, or who have suicidal intent should be hospitalized. 
Gastric decontamination is not recommended for 
petroleum distillate ingestions because absorption and 
systemic toxicity are minimal, and spontaneous or 
induced vomiting increases the risk of aspiration and 
pneumonitis.2°” 

Patients who have ingested toxic additives or other 
toxins with systemic toxicity should be considered for 
gastric decontamination. This decision is complex, often 
must be individualized, and should be made after con- 
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sultation with the regional poison center. The incidence 
of aspiration pneumonitis may be increased by either 
gastric lavage or ipecac-induced emesis. Either method is 
acceptable in an awake, alert patient.'®°> When GI 
decontamination is indicated in patients with altered 
mental status, the airway should first be protected by 
endotracheal intubation. Activated charcoal is indicated 
only if an adsorbable toxic additive or concomitant 
ingestion has occurred. Clothing that has been contami- 
nated should be carefully removed, and contaminated 
skin washed with soap and water.’ 

Patients with respiratory symptoms should be given 
oxygen, placed on cardiopulmonary and pulse oximetry 
monitors, and have intravenous access established. An 
arterial blood gas determination and chest film should 
be obtained. Findings on chest films do not always cor- 
relate with the clinical status of the patient. The need 
for intubation should be based on the clinical assessment 
of respiratory distress. Continuous positive airway pres- 
sure may be necessary to maintain oxygenation, and 
bronchospasm should be treated with noncardioselective 
bronchodilators because of potential myocardial sensi- 
tization to catecholamines.*! Supportive care of serious 
petroleum distillate pneumonitis includes careful 
monitoring of fluid and electrolyte balance, continuous 
pulse oximetry, and serial chest films. Complete blood 
counts with differential and sputum Gram staining and 
cultures help identify bacterial superinfection. The 
regional poison center should be consulted. Fever and 
leukocytosis secondary to chemical pneumonitis are 
commonly noted during the first 24 to 48 hours, and 
prophylactic antibiotics should not be instituted.°?*** 
Treatment with antibiotics should be provided only to 
patients with documented bacterial pneumonia (e.g., 
Gram staining or culture of sputum or tracheal aspirate) 
or worsening of chest film findings, chest pain, 
leukocytosis, and fever after the first 40 hours.”? Several 
animal and clinical investigations have failed to 
demonstrate any benefit from corticosteroid treatment. 
Two animal studies indicate they may be harmful**“; 
therefore, corticosteroids should not be administered. 

Several reports document the efficacy of both 
extracorporeal membrane oxygenation and high- 
frequency jet ventilation as alternative therapies when 
conventional treatment for respiratory failure is 
unsuccessful.*°*9 

Most patients with petroleum distillate poisoning 
recover fully with supportive care. The majority have no 
significant sequelae despite the report of minor pul- 
monary function abnormalities in as many as 82% of 
asymptomatic survivors of aspiration pneumonitis.” 
Long-term follow-up with pulmonary testing should be 
considered. When indicated, psychiatric consultation 
should be obtained and poison prevention education 
given before discharge. 

With plant hydrocarbons, the time and amount 
of ingestion, evidence of aspiration, and patient’s level of 
consciousness largely determine treatment. A fully alert 
patient who is seen within 2 hours of ingesting greater 
than 2 mL/kg of turpentine should be considered for 
GI decontamination. Although not clearly defined 
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for pine oil, lavage is generally recommended for 
ingestions of greater than 5 mL in adults.” Airway 
protection is recommended for all but the alert patients 
because of the risk of aspiration. Activated charcoal is 
not useful, and the apparent large volume of distribution 
of terpenes precludes the use of hemodialysis or 
hemoperfusion. 


Disposition 


Medical disposition is based on clinical toxicity and time 
since ingestion. Patients who are either asymptomatic or 
who have only mild GI or CNS symptoms after 6 hours 
are unlikely to develop serious complications. All 
patients with evidence of significant toxicity (i.e., 
pulmonary or CNS) should be admitted for symptomatic 
and supportive care. 
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At a Glance... 


m Chlorinated hydrocarbons generally share three acute health 
effects: dermatitis, narcosis, and the ability to induce cardiac 
arrhythmias. 

m One of these compounds, carbon tetrachloride, was banned in 
the United States because of its propensity for hepatotoxicity 
and carcinogenesis. 

m = Trichloroethylene and tetrachloroethylene (perchloroethylene) 
continue to be employed as industrial solvents and the latter as 
a dry cleaning agent. 

m Most of these compounds are highly volatile but generally not 
tlammable—some have been used for fire extinguishing. 

m CNS toxicity is prominent and may result from accidental 
exposure or intentional abuse. Seizures and coma are possible. 

m Cardiac toxicity has been attributed to membrane stabilization 
and “sensitization” to catecholamines, although other mecha- 
nisms may play a role. Sudden sniffing deaths may occur. 

m Carbon tetrachloride may cause hepatic necrosis. Other 
chlorinated hydrocarbons may cause fatty liver. 

m= Defatting of the skin may lead to chronic irritant dermatitis. 

m Removal from exposure and supportive care is indicated in the 
treatment of disease caused by chlorinated hydrocarbons. 


Compounds of only carbon, hydrogen, and chlorine are 
collectively known as chlorinated hydrocarbons. ‘These 
compounds are used for a variety of industrial and 
medical purposes, including degreasing solvents in man- 
ufacture and topical anesthetics. Chlorinated hydro- 
carbons are not naturally occurring. Human exposures 
to these compounds are typically either the result of 
solvent abuse or occupational or environmental in 
nature. Although the specific toxicity profiles for the 
individual chlorinated hydrocarbons vary, essentially all 
these compounds share three fundamental acute effects: 
dermatitis, narcosis, and the potential to induce cardiac 
dysrhythmias. Literally hundreds of compounds are 
classifiable as chlorinated hydrocarbons, but the most 
commonly encountered are chlorinated derivatives of 
methane, ethane, and ethylene (Table 93-1). These 
compounds are the focus of this chapter. 
Trichloromethane (chloroform) was first used as a 
veterinary anesthetic in 1847; its first reported use in 
human surgery came later that same year.'!? Chloroform 
was the anesthetic agent of choice for nearly a century 
until the post-World War II era when compounds less 
toxic to the heart and liver were developed. Chloroform 
has also gained notoriety as an anesthetic agent used 
for murder or to incapacitate people for nefarious 
purposes.’ More recent medical applications of chlo- 
roform include topical use in herpes labialis, where it 
was shown to decrease time to scab formation when 


compared with control.4 Warmed (40° C) chloroform 
has also been used to liquefy cholesterol gallstones.* 

Other medical applications for chlorinated hydro- 
carbons include the use of small oral doses of carbon 
tetrachloride as an antihelminthic agent to treat 
hookworm infection in the 1920s. Despite its efficacy, use 
of carbon tetrachloride for this purpose was associated 
with hepatic necrosis, renal injury, and gastrointestinal 
hemorrhage, especially in alcoholics and malnourished 
children. Because of this, carbon tetrachloride was 
replaced with tetrachloroethylene for the management 
of both hookworm and pinworm. Tens of thousands of 
cases were treated with tetrachloroethylene, and only mild 
adverse effects, such as giddiness and lightheadedness, 
were reported. Chloroform, as part of “Hermann’s mixture” 
(chloroform, eucalyptus oil, and castor oil), was also 
employed in the management of hookworm infestation.” 

In addition to its former use as an antihelminthic 
agent, carbon tetrachloride saw widespread industrial 
use as a degreasing solvent, dry cleaning agent, grain 
fumigant, and as fire extinguisher component.® How- 
ever, as a result of its potential toxicity, household use of 
carbon tetrachloride was banned in 1970, and its use as a 
grain fumigant was discontinued in the United States in 
1985.° The principal contemporary use of carbon 
tetrachloride is as an intermediate in the synthesis of 
chlorofluorocarbon refrigerants.’ 

The two-carbon (ethane and ethene) chlorinated 
derivatives have been used extensively as degreasing 
solvents, in the preparation of many insecticidal 
fumigants, and in dry cleaning. Trichloroethylene is also 
used in the textile industry for removing basting threads 
and as a swelling agent for dying polyester as well as a 
diluent for paints and varnishes. Trichloroethylene has 
also seen use as an inhaled anesthetic and is known to 
have poor muscle relaxant but excellent analgesic 
properties.*® In the past, trichloroethylene was used 
in the extraction of olive oil; however, the use of this 
solvent in the food industry was eliminated in 1975.° 
Tetrachloroethylene is still used in American veterinary 
medicine as an antihelminthic and is available in capsules 
ranging from 0.2 to 5.0 mL and marketed by Parke Davis 
as NemaWorm. The antihelminthic activity of tetra- 
chloroethylene is reportedly due to the ability of the com- 
pound to interfere with the release of lysosomal enzym- 
es in the gut of nematodes. This results in paralysis of the 
parasitic worms, breaking their adhesion to the intestinal 
wall.” 


PHYSICOCHEMICAL PROPERTIES 


The chlorinated hydrocarbons discussed in this chapter 
are small aliphatic (acyclic open chain) organic com- 
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pounds. They are typically clear colorless liquids, 
although trichloroethylene may be dyed blue. As is 
typical of halogenated organic solvents, the chlorinated 
hydrocarbons are poorly miscible in water but highly 
miscible with other less polar organics such as diethyl 
ether. They are most often quite volatile, a property that 
led to their use as inhaled anesthetic agents, and have a 
characteristic sweet chloroform-like odor, which most 
patients did not find objectionable. Inhalation of high 
concentrations of chlorinated hydrocarbons is irritating 
to the mucosa. Although workers generally cannot detect 
concentrations of chlorinated hydrocarbons at the 
recommended workplace standard levels, they are 
typically able to smell these compounds at airborne 
concentrations at the immediate danger to life and 
health (IDLH) level. 

In general, vapor pressure decreases and boiling point 
increases with increasing molecular weight. Therefore, in 
progressing from chloromethane (a gas), to dichlor- 
omethane, to chloroform, and ultimately to carbon 
tetrachloride, volatility steadily decreases. Despite their vola- 
tility (1.e., ease of going from liquid to vapor), the chlori- 
nated hydrocarbons are generally not flammable. 
The exceptions to this rule are 1,2-dichloroethane and 
1,2-dichloroethylene, which are flammable. Inter- 
estingly, although trichloroethane liquid is not flam- 
mable and no flashpoint has been defined using tradi- 
tional methods, the vapor of this compound will burn. 
However, it takes an enormous amount of energy to 
ignite trichloroethane, and once ignited, the compound 
will not sustain combustion. In the presence of an open 
flame, chlorinated hydrocarbons such as methylene 
chloride decompose without burning and can be 
converted to phosgene and hydrogen chloride. Many of 
the chlorinated hydrocarbon solvents of industrial 
importance are photolabile. For example, chloroform is 
subject to photochemical decomposition to phosgene 
and hydrogen chloride. Chemical stabilizers such as 
small amounts of ethanol, triethylamine, or epi- 
chlorohydrin are often added to prevent degradation of 
the solvent in the presence of light. t° 

The number of chlorine atoms that can be added to a 
chlorinated hydrocarbon is determined by the number 
of hydrogen atoms on the unsubstituted hydrocarbon 
(i.e., the chlorine atoms replace only the hydrogen atoms 
of the hydrocarbon). The simplest chlorinated hydro- 
carbons are the chloromethanes. This series of com- 
pounds is created by progressively adding one to four 
chlorine atoms to methane (CH,). The chloromethane 
series includes, in order of fewest to greatest number 
of chlorines, chloromethane, dichloromethane (meth- 
ylene chloride), trichloromethane (chloroform), and 
tetrachloromethane (carbon tetrachloride) (see ‘Table 
93-1). The chloroethane series is based on substitution of 
ethane (CH;CH;) with chlorine. These compounds 
contain two carbon atoms connected by a single bond. 
The carbon skeleton of the chloroethylenes, although 
also composed of two carbons, is based on ethylene 
(ethene; CHCH), in which the two carbon atoms are 
joined with a double bond. Therefore, the chloroethane 
derivatives contain one to six chlorine atoms, whereas 
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FIGURE 93-1 Chemical structures of cis- and trans- isomers of 
1,2-dichloroethylene. 


the chloroethylenes bear a maximum of four chlorine 
atoms. Chlorinated derivatives of three (propane), four 
(butane), and five (pentane) carbon chains also exist but 
are less commonly encountered and will therefore not 
be discussed further. 

Various isomers (compounds with the same molecular 
formula but different arrangements of atoms) can be 
formed from the chloroethanes and chloroethylenes 
when two or more chlorine atoms are present on the 
molecule. Isomerism is not possible in the chloromethane 
series because there is only a single carbon atom. The 
chloroethane isomers may have the chlorine atoms 
distributed on one or both carbon atoms in any com- 
bination. This is also true in the chloroethylene series, in 
which up to four chlorine atoms may be added. Notably, 
within the chloroethylenes, an additional form of 
isomerism, “geometric” or “cis-/trans-” isomerism, is also 
possible because of the double bond prohibiting 
rotation about the carbon-carbon bond. This lack of 
available rotation results in the molecule having defined, 
noninterchangeable sides. In the 1,2-dichloroethylenes, 
both chlorines may be on the same side of the double 
bond (cis-) or on opposite sides of the double bond 
(trans-) (Fig. 93-1). Isomerism can result in differences in 
biologic activity. When examined in inhalation studies in 
rats, the trans-1,2-dichloroethylene isomer is twice as 
potent as an anesthetic than the czs-1,2-dichloroethylene 
isomer.!! These two isomers cannot interconvert without 
breaking the carbon-carbon double bond. Further, sub- 
chronic dosing studies in animals indicate that 1,1- 
dichloroethane is about five times less injurious than 1,2- 
dichloroethane.'* Geometric isomerism is not possible in 
the chloroethanes because there is free rotation around 
the carbon-carbon single bond. 


EXPOSURE 


Historically, significant exposures to chlorinated hydro- 
carbons occurred as a result of medicinal applications 
(e.g., as inhaled anesthetics and antihelminthic agents). 
However, this route of exposure has been largely miti- 
gated by bans on the use of these agents as anesthetics, 
surgical disinfectants, and food extraction solvents. 
Currently, most exposures are the result of industrial 
contact from activities requiring large volumes of 
degreasing solvents (e.g., aircraft manufacture), in the 
manufacture and use of large volumes of paints and 
varnishes, or from work in the dry cleaning industry. 
Extensive industrial use of the chlorinated hydrocarbons 
has resulted in the release of these compounds into the 
environment where they may leach into ground water. 


Most chlorinated hydrocarbon exposures generally 
fall into one of three broad categories: (1) very large 
acute exposure as a result of solvent abuse, (2) chronic 
higher concentration occupational exposure, and (3) 
chronic low-level exposure as a result of contamination of 
ground water supplies or other environmental sources. 


TOXICOKINETICS 


Absorption 


Absorption of chlorinated hydrocarbons after ingestion 
is variable but can be significant. The one-carbon 
chloromethane compounds tend to be well-absorbed 
after ingestion. Absorption is increased further with 
physical exertion in the case of methylene chloride and 
with alcohol consumption after both inhalation and 
ingestion of carbon tetrachloride.'*!* Serious toxicity 
from chlorinated hydrocarbon ingestion is typically 
the result of large volume deliberate (1.e., suicidal) 
ingestions. Ingestion of these compounds as a result of 
low-level drinking water contamination does not cause 
acute toxic effects. 

Inhalation is the primary route of exposure to the 
chlorinated hydrocarbons both occupationally and as a 
result of abuse. Because of their volatility, the chlo- 
rinated hydrocarbons are easily inhaled, and because of 
their lipophilicity, they are typically well absorbed. In 
fact, about 70% of an inhaled dose of methylene 
chloride is absorbed.!° 

As a general rule, absorption through intact skin is 
inefficient, although transdermal penetration through 
damaged skin may be more efficient. Most chlorinated 
hydrocarbons are not transdermally absorbed to levels of 
clinical significance unless contact is prolonged and an 
impermeable barrier prevents evaporation. The most 
significant exception to this rule is carbon tetrachloride, 
for which amounts capable of causing adverse health 
effects may be absorbed through the skin.'° Gastro- 
intestinal effects, as well as liver damage and kidney 
failure, have been reported in individuals using a topically 
applied lotion containing carbon  tetrachloride.'® 
Chloroform and methylene chloride are also percuta- 
neously absorbed to a somewhat greater extent than 
other chlorinated hydrocarbons, but to a lesser degree 
than is seen with carbon tetrachloride. Percutaneous 
absorption can also be increased by trapping the liquid 
against the skin with clothing or gloves. Tetrachloroethylene 
is absorbed through the skin only to a very limited degree. 

Although a single dermal exposure to a chlorinated 
hydrocarbon may not represent a toxicologic hazard, 
repeated dermal exposures to certain substances may 
become significant.!” This is illustrated by the observation 
that application of dichloroethane to the skin of guinea 
pigs causes blood levels of trichloroethylene to increase."® 


Distribution 


After absorption, chlorinated hydrocarbons are rapidly 
distributed to body tissues. As a result of their lipophilic 
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character, large concentrations tend to be deposited in 
the fat, brain, and blood.!” It is also notable that the 
lipophilic character of chlorinated hydrocarbon com- 
pounds such as chloroform and trichloroethylene allows 
some crossing of the placenta and potential exposure of 
the fetus.!” Placental crossing is also known to occur with 
chloroform and dichloroethane exposure.*!” As expected 
from the partitioning of the chlorinated hydrocarbons 
into lipophilic tissues, their volumes of distribution are 
relatively large, ranging from about 2.6 L/kg for 
chloroform to about 10 L/kg for trichloroethylene.'?”° 


Metabolism and Elimination 


The chlorinated hydrocarbons are eliminated from the 
body through two fundamental routes: exhaled air and 
hepatic metabolism. That portion eliminated from the 
lungs is largely as unchanged parent compound, 
although some is first metabolically converted to carbon 
dioxide. The extent of biotransformation is variable by 
compound and exposure dose. Species dependence also 
exists in the clearance of chlorinated hydrocarbons 
because some animals have more active metabolic 
pathways than others, which makes interspecies com- 
parisons problematic.”! For example, scaling of metabolic 
parameters for tetrachloroethylene determined in mice 
overestimates human metabolism.** 

The main metabolic routes are oxidative transfor- 
mation through the cytochrome P-450 systems and 
subsequent conjugation (Fig. 93-2). The P-450 enzymes 
involved exist primarily in the liver and kidneys, 
although they are also present to a lesser extent in the 
lungs and gastrointestinal tract. The initial oxidative 
transformation creates a reactive intermediate that is 
then conjugated with a polar moiety such as glutathione 
or glucuronic acid in order to create a more water- 
soluble compound that can be eliminated from the body. 
The kinetics of these enzymatic transformations is not 
always linear in humans.** 

Other enzyme systems may also be involved with the 
biotransformation of chlorinated hydrocarbons. For 
example, ethanol changes the metabolism of trichloroeth- 
ylene, suggesting that alcohol dehydrogenase may also 
be involved in its elimination.*? The influences of 
aliphatic alcohols on the effects of chlorinated hydro- 
carbons containing a carbon-carbon double bond have 
been studied. It appears that the alcohols may influence 
the hepatotoxicity of some chlorinated hydrocarbons.*° 
A secondary metabolic pathway also exists for methylene 
chloride and involves a glutathione transferase- 
dependent pathway, which produces carbon dioxide, 
formaldehyde, and formic acid.**”° 

The initial metabolic activation is the proposed source 
of toxicity for many of the chlorinated hydrocarbons (see 
Fig. 93-2). Hepatic P-450 enzymes oxidatively convert the 
chlorinated hydrocarbon to free radicals. These reactive 
radicals may then combine with molecular oxygen to 
form peroxy radicals, or they may react with endogenous 
lipids to form lipid radicals. By their very nature, free 
radicals are highly unstable and react essentially as soon 
as they are created. Therefore, the toxic effects of these 
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FIGURE 93-2 An abbreviated metabolic scheme for trichloroethylene. 


reactive metabolites typically occur at or near their site of 
production. Additional significant clinical effects may 
result from the individual toxicities of the metabolites. 
For example, about 25% to 34% of an absorbed dose of 
methylene chloride is metabolically converted to carbon 
monoxide.!° This biotransformation takes place primarily 
in the liver but also occurs to a lesser extent in the 
kidneys and lungs and is mediated by the 2E1 isozyme of 
the cytochrome P-450 system.*°?? This pathway is also 
saturable in the presence of high substrate (methylene 
chloride) concentrations.”” Carbon monoxide and car- 
boxyhemoglobin may be formed for several hours after 
cessation of exposure.*?*8 The two-carbon compounds, 
1,1,1-trichloroethane, trichloroethylene, and tetrachloroeth- 
ylene, undergo biotransformation to form trichloroacetic 
acid and trichloroethanol, which are excreted in the 
urine in both free and conjugated forms.”?*! In addition, 


both trichloroacetic acid and dichloroacetic acid, which 
may be hepatotoxic, are produced.” 

As a general rule, there is relatively little bioaccu- 
mulation of the chlorinated hydrocarbons in adipose 
tissues unless chronic high-concentration exposure has 
been maintained. Trichloroethylene’s elimination follows 
a two-compartment model, with the first elimination 
half-life being about 0.5 to 3 hours and the second about 
22 to 30 hours.*?** However, it is known that adipose 
tissues can act as a reservoir for trichloroethylene 
deposition.” The extent of significant adipose deposition 
seems to correlate well with long-term high-concen- 
tration occupational exposure; however, ongoing 
exposure could not be excluded. One report describes 
an individual with exhaled trichloroethylene breath 
concentrations of 135 ng/L (1.8 mg/day) 4 years after 
the last exposure to the compound following a 20-year 


occupational exposure.*° The elimination half-life of the 
chlorinated hydrocarbons may also vary by route of 
administration. A half-life of 72 hours is observed after 
inhalation of tetrachloroethylene, whereas the half-life is 
about doubled (144 hours) when the compound is 
ingested.!9°° 

The extended elimination profile seen with tetra- 
chloroethylene actually affects the minority of the 
inhaled dose. With acute exposure to most chlorinated 
hydrocarbons, a large portion of the dose is excreted as 
unchanged parent compound in the air expired from 
the lungs.37°8 In the case of methylene chloride, the 
saturability of the enzymatic conversion to carbon 
monoxide has a dramatic effect on the elimination of the 
compound. A dose-dependent elimination of methylene 
chloride is observed, with low-dose exposures being 
principally eliminated through the lungs as carbon 
monoxide while a greater proportion of unchanged 
parent methylene chloride is exhaled in the setting of 
larger exposures.” 


EFFECTS ON BODY SYSTEMS 


Central Nervous 


Chlorinated hydrocarbons exert dose-dependent effects 
on the central nervous system (CNS), where the dose is 
a function of both the duration of exposure and the 
concentration of the substance. The effects of these 
compounds are not mediated by interaction with any 
specific CNS receptor. Rather, the mechanism of toxicity 
appears to be alteration of neurotransmission as a result 
of direct effect to nerve cell membranes by the 
chlorinated hydrocarbons,*"*! which may be temporary 
or permanent.” In animal models, low-dose exposures to 
chlorinated hydrocarbons produce minimal histologic 
evidence of damage to nerve cells. In high-dose 
exposure, the histologic results are equivocal. No 
specific pathologic changes in the CNS are seen as a 
result of death from chlorinated hydrocarbon exposure. 
Rather, alterations in the CNS observed at autopsy are 
typically the result of underlying disease. 

Acute high-level exposures can be encountered in 
cases of solvent abusers or with large accidental releases 
of chlorinated hydrocarbon solvents in a workplace. 
Chronic high-level exposure is really only germane in the 
circumstance of long-term solvent inhalation abuse. 
Chronic low-level exposure is typically the result of 
routine occupational encounters with solvents in the 
course of normal work procedures. Chronic very-low- 
concentration exposures, as would be seen from 
drinking ground water contaminated with small amounts 
of chlorinated hydrocarbon solvents, are not expected to 
have any effects on the CNS. 

Acute high-level exposure typically causes CNS 
depression, dizziness, narcosis, nausea, vomiting, seizures, 
coma, and possibly death from respiratory failure. Because 
there is no discrete receptor and no requirement for 
metabolic activation of the chlorinated hydrocarbon to 
exert effects on the CNS, onset of effects is rapid. 
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Likewise, because effects are not the result of a covalent 
drug-receptor interaction, recovery from intoxication is 
typically rapid and, except when very high doses are 
abused chronically or significant hypoxic insult is 
incurred, recovery is usually fairly prompt and complete. 
Most deaths associated with acute high doses are caused 
by either narcosis and apnea or cardiac arrest, which is 
discussed in greater detail under Cardiovascular. 

Chronic high-dose exposure to chlorinated hydro- 
carbons, most frequently as a result of long-term solvent 
abuse, may have substantial effects on the CNS. The 
primary pathologic change to the CNS from solvent 
abuse is degeneration of the white matter (leuko- 
encephalopathy). Other CNS changes observed at 
autopsy in the brains of toluene abusers include 
substantial atrophy and mottling of the white matter, as 
well as myelin and oligodendrocyte loss with relative 
axonal preservation. These conditions are charac- 
terized for toluene, not chlorinated hydrocarbon, abuse, 
and it is known from animal studies that some dif- 
ferences in specific neurologic effects may exist between 
the individual solvents.*° However, a pathologic picture 
similar to that seen with toluene abuse may occur in cases 
of chronic chlorinated hydrocarbon abuse. Metabolites 
may also contribute to CNS effects, especially in the case 
of metabolically produced carbon monoxide from 
significant methylene chloride exposure.“ 

Chronic exposure to chlorinated hydrocarbons at lower 
levels is most frequently associated with occupational 
settings. The CNS depression and narcosis seen with 
acute high-dose exposure is generally not seen with 
chronic low-dose exposures. The occurrence of solvent- 
induced encephalopathy from low-dose exposure is a 
matter of some debate. Several epidemiologic studies 
have looked for cognitive dysfunction in workers 
exposed to individual and mixtures of solvents with 
batteries of psychometric tests.**°? However, these studies 
are often difficult to interpret because of confounders 
such as simultaneous exposure to multiple chemicals, 
including alcohol use, and have not consistently and 
definitively shown any predictable CNS dysfunction with 
this exposure paradigm. 


Cardiovascular 


The effects of chlorinated hydrocarbons on the cardio- 
vascular system are visible on heart rate, contractility, and 
conduction. In general, the effects on all three of these 
parameters are dose-dependent depressive clinical 
effects. These depressant effects are likely at least twofold 
in etiology. First, the chlorinated hydrocarbons exert 
solvent-like effects that alter the fluidity of myocardial 
cell membranes, causing direct myocardial depression of 
contractility.°'°* Second, because of their lipophilic 
character, the chlorinated hydrocarbons readily cross the 
blood-brain barrier and disrupt the neuronal control of 
both heart rate and contractility. In fact, trichloroeth- 
ylene (TCE) was once used as an inhaled agent for 
human anesthesia but was abandoned because of its 
cardiac depressant effects, which caused excessive 
bradycardia and hypotension.” 
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The effects of chlorinated hydrocarbons on cardiac 
conduction are slightly more complex but can be 
considered to fall into two basic categories: depression 
and sensitization. The depressant effects are the result of 
the solvents acting to stabilize the myocardial cell 
membranes to depolarization.”? This increased membrane 
stability blocks conduction impulse transmission resulting 
in an increased risk for dysrhythmias. In vitro evidence 
also suggests that some depressant activity appears to be 
the result of the ability of the chlorinated hydrocarbons 
to attenuate calcium dynamics in cardiac myocytes 
during excitation-contraction coupling.®** The potency of 
the tested compounds to inhibit calcium dynamics in the 
cardiac myocytes expressed as IC; correlated strongly 
(r = 0.9829) with compound lipophilicity expressed as 
octanol:water partition coefficient.” 

Sudden death in humans following large exposure to 
chlorinated hydrocarbons has been reported numerous 
times and is often referred to as “sensitization.” Often, 
those afflicted by sudden death are solvent abusers, 
although death following occupational exposures to 
some solvents has occurred.°””® The strong link between 
solvent abuse and sudden death was the genesis of the 
descriptive term sudden sniffing death, which is sometimes 
used to refer to this condition. Postmortem examination 
of people who died under such circumstances is often 
without adequate anatomic abnormality to alternatively 
explain death. The demise is sudden and often without 
apparent neurologic involvement such as seizures, so it 
seems likely that the cause of death is a dysrhythmia- 
associated sudden cardiac arrest. As such, the concept of 
“myocardial sensitization” has been offered as an 
explanation. The actual pathophysiology of myocardial 
sensitization is poorly understood. The general theory is 
that the myocardium becomes more responsive to the 
effects of systemic catecholamines, including endogenously 
released epinephrine, and that any excess catecholamine 
exposure causes irritability of the myocardium, resulting 
in dysrhythmias. Hypoxia may be an alternative 
explanation. 

Perhaps the most widely cited study of myocardial 
sensitization from halogenated hydrocarbon inhalation 
was reported in 1971 by Reinhardt and colleagues.*’ Due 
to the frequency with which it is cited in other works, this 
study deserves a brief discussion. In this investigation, 
the potential of 13 compounds to produce dysrhythmias 
in a dog model was examined. Nine of the test com- 
pounds were fluorocarbon derivatives (Freon), seven of 
which were also chlorinated; two compounds (isobutane 
and propane) were simple hydrocarbons; one was an 
aliphatic ether (dimethyl ether); and the last was vinyl 
chloride. Two exposure circumstances were used and 
designated “standard exposure” (test compound inhaled 
over 10 minutes) and “short-term exposure” (high con- 
centration of test compound inhaled for 30 seconds 
accompanied by a stimulus to frighten the animal in 
order to stimulate endogenous epinephrine release). 

In the standard exposure experiment, the animals 
were equipped with continuous electrocardiographic 
monitors and received an intravenous injection of 
epinephrine (0.008 mg/kg over 9 seconds) followed by 
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the desired dose of test compound through mask 
inhalation. Midway through a 10-minute inhalation of 
test compound, a “challenge injection” of epinephrine 
was given, and the electrocardiogram was observed for 
the development of alterations in cardiac rhythm. The 
short-term exposure experiments were conducted in a 
similar fashion, except a high concentration of test com- 
pound was inhaled by the animal for only 30 seconds, 
and an external stimulus was applied to frighten the 
animal. The external stimulus used was a loud recording 
of noises such as sirens, gongs, and jet takeoffs. The 
authors examined the electrocardiographic data for the 
presence of marked responses, which they defined as 
development of a dysrhythmia considered to pose a 
serious threat or ending in cardiac arrest. In the standard 
exposure group, marked responses were seen only with 
higher concentrations of test compound, although not 
every animal who received the higher-dose test com- 
pound developed a marked response. The total number 
of dogs used in each phase of the experiment ranged 
from 6 to 13. Of the 367 dog exposures studied in the 
standard exposure experiments, 111 cases of marked 
response were reported, of which 14 were ventricular 
fibrillation and cardiac arrest. Alternatively stated, a 
cardiac arrest rate of only 3.8% was observed. In the 
short-term study, 66 dog exposures provided 9 marked 
responses, none of which were ventricular fibrillation or 
cardiac arrest. Notably, two animals manifested a 
bigeminal rhythm with areas of the electrocardiogram 
suggestive of multiple ventricular beats. The authors 
further indicated that the potential activity of a given 
compound depended at least partly on the specific 
halogen atoms present in the test compound. Those 
compounds that contained chlorine atoms produced the 
greatest degree of effect, whereas those halogenated 
only with fluorine were less effective. No brominated or 
iodinated compounds were studied. The nonhalogenated 
compounds produced a marked response rate similar to 
that seen with the halogenated compounds. 

The authors suggested that smaller doses of epi- 
nephrine were required to induce life-threatening 
dysrhythmias or cardiac arrest following exposure to the 
test compounds. Other investigators have indicated that 
the concentrations of epinephrine required to cause 
cardiac dysrhythmias with exposure to inhaled chlorinated 
hydrocarbons are within the physiologic range.” 
However, even with the significantly higher doses of 
epinephrine used in Reinhardt’s dog study, none of the 
animals in the short-term exposure group suffered 
cardiac arrest. The cardiotoxicity associated with inhaled 
chlorinated hydrocarbons appears to be exacerbated in 
the setting of hypoxia and hypercarbia.>’°? A lack of 
protective effect against development of cardiac 
dysrhythmias because of tolerance with long-term use 
has been suggested as support for the theory of 
myocardial sensitization. Although the principle of 
myocardial sensitization has been proposed in human 
cases of sudden death from solvent abuse, definitive data 
are lacking. 

Several other factors may be either responsible or at 
least contributory to sudden death in chlorinated hydro- 


carbon exposures. For example, chronic solvent abuse is 
associated with the development of cardiomyopathy, 
which is a known substrate for dysrhythmias. This may 
explain the lack of tolerance to cardiac dysrhythmias in 
people with a long-standing history of solvent abuse. 
Hypoxia and hypercarbia also put patients at greater risk 
for potentially lethal cardiac dysrhythmias; and hypoxia, 
anoxia, and suffocation all result from excessive oxygen 
displacement or positioning following loss of con- 
sciousness when chlorinated solvents are inhaled in large 
quantities. Finally, depression of sinus node impulse 
generation can be induced, leading to profound 
bradycardia with subsequent ventricular escape rhythms. 
In short, sudden death associated with inhalation of high 
concentrations of chlorinated hydrocarbon solvents, 
especially solvent abuse, is probably multifactorial, and 
myocardial sensitization to endogenous catecholamines 
is likely not the sole etiology. 

When victims of sudden sniffing death are examined 
at autopsy, both gross and microscopic examinations 
are frequently normal. This has been demonstrated not 
only in animals but also in human cases.°”°" Two papers 
have also examined the postmortem tissue concen- 
trations of trichloroethylene in cases of human death 
following acute occupational exposure.°®”° In one of the 
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listed cases, a brain trichloroethylene concentration 
of 2.5mg/100¢g was detected 33 days after death 
demonstrating the significant partitioning of the solvent 
into the CNS.” 


Liver 


Chlorinated hydrocarbons, especially carbon tetra- 
chloride and chloroform, are known to cause 
centrilobular hepatic necrosis and hepatomegaly.!” The 
destruction of liver cells, which may progress to involve 
the entire hepatic lobule, requires the metabolic 
activation of the chlorinated hydrocarbon (Fig. 93-3). 
The metabolically produced radicals are highly reactive, 
so the site of toxic effect is the liver because this is the site 
of radical production. The two most significant effects of 
free radical production are steatosis and carcinogenesis. 
Free radicals bind components of hepatocytes, resulting 
in inhibition of lipoprotein secretion.!”* This causes an 
accumulation of fatty tissues in the liver, resulting in 
steatosis. When radicals react with DNA, the resulting 
adducts may be carcinogenic. 

Although other chlorinated hydrocarbons do not 
cause hepatic necrosis, many induce fatty changes in the 
liver. Even though the fatty changes are typically 
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FIGURE 93-3 Metabolic activation of carbon tetrachloride to form free radical species. 





€ 1356 


reversible, it is a matter of some discussion as to whether 
or not the fatty changes are a prelude to hepatocyte 
death. The significance of the damage and ultimate 
prognosis for recovery are based on several factors. 
Among these factors are the magnitudes of exposure, 
underlying liver health, and presence or absence of 
other hepatotoxins. It is also important to realize that the 
extent of CNS involvement is not necessarily predictive 
of liver or kidney injury. 


Kidney 


Renal damage may also be associated with exposure to 
some of the chlorinated hydrocarbons. Reported toxic 
effects of chlorinated hydrocarbon poisoning on the 
kidney include azotemia, oliguria, anuria, ketonuria, 
acute tubular necrosis, and renal failure.®!®* Granular 
casts and red blood cells have also been seen in the urine 
after chloroform exposure.*’ Although inadequate to 
explain all cases of renal injury that have been reported 
after exposure to chlorinated hydrocarbons, at least part 
of the mechanism of injury in the kidney is likely the 
same as in the liver: production of reactive free radical 
and other reactive metabolites in the kidney by P- 
450-mediated oxidation.® It has been suggested that 
occupational exposure to chlorinated solvents is linked 
to glomerulonephritis, but this association has not been 
clearly defined.®!? Renal failure has been reported after 
dermal exposure to carbon tetrachloride.'® 


Dermal 


Because chlorinated hydrocarbon solvents are very 
hydrophobic, they tend to dissolve the lipids in the 
epidermis. This defatting of the skin surface often leads to 
a chronic irritant dermatitis. Most chlorinated hydro- 
carbon solvents are mild irritants. However, repeated or 
prolonged dermal contact may produce inflammation or 
burns. Trapping of solvents such as chloroform and 
methylene chloride under jewelry like rings and watches 
results in an almost immediate burning sensation on the 
contacted skin. Skin exposed to chlorinated hydrocarbon 
solvents may become hyperkeratotic, scaly, or thickened, 
and painful cracks or fissures may also be present.” 
Tetrachloroethylene (perchloroethylene) is a much 
stronger irritant than the other chlorinated hydrocarbon 
solvents, and even brief contact with this compound can 
result in blistering and burns.” 

Beyond simply the discomfort associated with solvent- 
caused dermatitis, the violation of the integrity of the 
skin as a barrier may also have significant clinical con- 
sequences. Dermal absorption of chlorinated hydrocarbon 
solvents alone is generally insufficient to cause systemic 
illness. However, when the skin is no longer intact, 
absorption of solvents may be greater, potentially leading 
to systemic effects. Dermal absorption of some important 
chlorinated hydrocarbon compounds may be clinically 
significant through the contribution of this route of 
exposure to the total-body burden of the compounds. In 
addition, although the chlorinated hydrocarbons are not 
themselves allergenic, it is possible that destruction of 
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the skin by these solvents may make the skin more 
permeable to sensitizing agents with which the exposed 
individual may be working. 

Effects of chlorinated hydrocarbon exposure on the 
skin may also be systemic. Development of local 
scleroderma on the volar surfaces of the forearms and 
dorsal surfaces of the ankles in a 26-year-old woman with 
a history of working with tetrachloroethylene was 
reported, although this patient also worked with other 
solvents and this association remains elusive. 

Exposure to trichloroethylene is associated with a 
unique toxicity known as “degreaser’s flush.” This 
condition is manifested by flushing of the face after 
ingestion of ethanol in people with chronic exposure to 
trichloroethylene vapor. The flushing is a result of 
vasodilation of the superficial blood vessels on the face. 
The exact mechanism of this effect is unclear, but it may 
be due to the direct effects of the trichloroethylene 
metabolites chloral hydrate and trichloroacetic acid on 
the vasculature. 

The time course of degreaser’s flush is predictable. 
Typically, red blotches develop on the nose and malar 
eminences within about 30 minutes after the individual 
ingests alcohol. The blotches increase in size and then 
become confluent, resulting in a generalized flushing of 
the face and neck, which peaks within about an hour. 
The flushing then gradually diminishes to disappearance 
over the course of the subsequent hour. In daily drinkers 
of alcohol, degreaser’s flush is generally not observed 
until after about 3 weeks of daily exposure to 
trichloroethylene vapor. Notably, once established, the 
flushing reaction may occur with ethanol ingestion as 
much as 3 weeks after the last trichloroethylene vapor 
exposure. 


Ocular 


Like the skin, damage to the eye as a result of ocular 
chlorinated hydrocarbon exposure is largely due to 
delipification. Most often, the result of ocular exposure 
is mild chemical conjunctivitis, although direct application 
of high-concentration liquid chlorinated solvents may 
cause pain or burning with corneal dulling.'* Diplopia, 
visual blurring, and blindness have also been reported 
with contact with bulk chlorinated hydrocarbon 
solvents.'* Punctate staining of the epithelium may be 
seen with fluorescent examination. Unless serious 
chemical burns result, the damage is generally reversible. 
Both carbon tetrachloride and tetrachloroethylene have 
been implicated in development of optic neuritis, 
although this is not universally supported in the 
literature.” 

Blepharospasm has been reported after exposure to 
high concentrations of chloroform vapor.° However, 
most cases of exposure to airborne chlorinated hydro- 
carbons do not result in persistent ocular damage even 
when the solvent concentrations are quite high. 

Systemically absorbed chlorinated hydrocarbons do 
not typically cause ocular toxicity. However, development 
of blue-gray corneal opacities was observed in a dog 
model after systemic, but not intraocular, administration 


of dichloroethane.'’ No reports of similar systemically 
mediated ocular effects in humans exist. 


Pulmonary 


Exposure of the lungs to chlorinated hydrocarbons must 
be divided into two distinct situations: aspiration and 
inhalation. The effects on the lungs from these two 
different routes of exposure are quite different. With 
aspiration of liquid solvent, potentially severe chemical 
pneumonitis is the primary concern. This is largely due 
to the solubility of lung surfactant in the chlorinated 
hydrocarbon solvent leading to profound inflammation 
of the lung. In contrast, inhalation of solvent vapor does 
not typically cause this sort of injury, although massive 
inhalation has caused pulmonary hemorrhage.'* Even 
though respiratory arrest may be seen with large 
inhalation exposures to chlorinated hydrocarbons, the 
mechanism is typically CNS depression (solvent narcosis) 
rather than direct damage to the lung. 

Because of the volatility of the chlorinated hydro- 
carbon solvents, the lungs represent a major exposure 
pathway. Although metabolism by P-450 enzymes in the 
Clara cells may produce some reactive metabolites, the 
lungs are not a principal target organ for chlorinated 
hydrocarbon toxicity.°° Pulmonary irritation is possible, 
and is expected with high-concentration exposures. Very 
large pulmonary exposures to some compounds, including 
methylene chloride, may produce chemical pneumonitis 
or noncardiogenic pulmonary edema.!146768 


Teratogenicity and Carcinogenicity 


The association of reproductive effects, including terato- 
genicity, and carcinogenicity with exposure to the 
chlorinated hydrocarbon compounds is a topic that is 
hotly debated. Vinyl chloride, which is not discussed in 
this chapter, is an International Association for Research 
on Cancer (IARC) class 1 compound, and knowledge of 
this association fuels concern about the cancer-causing 
potential of other chlorinated hydrocarbons. Conflicting 
data between studies, as well as significant species 
dependence in observed effects, make evaluation and 
comparison of much of the data difficult. Interpretation 
of the human epidemiologic data is further hindered by 
the presence of confounders such as simultaneous 
significant exposure to other potentially toxic compounds, 
poor quality of exposure measurements, and recall bias. 

Perhaps the simplest case is that for 1,1,1-tri- 
chloroethane. Data suggest no teratogenic effects in labor- 
atory animals or humans; further, carcinogenicity of this 
compound has not been demonstrated in humans. 
Animal data suggest that tetrachloroethylene is feto- 
toxic, and both tetrachloroethylene and _trichloro- 
ethylene have been reported to cause developmental 
abnormalities in animals.®:”? However, these observa- 
tions do not seem to translate to human epidemiologic 
investigations. No adverse effects on reproduction have 
been shown in humans after exposure to tetrachlor- 
oethylene. Although trichloroethylene exposure is a sug- 
gested culprit in human cases of birth defects and 
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increased rates of spontaneous abortion, inadequate 
data regarding the amounts of other compounds to 
which the mothers were exposed is missing, making 
establishment of a link impossible.®”° Although asso- 
ciations between exposure to tetrachloroethylene and 
development of malignancy (leukemia as well as liver, 
esophageal, and urinary tract tumors) and also between 
trichloroethylene and other cancers (non-Hodgkin’s lym- 
phoma, hepatic and renal cancers) have been alleged, 
the epidemiologic data are not sufficient to establish a 
definitive connection.’!”? Impurities in the chlorinated 
hydrocarbon solvents may significantly influence evalu- 
ation of cancer-causing potential. One study reported 
development of pulmonary tumors in mice exposed to 
trichloroethylene; however, the trichloroethylene used 
in the experiments may have been contaminated with 
trace amounts of the stabilizer epichlorohydrin, a known 
carcinogen.” Tetrachloroethylene and trichloroethylene 
are both classified as IARC 2A compounds, whereas 
1,1,1-trichloroethane is IARC class 3 based on animal 
studies. Concerns about possible adverse health effects 
have resulted in published efforts describing methods to 
limit occupational exposure to chlorinated hydrocarbon 
solvents and influence both technologic innovation and 
legislation on industrial metal degreasing.” 

The case of association is modestly stronger for adverse 
reproductive effects and carcinogenicity with exposure 
to the one-carbon chlorinated derivatives. Although 
methylene chloride and chloroform have not been shown 
to be teratogenic in some animal models, chloroform is 
highly embryotoxic and causes changes in sperm 
morphology in animals.'4” Chloroform readily crosses 
the placenta.” Two cases of eclamptic toxemia were 
reported in pregnant women who worked in a laboratory 
where chloroform was used, although the association was 
circumstantial.” 

The situation for carbon tetrachloride is similar. This 
compound also crosses the placenta and has been 
detected in cord blood in exposed humans.” Carbon 
tetrachloride has been reported to be both fetotoxic 
and teratogenic in rats.’ Other investigators have not 
observed teratogenic effects in rats or rabbits. At 
carbon tetrachloride doses of 0.1 and 0.01 of the LDs, 
given to mice on days 1, 6, and 11 of gestation, no 
evidence of teratogenicity or fetotoxicity was observed.” 
Carcinogenicity of other compounds may be enhanced 
by exposure to carbon tetrachloride.*’ Methylene 
chloride, chloroform, and carbon tetrachloride are all 
classified as IARC class 2B. Except for vinyl chloride, the 
data in animals suggest an association with development 
of cancer; data in humans are inadequate to establish 
causality. 


DIAGNOSIS 


Although patients presenting with acute chlorinated 
hydrocarbon toxicity may be quite ill, the signs and 
symptoms are nonspecific. Further, specific laboratory 
assays for the detection of chlorinated hydrocarbons are 
not routinely available in most hospital laboratories but 
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are from certain reference laboratories. Therefore, to 
diagnose chlorinated hydrocarbon toxicity, it is necessary 
to obtain a history of exposure. In cases of acute occu- 
pational exposure, container labels or material safety 
data sheets may be available. Additional helpful infor- 
mation, such as air monitoring results, may be available 
from local emergency medical services personnel or fire 
department hazardous materials teams who responded 
to the incident. Cases of chronic exposure in which no 
immediate life threats exist may be more challenging to 
reconcile. Such incidents require careful physical 
examination along with a detailed history and differ- 
ential diagnosis. Although it is most often essentially 
impossible to determine exact dose, especially in chronic 
exposure circumstances, some topics that should be 
addressed include the conditions of use, temperature, 
ventilation systems and other workplace controls in 
place, use of personal protective equipment, and 
whether the agent is aerosolized or used as bulk solvent. 
In the evaluation of less critical patients presenting with 
possible chronic toxicity, the history must include not 
only workplace exposure but also potential household 
and hobby sources such as home improvement, 
automotive repair, art, and cleaning activities. 

In general, chlorinated hydrocarbons are CNS depres- 
sants, although this diminished level of consciousness 
may be preceded by an initial brief period of CNS 
excitation. The exact effects on the CNS and the time 
course of onset are largely dose dependent. Dose is 
determined by duration of exposure, concentration of 
the solvent, and minute ventilation volume. Individual 
susceptibility may also play a role in the development of 
specific signs and symptoms. 

Large inhalation exposures are typically manifested 
by headache, fatigue, lethargy, nausea, and abdominal 
discomfort. Continued exposure may result in a progres- 
sion to ataxia, stupor, coma, and death. Higher concen- 
tration exposures are generally associated with more 
rapid onset of more significant signs and symptoms. In 
some rare cases, coma and death may occur within 
minutes. Fortunately, with removal from the source of 
exposure, recovery is typically rapid provided the victim 
has not suffered serious trauma or hypoxic insult. 
Because of its prolonged elimination time, recovery may 
be somewhat slower after exposure to high concen- 
trations of tetrachloroethylene. 

Clinical presentation after ingestion of chlorinated 
hydrocarbon solvents is analogous to that seen with 
inhalation. However, the CNS depression may be delayed 
in onset with ingestion as a result of the time lag 
required for systemic absorption. In cases of large 
ingestions of trichloroethylene or tetrachloroethylene, 
onset of neurologic signs and symptoms may be delayed 
for several hours. As previously stated, trichloroethylene 
is eliminated very slowly. Therefore, prolonged coma 
may result after significant ingestions. Furthermore, it is 
possible that cardiac dysrhythmias may develop hours 
after ingestion of trichloroethylene when CNS depres- 
sion is present or after significant methylene chloride 
exposure as a result of carbon monoxide production. 
One other special case that must be kept in mind is the 
potential for metabolic production of carbon monoxide 
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from significant exposures to dichloromethane. Although 
recovery may be slightly slower than with inhalation, 
recovery from chlorinated hydrocarbon poisoning as a 
result of ingestion is typically complete within about 
24 hours in the absence of secondary effects such as 
aspiration, hypoxia, or carbon monoxide production. 


MANAGEMENT 


The initial approach to the medical management of acute 
chlorinated hydrocarbon toxicity is appropriate supportive 
care. As toxic exposure to this class of compounds is 
associated with substantial CNS and respiratory 
depression, as well as the possibility of oropharyngeal 
edema due to chemical burns, early and aggressive 
airway Management is paramount. In these situations, as 
well as in cases of large ingestions, protection of the 
airway with endotracheal intubation is appropriate. Pulse 
oximetry and cardiac monitoring should be initiated and 
intravenous access obtained with crystalloid fluids. 
Baseline laboratory evaluation of acid-base status, 
electrolytes, and renal and hepatic function is appropriate. 
Chest radiography to assess endotracheal tube 
placement or the possibility of aspiration is indicated if 
clinically appropriate. Interestingly, some chlorinated 
hydrocarbons are radiopaque, which may assist in 
locating significant depots. In cases of significant 
methylene chloride exposure, absorption may be 
prolonged; therefore, serial carboxyhemoglobin deter- 
minations are appropriate until a definitive downward 
trend is demonstrated. Chlorinated hydrocarbon toxicity 
frequently causes profound diarrhea, which may 
exacerbate electrolyte imbalances. As such, fluid intake 
and output should be monitored closely as significant 
volumes of fluid and associated electrolytes may need to 
be replaced. 

There is no specific antidotal therapy for chlorinated 
hydrocarbon intoxication. As such, treatment is symp- 
tomatic and supportive using standard basic and 
advanced life support interventions. Dysrhythmias 
resulting from chlorinated hydrocarbon toxicity should 
be managed according to standard advanced cardiac life 
support protocols. Many sources recommend that 
clinicians avoid the use of catecholamines such as epi- 
nephrine during the course of resuscitation of chlorinated 
hydrocarbon-induced cardiac arrest because of the 
possibility of myocardial sensitization to endogenous 
catecholamines. However, because myocardial sensitization 
has not been definitively shown to be the principal 
mechanism for sudden death associated with chlorinated 
hydrocarbon exposure and because administration of 
catecholamines such as epinephrine and dopamine is a 
standard resuscitative measure, complete avoidance of 
these therapies may be unwise. 


Decontamination and Prevention of 
Absorption 
External decontamination after exposure to chlorinated 


hydrocarbons is necessary to limit continued absorption 
by the victim as well as to protect the rescuers. Largely as 


a result of the volatility of these compounds, simple 
decontamination techniques are quite effective. Removal 
of clothing followed by washing with copious amounts of 
water is the management of choice. Addition of soap to 
the decontamination rinse may assist in increasing the 
solubility of the chlorinated hydrocarbon compounds 
in the decontamination water. As with most liquid 
chemicals, the possibility of enhancement of absorption 
through vasodilation as a result of using scrubbing 
brushes or hot decontamination water exists with 
chlorinated hydrocarbon solvents. However, these com- 
pounds are sufficiently volatile and their percutaneous 
absorption generally low enough that this concern is 
largely theoretical. Special attention should be given to 
the decontamination of open wounds and mucous 
membranes. 

Gastric decontamination after ingestion of chlorinated 
hydrocarbons should be undertaken on a carefully 
considered case-by-case basis. Induction of emesis is 
contraindicated because these compounds are commonly 
associated with CNS depression. Gastric aspiration may 
be considered in cases of large carbon tetrachloride or 
chloroform ingestion presenting shortly after ingestion 
in an attempt to limit the risk for hepatic damage. 
Administration of a single dose of activated charcoal may 
be considered, especially in cases of polysubstance 
ingestion. However, the clinician should remain mindful 
that the efficacy of activated charcoal has not been 
proved in cases of chlorinated hydrocarbon ingestion 
and that the potential for CNS depression, emesis, and 
aspiration exists. 

There are no specific antidotes for toxic exposure to 
chlorinated hydrocarbons. N-acetylcysteine (NAC) is 
beneficial in preventing damage due to acetaminophen 
intoxication as well as in cases of fulminant hepatic 
failure.®'** There are several proposed mechanisms of 
action for the hepatoprotective effects of NAC, including 
acting as both a glutathione precursor and a glutathione 
surrogate. Based on this theory, case reports have 
suggested using NAC to assist in minimizing hepatic damage 
as a result of acute carbon tetrachloride exposure.*° 
Additional case reports suggest benefit from hyperbaric 
oxygen therapy in cases of methylene chloride or carbon 
tetrachloride poisoning.*** 

Enhancement of elimination from the gastrointestinal 
tract using methods such as whole-bowel irrigation is not 
appropriate for toxic ingestions of chlorinated hydro- 
carbons. Because chlorinated hydrocarbons are eliminated 
largely through the lungs, hyperventilation may be 
beneficial. A case report of tetrachloroethylene poisoning 
suggested some benefit in accelerated clearance with 
hyperventilation.” Because of the large volumes of 
distribution, clearance of the chlorinated hydrocarbons 
using hemodialysis is generally ineffective. However, in 
cases of chlorinated hydrocarbon-induced renal failure, 
hemodialysis may be necessary and should be continued 
until renal function normalizes. 


Disposition 


In cases of toxicity after inhalation of chlorinated 
hydrocarbons, cessation of symptoms and complete 
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recovery are expected shortly after termination of the 
exposure. Typically, if the patient is asymptomatic, 
discharge is appropriate as soon as any alterations in 
mental status clear. The oral pathway may require a 
longer observation period. Depending on the 
circumstances of the exposure, discussion of safety 
practices at the worksite or referral for psychiatric 
evaluation may be warranted. 

Patients with persistent CNS depression, cardiac 
dysrhythmias, or pulmonary involvement should be 
admitted until the clinical picture resolves. Further, in 
the event of a significant exposure, admission, with serial 
clinical and laboratory evaluations, is recommended. 
Renal and hepatic injury typically resolves with gen- 
eralized supportive care and returns to baseline within 
days to weeks. 
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At a Glance... 


m Being highly lipophilic, all can produce narcosis if inhaled in 
high concentration, with CNS depressant effects that compare 
with those of general anesthetics 

m = The major aromatic compounds of toxicologic importance are 
toluene, benzene, styrene, ethylbenzene, trimethylbenzene, and 
xylene. 

m The toxicity of the aromatic hydrocarbons is variable. Some, 
such as benzene, are highly toxic, affecting the CNS, bone 
marrow, and other vital organs. 

m Many of the aromatic compounds are metabolized by cyto- 
chrome P450 isozymes. 

m Metabolites of aromatic compounds are excreted in urine, 
making biological monitoring for occupational exposures 
relatively simple. In contrast, analysis of aromatics and their 
metabolites in blood is difficult. 

m Treatment of severe exposure is supportive and includes the 
provision of fresh air or oxygen. There is probably little role for 
gastrointestinal decontamination since aromatics are not well 
adsorbed by activated charcoal. 


Aromatic hydrocarbons are benzene derivatives; they 
constitute more than 50% of the different chemicals 
in common use.'* Aromatic solvents are found widely 
in many diverse occupations and products, in degreasing 
operations, lacquers manufacturing, printing, electron- 
ics and rubber (especially tire) manufacturing, paints, 
resins, pharmaceuticals, and glues and adhesives. ‘They 
are liquids that typically exhibit high vapor pressures and 
low boiling points that rise with increasing molecular 
weight. This group of compounds has chemical struc- 
tures of unsaturated cyclic compounds with the benzene 
ring as its basis. Benzene is the simplest homolog within 
the group. 

Aromatic hydrocarbons are divided into the benzene 
group (one ring), the naphthalene group (two rings), and 
the anthracene group (three rings). Polycyclic aromatic 
hydrocarbons (polynuclear aromatic hydrocarbons) have 
multifused benzene rings.’ This chapter reviews only the 
aromatic hydrocarbons in the benzene (single-ring) 
group, specifically benzene and its common derivatives, 
styrene, toluene, and xylene. These four compounds 
have historically been used as solvents, antiknock agents 
in motor fuel, and process intermediates and feedstock 
for chemical synthesis. 

Although originally derived from coal tar, the main 
source of aromatic organic compounds today is petroleum. 

The term aromatic originally stemmed from the 
pleasant odor characteristic of the earlier recognized 
compounds in the group; these substances were used in 
perfumes and flavorings. However, some aromatic 
hydrocarbons are odorless. 


9 4 Benzene and Related Aromatic Hydrocarbons 


Aromatic solvents are characterized by nonpolarity 
and high lipid solubility. Structurally, their molecules are 
flat, with reactive electron clouds above and below the 
ring. The aromatic solvents have historically been found 
as mixtures in occupational settings, such as combinations 
of toluene, benzene, styrene, ethylbenzene, trimethyl- 
benzene, and xylene. 

Exposure to aromatic solvents occurs through contact 
with vapor or liquid with absorption through inhalation 
or the skin. Acute inhalational exposure to high airborne 
concentrations can produce dizziness, syncope, confusion, 
euphoria, respiratory irritation, and in some instances, 
coma through direct neurotoxicity (solvent narcosis). 
Inhalational exposure to high airborne concentrations 
may also sensitize the myocardium to catecholamines, 
both endogenous and exogenous, leading to potentially 
dangerous dysrhythmias, once dubbed “sudden sniffing 
death syndrome.” Their individual toxicity correlates 
with physical chemical properties, inherent toxicity, and 
clinical pharmacokinetics, including metabolite pro- 
duction. Some aromatics, such as benzene and styrene, 
have metabolites that are their primary toxins. 


BENZENE 


Benzene, CAS registry 71-43-2, also referred to as 
annulene, benzeen (Dutch), benzen (Polish), benzol, 
benzole, benzolo (Italian), bicarburet of hydrogen, coal 
naphtha, cyclohexatriene, fenzen (Czech), phene, phenyl 
hydride, pyrobenzol, pyrobenzole, and Polystream, is a 
clear, colorless to yellow liquid. Its odor threshold is 1.54 
to 4.68 ppm, with a taste threshold in water of 0.5 to 
4.5 mg/L. The molecular weight is 78.11.45 Benzene in 
mixtures deviates from Raoult’s law. Its vapor concen- 
tration is frequently higher than would be expected 
based on the concentration of benzene found in a 
solvent or hydrocarbon mixture. This is especially true of 
mixtures of hydrocarbons or solvents containing more 
than 5% benzene, from which substantial exposures to 
benzene vapors might occur during routine use.° 
Benzene, a highly flammable liquid, was first dis- 
covered in 1825 by Michael Faraday, who isolated it from 
a liquid condensed from compressed oil gas.’ The 
heating of coal in a “by-product coke oven” resulted in 
the extraction of benzene, a significant by-product that, 
because of its low cost, excellent solvent properties, and 
rapid rate of evaporation, was used to make solutions of 
rubber or inks. Benzene was also involved in the 
chemical synthesis of dyes or halobenzene derivatives 
and other chemicals.’ In the 19th century, benzene was a 
common household degreasing agent and used in the 
dry-cleaning industry until its flammability, rather than 
its toxicity, led to its replacement by chlorinated 
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hydrocarbon solvents. Benzene was one of the first 
cancer chemotherapeutic agents recommended for the 
treatment of leukemia. The rationale for this astonishing 
treatment was that leukopenia occurred in some cases 
of benzene poisoning. However, “benzene therapy” was 
short-lived because of the complex action of the 
substance on the blood and the ensuing toxicity.’ 

Today, benzene is a widely used chemical with an annual 
production ranging from 10 to 30 billion pounds.!®11 

Recently, the mandatory decrease of lead alkyls in 
gasoline has led to an increase in the aromatic hydro- 
carbon content of gasoline to maintain high octane 
levels and antiknock properties. In the United States, 
gasoline typically contains less than 2% benzene by 
volume, but in other countries, benzene concentrations 
can be as high as 5%."! 

Human exposure to benzene takes place in factories, 
refineries, and other industrial settings. Although only a 
relatively small number of individuals are occupationally 
exposed to benzene, the general population is exposed 
to benzene contained in gasoline, automobile exhaust, 
and diesel fuel. Benzene is present in cigarette smoke, 
and smoking is the main source of benzene exposure for 
many people.’ It is found naturally in the environment at 
low concentrations.!* For example, a hen’s egg contains 
35 to 133 ug of benzene. Many other foods (haddock 
fillet, red beans, blue cheese, cheddar cheese, pineapple, 
roasted filberts, potato tubers, cooked chicken, toma- 
toes, strawberries, black currants, roasted peanuts, soy- 
bean milk, codfish) also contain benzene in minute 
quantities. However, the exposure to benzene through 
normal dietary intake is not considered to be significant 
for the general population. Intakes per day from other 
exposures include smoking (1800 ug), passive smoke 
(50 ug), filling a gas tank (10 ug), driving or riding in a 
car (40 ug), and breathing outdoor air (120 ug).'°" 

In 1897, Santesson, a professor of pharmacology at 
the University of Stockholm, first reported the deaths 
from aplastic anemia of four female industrial workers 
who used a benzene-based rubber cement in the course 
of their work in a tire factory. Subsequently, Selling at 
Johns Hopkins (1910) substantiated his suspicion that 
benzene was the cause of aplastic anemia among workers 
in a canning factory, inducing leukopenia and marrow 
aplasia in rabbits by injecting them with benzene 
(subcutaneously, 1 mL/kg daily). Weiskotten (1920) 
at Syracuse University College of Medicine administered 
benzene by inhalation to rabbits (240 ppm) and 
produced similar results. Confirmed by subsequent 
studies, the direct relationship between benzene 
exposure and aplastic anemia was established." 

Acceptance of the cause-and-effect association be- 
tween benzene exposure and leukemia was, however, 
slower in gaining acceptance after initial case reports by 
LeNoir and Claude in 1897 and Delore and Borgomano 
in 1928” because few cases of leukemia were observed 
compared with reports of aplastic anemia associated with 
benzene exposure during that period. Nevertheless, 
Vigliani (1938) described benzene toxicity and classified 
it into four groups: (1) typical aplastic anemia, (2) 
atypical aplastic anemia with the bone marrow appearing 
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to be quite active in the formation of undifferentiated 
cells, (3) atypical aplastic anemia in which the marrow 
appeared to be either “hyperplastic” or “metaplastic,” 
and (4) aleukemic leukemia.'4 

A cottage industry in shoemaking existed in Turkey, 
with families making shoes in their poorly ventilated 
homes. A petroleum-based solvent was used as a base for 
the glue until 1955 to 1960, when a change was made to 
a benzene-based glue. Professor M. Aksoy of the 
Department of Hematology at the University of Istanbul 
recognized an unusual number of cases of aplastic 
anemia and leukemia among his clinic patients. Aware of 
Vigliani’s work, he studied the shoemakers of Istanbul, a 
cohort that numbered 28,500, and initially described 
217 cases of bone marrow depression and 26 cases 
of leukemia (1971). He detected several cases of 
“preleukemia” and subsequently reported that of 51 
cases of pancytopenia, 13 developed leukemia (1972) ." 

U.S. agencies, such as the Occupational Safety and 
Health Administration (OSHA) and the National 
Institute of Occupational Safety and Health (NIOSH) 
conducted further studies that established benzene as a 
leukemogen; those agencies and others attempted to 
determine acceptable levels of workplace exposure.” A 
scientific consensus group (International Agency for 
Research on Cancer, IARC) concluded in 1982 that 
benzene was etiologically related to the development of 
acute nonlymphocytic leukemia based on epidemiologic 
studies.!© 

Later, a retrospective study was conducted on a well- 
defined cohort of workers in Ohio who were engaged in 
the manufacture of a rubberized material termed 
Pliofilm, in which benzene was used as a solvent for the 
rubber. The study showed elevated risks for leukemia 
associated with benzene exposure and argued that the 
risk was cumulative with prolonged exposure." 

Despite criticism of the Pliofilm study, subsequent 
analyses have supported the role of benzene as a leu- 
kemogen, and the argument has since revolved around 
estimates of risk. 

An opportunity to use a larger cohort of benzene- 
exposed workers, which might be a better source of data 
for relating dose to leukemogenesis, arose in China 
where Dr. S-N. Yin of the Institute of Health of the 
Chinese Academy of Medical Sciences studied more than 
500,000 workers demonstrating yet again the associations 
between benzene exposure and aplastic anemia and 
leukemia. Although the average benzene exposure 
concentration of the entire exposed cohort was 
determined to be 5.6 ppm, ranges of exposure among 
subcohorts of workers developing aplastic anemia and 
leukemia were found to be much higher, 29 to 361 ppm 
over varying periods of time. 

A joint effort on the part of Dr. Yin’s group and the 
U.S. National Cancer Institute (NCI) involving almost 
75,000 exposed workers and 36,000 controls demon- 
strated significantly elevated levels of acute myelogenous 
leukemia (AML), myelodysplastic syndrome (MDS), and 
aplastic anemia associated with benzene exposure at 
levels below 10 ppm. However, the accuracy of exposure 
measurements and estimates in the Chinese cohorts 
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have since been questioned, and exposure levels may 
have been much higher than originally reported.'” The 
controversy regarding a “safe” level for occupational 
exposure continues. 

The benzene ring is not a structure that readily binds 
covalently to glutathione, proteins, DNA, and RNA. It 
requires metabolic activation to a more reactive structure 
beginning with conversion to an epoxide (i.e., benzene 
oxide). Benzene oxide, in equilibrium with its oxepin 
form, is further metabolized to hydroquinone and 
catechol, which can then be readily converted to a ben- 
zoquinone (ortho- or para-), the ultimate toxic metabolite 
of benzene. Another potentially toxic metabolite, 
muconaldehyde, may arise from opening of the benzene 
oxide ring.” 

The mechanisms by which benzene produces bone 
marrow damage involve several targets of benzene 
metabolites. These include inhibition of spindle for- 
mation, which impairs mitosis; inhibition of the synthesis 
of interleukin-l, an essential factor in normal bone 
marrow function; covalent binding to proteins and DNA, 
forming adducts; inhibition of DNA polymerase con- 
tributing to irreversible changes in DNA; and chromo- 
some damage, observed in MDS. Although the impact of 
these and other possible effects may have differential 
significance in the development of benzene toxicity, all 
appear to occur in the course of the development of 
benzene-induced hemopathies.® 

Upon inhalation of benzene vapors, respiratory 
uptake varies from 47% to 80%; dermal absorption from 
liquid ranges from 0.05% to 0.2%. Absorption data for 
oral exposure are not available for humans; however, in 
animals, absorption rates following oral ingestion of 
benzene have been found to be 90% to 100%.!! 

Benzene is distributed throughout the body after 
absorption into the blood. Because it is lipophilic, a high 
distribution to fatty tissue is expected. Benzene crosses 
the human placenta and is present in the cord blood 
in amounts equal to or greater than that in maternal 
blood.‘ 

After inhalational exposure, most benzene is excreted 
unchanged in exhaled air. Absorbed benzene is rapidly 
detected in all organs. Its excretion involves a biphasic 
urinary excretion of conjugated derivatives (sulfates and 
glucuronides) with a half-life of 0.7 hours. The half-life 
of benzene in lipid tissues is about 24 hours. 

Metabolism of benzene occurs primarily in the liver, 
although metabolism in bone marrow is also believed to 
play an important role in myelotoxicity. After rapid 
absorption from the lungs, benzene undergoes both 
phase I and II biotransformation in the liver. The 
primary phase I biotransformation of benzene involves 
cytochrome P-450 2El-catalyzed (CYP2E1) conversion 
initially to phenol and subsequently to hydroquinone 
and catechol.!® 

The opening of the benzene ring, to eventually form 
muconic acid, appears to include a number of inter- 
mediates that arise from muconaldehyde."’ 

The many urinary metabolites of benzene include 
sulfate and glucuronic acid conjugates of the hydrox- 
ylated ring metabolites, several glutathione derivatives, 
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and muconic acid. At least one residue of a DNA adduct 
(7-phenylguanine) has been reported." 

Factors that alter the metabolism of benzene have the 
potential to influence its hematopoietic toxicity and 
carcinogenicity. Current research centers on the 
identification of risk factors for susceptibility to benzene 
toxicity, and there is evidence that metabolic 
susceptibility and genetic predisposition may play a 
major role. Metabolism and disposition are among the 
most important determinants of benzene toxicity. This 
variability results from intrinsic differences in the 
activities of xenobiotic metabolizing enzymes (so-called 
genetic polymorphisms). Variable factors in sensitivity 
include (1) hepatic CYP2E1, a major enzyme of the 
cytochrome P-450 family involved in benzene oxidation; 
(2) conjugating enzymes such as glutathione transferases; 
and (3) comparative activity of myeloperoxidase and 
myeloreductase (NQO1) in bone marrow. Benzene 
toxicity is thought to be exerted through oxidation 
metabolites formed in the liver primarily through 
pathways mediated by the cytochrome P-450 family of 
enzymes; benzene oxide may be sufficiently stable to 
reach the bone marrow. Interindividual variations in 
benzene metabolism are related to CYP2E1 expression, 
possibly owing to polymorphism of the CYP2EI gene. 
CYP2E1 is found in both the liver and bone marrow. 
Another enzyme found to metabolize benzene is 
CYP1B1.*° 

An important protective mechanism against oxidative 
stress is the detoxification of lipid peroxidation products 
by glutathione S-transferase-theta (GSTT1) and -mu 
(GSTM1). Phase II metabolizing enzymes such as GSTT1 
show genetic polymorphisms that correlate with GSTT1 
activity. Studies have demonstrated an increased risk for 
myelodysplastic syndromes in individuals with a GSTT1 
gene defect or absence. *° 

Hydroxylated metabolites of benzene are activated to 
toxic and genotoxic species in the bone marrow through 
oxidation by myeloperoxidase (MPO). NAD(P)H:quinone 
oxidoreductase (NQOI) is an enzyme capable of 
reducing the oxidized quinone metabolites and thereby 
potentially reducing their toxicities. A polymorphism in 
NQOI, a C609T substitution, has been identified, and 
individuals homozygous for this change (T/T) have no 
detectable NQO1. A higher frequency of an inactivating 
polymorphism in NQO1 has been reported in a cohort 
of patients with myeloid leukemias, especially those with 
an abnormality of chromosome 5 or 7, a chromosomal 
aberration associated with benzene exposure. It has been 
postulated that homozygotes (who display a complete 
loss of enzyme activity), as well as heterozygotes (who are 
at risk for loss of the remaining wild-type allele in their 
hematopoietic stem cells), may be particularly vulner- 
able to leukemogenic changes induced by carcinogens 
such as benzene.’>'9?° Limited gender comparisons 
suggest that males metabolize benzene at a higher rate 
then females, who retain benzene longer, owing to their 
higher body-fat content. 

There is little evidence, however, that women and 
offspring are more susceptible to clastogenic or leu- 
kemogenic actions of benzene. 
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It remains unknown whether benzene affects repro- 
ductive function in humans.*! A study of benzene- 
exposed female dental surgeons failed to show an 
adverse effect on fertility, whereas another study of 
aircraft maintenance workers exposed to solvents and 
fuel showed some adverse effects on sperm function, 
including a decline in sperm motility, but the finding 
could not be attributed solely to benzene exposure.*° 

It has been demonstrated that pretreatment of rats 
with ethanol, a CYP2E1 inducer, enhances metabolism 
of benzene and potentiates its acute myelotoxicity. 
Pretreatment of male B6C3F1 mice with acetone, 
another CYP2E1 inducer, increases benzene oxidation 
about five times. Pretreatment with diethyldithio- 
carbamate, a CYP2E] inhibitor, completely abolishes 
benzene oxidation. 

Pretreatment of mice with inducers of metabolism 
such as 3-methylcholanthrene and B-naphthoflavone 
increased both benzene metabolism and benzene toxicity. 

Toluene inhibits benzene metabolism.** Workers 
exposed to a combination of benzene and toluene pro- 
duced significantly lower urinary phenol (a biomarker for 
benzene exposure) than those exposed to either 
benzene or toluene alone; toluene has also been shown 
to lower the toxicity of benzene in animals. It should be 
noted that Aroclor 1254, a polychlorinated biphenyl 
(PCB) used as a coolant in electrical transformers, is also 
known to alter the toxicity and metabolism of benzene."! 
It is unclear what role phenobarbital plays; one author 
claims a negligible effect, whereas another states it alters 
the toxicity and metabolism of benzene.'!° 

Benzene readily enters the central nervous system 
(CNS) and may cause immediate effects including 
headache, nausea, dizziness, confusion, convulsions, and 
coma leading to death.*!*° It has even been used as a 
general anesthetic. CNS responses to airborne levels are 
generally as follows: 2.5 ppm, no effect regardless of 
duration; 50 to 150 ppm, headache and lassitude; 
500 ppm, sleepiness after 3 to 4 hours; 3000 ppm, sleep 
within 30 minutes, then progressive stupor; 7000 ppm, 
stupor within 30 minutes. Oral ingestion of 9 to 12 g 
of benzene causes staggering gait, vomiting, delirium, 
tachycardia, hypotension, coma, and occasionally 
death.” Severe inhalation may lead to noncardiogenic 
pulmonary edema. Ventricular arrhythmias may result 
from increased sensitivity of the myocardium to 
catecholamines. Benzene can cause chemical burns to 
the skin with prolonged contact or massive topical 
exposure.?! 

Evidence of benzene poisoning may appear in a few 
weeks or only after many years of exposure, or it may not 
be discovered until the onset of infection from bone 
marrow suppression, long after exposure has ceased. 

Benzene produces a continuum of effects on the bone 
marrow ranging from reversible abnormalities to AML. 
These effects appear to be dose dependent. Chronic 
exposure to benzene results in bone marrow depression 
and tissue damage, with effects ranging from decreases 
in selective blood elements (leukocytes, lymphocytes, or 
platelets) to aplastic anemia (decreases in all cell types). 
Pancytopenia, aplastic anemia, AML, and their variants 
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may occur.*! Findings are variable, especially in early 
examination of blood. The most common abnormality is 
a decrease in total white blood cell count, which may be 
accompanied by a relative lymphocytosis and a 
macrocytic, normochromic, or slightly hyperchromic 
anemia and thrombocytopenia. The bone marrow may 
reveal nonspecific changes initially. Depression of bone 
marrow function occurs after months or years of 
relatively low-level exposure. Myelotoxicity may initially 
manifest as stimulation of all three bone marrow 
elements, which is soon followed by progressive anemia 
and thrombocytopenia. As the disease progresses, the 
bone marrow may become aplastic or hyperplastic in a 
manner that does not always correlate with the 
peripheral blood picture. 

In the early stages, bone marrow depression is 
reversible; continued exposure, however, has led to fatal 
aplastic anemia.’ After benzene exposure, decreases in 
circulating blood cells may also be observed in the 
presence of a dysplastic marrow characterized by 
abnormal architecture, chromosomal damage in many 
cells, and inadequate hematopoiesis leading to MDS, a 
preleukemic state that usually proceeds to AML. MDS is 
now believed to be a result of benzene exposure. There 
is interest centering on the possibility that environ- 
mental benzene exposure in the general public (such as 
exposure to vehicle exhaust emissions) may be asso- 
ciated with a rise in the occurrence of non-Hodgkin’s 
lymphoma (NHL).*° Causality is also suspected for 
chronic myelogenous leukemia and chronic lymphocytic 
leukemia.*' Benzene was formerly suspected of causing 
multiple myeloma, but subsequent studies have failed 
to confirm an association. In fact, the weight of the 
evidence, at present, leans against an association 
between benzene and multiple myeloma. There have 
been unproven associations between benzene exposure 
and acute lymphoblastic leukemia, myelofibrosis, and 
lymphomas. 

The diagnosis of benzene poisoning is based on a 
history of exposure and typical clinical findings. With 
chronic hematologic toxicity, erythrocyte, leukocyte, and 
thrombocyte counts may first increase and then decrease 
before the onset of aplastic anemia. Such a pattern may 
signal a history of benzene exposure. 

Biomarkers of exposure to benzene have been 
developed and carefully evaluated. Concentrations of 
the parent compound in exhaled breath parallel blood 
concentrations. This is confounded by smoking, which 
also causes elevations of benzene in exhaled breath. 
Urine benzene is quite specific and correlates well with 
concentrations between 32 and 800 ug/ mĉ, but it is easily 
confounded by smoking. Moreover, measurements at 
these levels are at the limit of detection, rendering them 
unreliable.” 

Urinary excretion of a variety of benzene metabolites 
(i.e., phenol, catechol, hydroquinone, 1,2,4-trihydroxy- 
benzene, S-phenylmercapturic acid, and ¢,#muconic 
acid) have shown correlation with benzene exposure 
in occupational settings. Phenol, catechol, and hydro- 
quinone analyses are neither sensitive nor specific 
because relatively high levels are found in nonexposed 
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individuals. Similarly, ¢,¢muconic acid is not specific 
because it is a metabolite of sorbic acid, a common food 
additive. Nevertheless, urinary phenols have been useful 
for respiratory exposure greater than 5 ppm (16 mg/m’). 
Testing for urinary phenol is required by OSHA in 
workers exposed to benzene in an emergency involving 
an unexpected significant release of benzene. Below this 
concentration, there is too much interference from food 
and medication and results are unreliable. 

S-phenylmercapturic acid (SPMA), an end product of 
the conjugation of benzene oxide and glutathione (GSH), 
is a suitable urinary biomarker of low-level benzene 
exposure (0.01 ppm) because of its specificity and 
relatively long half-life (9 hours). It is very specific for 
benzene. 

Adducts to hemoglobin and cysteine groups of 
proteins have been demonstrated in rodents, but not in 
humans. DNA damage manifested by chromosome 
abnormalities has been detected in benzene-exposed 
workers, although such measures have not yet found 
widespread acceptance as biomarkers of effect. 

Blood benzene is useful for determining exposure to 
concentrations exceeding 0.25 ppm but is also con- 
founded by smoking. The specimen must be collected at 
or immediately after exposure because the half-life of 
benzene in the blood has been reported to be as brief as 
30 to 60 minutes.7* 

Potential etiologies for aplastic anemia include idio- 
pathic, inborn (Fanconi’s anemia), dose-related reactions 
(e.g., antineoplastic agents, benzene, chloramphenicol, 
inorganics, irradiation); idiosyncratic reactions (e.g., 
acetazolamide, arsenicals, barbiturates, chloramphenicol, 
gold, insecticides, phenothiazines, phenylbutazone, 
pyrimethamine, solvents, sulfa drugs, thiouracils); viral 
infections (e.g., hepatitis); pregnancy; and rheumatoid 
arthritis. Many medications can cause aplastic anemia. 

For a summary of clinical management, refer to 
Box 94-1. 

A spot urine phenol measurement of all exposed, 
including the victim, rescuers, and health care 
personnel, may serve as a useful indicator of high-level 
exposure to benzene. It is not immediately clinically 
useful because it may take days for the result to be 
reported, and it does not alter immediate therapy. 
Nevertheless, measurement should be made to ensure 
appropriate follow-up of those exposed. Acute high-level 
exposure to benzene may lead to hematotoxicity at a 
later date; thus, it is important to identify exposed 
individuals so that their blood indices can be followed to 
ensure appropriate diagnosis and treatment. This is 
mandated for occupational exposures by OSHA. OSHA 
(29CFRI910.1028) requires that after an emergency 
(unexpected) exposure to benzene, a urine phenol 
should be collected at the end of the work shift. The 
specimen’s specific gravity must be corrected to 1.024 
for proper adjustment of the phenol level. Levels of 
75 mg/L or higher require complete blood counts with 
differentials every month for 3 months. A spot urine level 
higher than 20 mg/L suggests excessive occupational 
exposure, although the test is nonspecific and can be 
confounded by the presence of other aromatic com- 
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BOX 94-1 


. Avoid unprotected contact with liquid and vapor via 
appropriate skin and respiratory protection. 

. Decontaminate victim by removal from exposure, removal and 
disposal of contaminated clothing, and copious irrigation of 
contaminated eyes and skin. 

. Monitor O, and intravenous line. 

. Do not induce emesis; gastric lavage if recent (within 30 
minutes) ingestion. 

. Protect airway from aspiration. 

. Provide supportive care to maintain airway, oxygenation, 
ventilation, and circulation. 

. Treat coma, seizures, arrythmias, and other complications if 
they occur. 

. Avoid sympathomimetics (e.g., epinephrine), if possible, to 
prevent potentially fatal tachyarrythmias. Tachyarrhythmias may 
require treatment with B blockers (esmolol, metoprolol, or 
propranolol). 

. Perform chest roentgenogram, liver profile, urinalysis, serum 
electrolytes, blood urea nitrogen, creatinine, electrocardiogram, 
and complete blood counts with differential as necessary. 

. Do specific lab analyses as required, e.g., OSHA requires a urine 
phenol analysis for benzene exposure to determine the need to 
monitor for delayed hematotoxicity. 

. Monitor for 12—24 hours if exposure is substantial. 


OSHA, Occupational Safety and Health Administration. 


pounds both in the workplace and in the diet of those 
exposed. Over-the-counter cough and sore throat 
lozenges can cause an elevated urine phenol. Benzene 
can also be measured in expired air for up to 2 days after 
exposure.”! 

A baseline complete blood count with differential 
should be obtained along with the urine phenol. Other 
laboratory tests, including liver function studies, 
electrolytes, chest x-ray, and blood gases, may be ordered 
based on clinical findings. 

There is no antidote. 

Benzene overexposure requires prolonged (months 
to years) follow-up of hematologic parameters beyond 
the acute phase to monitor for changes in blood cell 
counts and differentials that may require hematology 
consultation and treatment (e.g., transfusion). 

OSHA (29CFR1910.1028) requires that baseline and 
annual testing be made available to workers occupa- 
tionally exposed to benzene. Workers are offered 
medical exams consisting of a medical and occupational 
history and complete blood count with differential. 
Abnormal findings trigger medical evaluations, which 
may lead to removal from exposure and evaluation by a 
hematologist or other appropriate specialist. 

Urine S-phenylmercapturic acid measurement at the 
end of the work shift is a sensitive and specific marker of 
exposure to low levels of benzene and can be used to 
detect overexposure. The American Conference of 
Governmental Industrial Hygienists (ACGIH) has 
established a biologic exposure index (BEI) of 25 ug/g 
creatinine. 
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Recovery from acute benzene exposure depends 
on severity of symptoms. Symptoms may persist for 2 to 
3 weeks. Chronic effects of benzene intoxication may 
arise and persist long after an acute exposure occurs. 
Benzene is a leukemogen; leukemia can occur before or 
after aplastic anemia. Individual response to either acute 
or chronic benzene exposure is variable. 


STYRENE 


Styrene, also known as cinnamene, phenylethylene, and 
vinyl benzene, is a high-production-volume chemical, 
with more than 10 billion pounds produced annually in 
the United States. Styrene is a colorless to slightly 
yellow, oily liquid that spontaneously polymerizes unless 
inhibited. It is liquid at room temperature and highly 
flammable.?®?” At low concentrations, it has a sweet odor; 
at concentrations above 100 ppm, it’s odor is objectionable. 
Styrene has a low vapor pressure and is soluble in organic 
solvents, but only slightly soluble in water.” 

Although styrene was discovered in 1831, it did not 
become commercially important until 1942, when it was 
used in the synthesis of unsaturated polyesters and 
reinforced plastics. Currently, styrene is widely used to 
make plastics and resins for surface coatings. It is also 
used as a chemical intermediate. Styrene-containing 
polymers are used to make tires, boat hulls, shower stalls, 
bath tubs, dental restorative plastics, and many other 
plastic products. Styrene can be synthesized but is also 
found naturally in storax, a gum derived from sty- 
racaceous trees. Primary exposures to styrene occur 
during its manufacture and polymerization, particularly 
in situations in which open polymerization processes are 
used, for example, in boat building or shower-stall 
manufacturing. Styrene is present in tobacco smoke and 
has been detected in ambient urban air samples. 

Styrene is naturally present in foods such as 
strawberries, beef, and spices, and is naturally produced 
in the processing of foods such as wine and cheese. 
Styrene is permitted as a direct food additive in small 
quantities under the Food and Drug Act, and as an 
indirect food additive that migrates from packaging 
materials into food. It undergoes rapid biodegradation; 
styrene levels in surface water and groundwater are 
generally very low (<1 ug/L) or nondetectable. 

Cancer bioassays and epidemiology studies have failed 
to identify the nervous system as a target, and they have 
failed to identify a cancer risk associated with styrene.*® 

Several epidemiologic studies on workers have shown 
that styrene affects color vision in a dose-dependent 
manner. These effects on color perception are in the 
blue-yellow axis, in contrast to congenital color-blindness, 
which is in the red-green axis. Alterations appear to be 
reversible when exposure conditions are improved. The 
Lanthony D15-d panel has proved the most efficient in 
detecting acquired deficiencies in color vision.*” 

The mechanism of styrene’s effects on the nervous 
system is not known. It is likely that the effects of high- 
level, acute exposure are due to styrene itself because 
they appear shortly after exposure and before significant 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


metabolism. However, it is unclear whether the parent 
compound or metabolites are neurotoxic at lower 
exposure levels. Because of its potential reactivity, styrene 
oxide is an obvious candidate metabolite for concern; its 
potential reactivity has implications for genotoxicity and 
carcinogenesis for styrene because it is mutagenic in 
vitro and carcinogenic in animal studies. However, 
neither animal studies nor human epidemiology studies 
have validated these concerns. 

Styrene is absorbed after oral, inhalation, or dermal 
exposure. The primary route of human exposure is 
through the lungs. Average retention of styrene in the 
respiratory tract after inhalation of 4.6 to 46 ppm is 71% 
for humans. Once absorbed, styrene is widely distributed 
in the body. 

Styrene requires metabolic activation to induce effects 
other than acute toxicity.°? Metabolism of styrene 
includes, as an initial step, oxidation of styrene by cyto- 
chrome P-450 enzymes to form styrene oxide or styrene- 
7,8-epoxide, which may be responsible for some of the 
toxic effects observed after styrene exposure. The major 
metabolic and detoxication pathway involving styrene 
oxide results in the formation of styrene glycol, followed 
by mandelic acid and phenylglycolic acid, which are 
often used as biologic exposure indices. 

Styrene oxide is further metabolized by epoxide 
hydrolase and GSH S-transferase activities. There are 
species differences, with humans showing little conversion 
to styrene oxide through CYP450, but enhanced 
conversion of styrene oxide by epoxide hydrolase, which 
suggests the human body burden of styrene oxide after 
either styrene or styrene oxide exposure is lower than in 
rats or mice. 

Due to its relatively high lipid solubility, styrene may 
be retained in human fat for up to 5 weeks after 
exposure. The half-life of styrene in fat is 2.2 to 4 days for 
men exposed to 50 ppm styrene for 1 hour (30 minutes 
rest plus 30 minutes exercise).?’ The half-life of styrene 
in human blood is believed to be biphasic. There is a rapid 
elimination phase with a half-life of 0.57 to 0.68 hour and 
a second slow phase with a half-life of 13 hours. 

The elimination of mandelic acid in urine is biphasic. 
The first-phase half-life is 2 to 4 hours, and the second- 
phase half-life is 25 to 30 hours. The elimination half-life 
of phenylglyoxylic acid in urine is 11 hours. 

Styrene has been found in breast milk in U.S. cities. It 
has been suggested that styrene would be expected to be 
found in breast milk at higher concentrations than in 
blood or urine because of its lipophilicity. 

Styrene has been subjected to extensive toxicologic 
investigation. Subchronic and chronic experimental studies 
with styrene have not clearly identified neurotoxic effects 
in animals beyond those effects that can be attributed to 
CNS depression. 

Animal studies indicate that styrene may alter brain 
neurochemistry, although the pattern of effects is not 
well understood. The only long-lasting reproducible 
effect observed in animal studies is ototoxicity, which has 
not been clearly demonstrated in humans. 

Ototoxicity has been found at styrene concentrations 
at and above 800 ppm for prolonged periods. These 
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functional changes in laboratory animals have been 
correlated with morphologic changes, including deficits 
in outer hair cells in the basal and lower middle turns of 
the organ of Corti. Ototoxicity has not been observed at 
50 or 200 ppm exposure levels. Studies in humans have 
generally been negative or failed to control for noise. 
However, a recent study funded by NIOSH found a dose- 
dependent effect of low-level styrene exposure on 
hearing thresholds, which acted independently of the 
effect of noise exposure. Levels of mandelic acid in urine 
correlated with hearing loss, lending credence to claims 
that low-level styrene exposure can contribute to 
elevated hearing thresholds independently.*! 

Several studies have reported impaired color vision 
among styrene workers. 

Based on differences in metabolism between rodents 
and humans, no lung or nasal toxicity is expected in 
humans from styrene exposure.** 

Although not thoroughly tested, styrene does not 
appear to be an important reproductive toxicant. 
Similarly, studies so far do not indicate that developmental 
toxicity is likely to be a major concern. Teratologic 
studies have shown fetotoxicity, fetal weight reduction, 
and reduced survival in rats, but only at doses that also 
produced maternal toxicity. No malformations have 
been reported. 

There is no evidence that styrene is a teratogen. 
Styrene is not a developmental toxicant at nonmaternally 
toxic exposures in experimental animals. There are still 
no convincing indications of styrene-induced malfor- 
mations. There is some evidence, from reliable studies, 
for slight embryo-fetal toxicity (primarily developmental 
delays; possible increases in skeletal variations) at 
maternally toxic exposures. There is a combined weight 
of evidence that suggests the developing CNS may be 
adversely affected by the neurotoxic effects of styrene at 
high doses.°° 

High-level styrene inhalation exposure of rabbits and 
oral administration to rats induce some changes in brain 
dopamine, which may affect the function of the 
hypothalamus and pituitary. Abnormalities of pituitary 
secretion in women exposed to styrene have also been 
suggested. These effects may be connected with putative 
effects on the menstrual cycle. 

The current weight of evidence suggests that styrene is 
not likely to affect estrogenic or androgenic activity, and, 
thus, it would not appear to be a hormonally active agent. 

Styrene irritates the mucosal membranes of the 
respiratory tract. It can cause sore throat, nasal irritation, 
and increased nasal secretion. Pulmonary edema may 
develop 24 to 72 hours after high-grade exposure. 

It has been suggested that at 100 to 200 ppm, the 
irritant properties of styrene develop, and at concen- 
trations between 150 and 200 ppm, impairment of 
reaction time and balance may occur. At 350 ppm, definite 
signs of impairment of reaction time and balance occur. 

Styrene has irritating, drying, and defatting effects on 
the skin. 

Occupational asthma due to exposure to styrene has 
been reported, and allergic contact dermatitis has also 
been reported. 
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At less than 10 ppm, styrene’s odor is not detected. 
Between 50 and 100 ppm, styrene has a strong odor that 
is not objectionable. At 100 ppm, transient eye irritation 
may be observed, but tests of coordination and dexterity 
are unaffected. Reaction time is impaired at exposures 
of 350 ppm for 30 minutes, but perceptual speed and 
manual dexterity are unaffected. At 376 ppm for 25 
minutes, performance on the Romberg test is impaired. 
At 800 ppm for a few hours, styrene is reported to cause 
listlessness, drowsiness, and impaired balance that lasts 
beyond the exposure period. Workplace exposures at 
more than 100 ppm styrene have resulted in the 
observation of similar acute effects. Subchronic and 
chronic experimental studies with styrene have not 
clearly identified neurotoxic effects in animals beyond 
those effects that can be attributed to CNS depression. 
Styrene vapor exposure at concentrations in excess of 
50 ppm is irritating to the eyes and respiratory system. 

Reports of clinically evident neurologic disease 
among styrene workers are uncommon. In general, the 
neurotoxicology literature for styrene consists of reports 
of subclinical effects among boat builders. The effects 
include changes in self-reported symptoms, psychomotor 
function, color vision, vestibular function, somatosen- 
sory evoked potentials, and nerve conduction velocity. 
Absence of clinical and neurobehavioral effects and 
nerve conduction changes following chronic workplace 
exposures have also been reported. Although fairly 
voluminous, the clinical literature does not allow 
conclusions about chronic neurotoxicity, particularly at 
levels recommended for workplace exposure, which are 
generally in the range of 20 to 50 ppm. Because the half- 
life of styrene in body fat is 2 to 4 days, many of the 
studies have failed to distinguish between acute toxicity 
due to peak exposures and chronic toxicity due to 
repeated low-level exposure. Also, workplace conditions 
are often not accounted for in sufficient detail. This is 
particularly important because boat building involves the 
use of many different materials, paints, solvents, and 
adhesives. Clean-up procedures to remove excess styrene 
from equipment and body surfaces may include 
neurotoxic solvents such as n-hexane and gasoline. Thus, 
the present database for styrene is inadequate to 
conclude that chronic low-level exposure to styrene 
provides a significant neurotoxic risk. 

The metabolites of styrene, mandelic acid, phenyl- 
glyoxylic acid, hippuric acid, and styrene oxide can be 
analyzed in blood and urine as measures of exposure. 

The differential diagnosis includes any acute condition 
that might affect the CNS, including cerebrovascular 
accident, trauma, alcohol, drug overdose, other chemicals, 
and so forth. 

See Box 94-1 for appropriate management of acute 
exposure. 

Patients with acute exposure to styrene should have 
baseline liver and renal function tests, urinalysis, 
complete blood count, and amylase and lipase levels 
performed. If significant respiratory tract irritation 
occurs, arterial blood gases should be monitored and 
a chest x-ray taken. Testing for metabolites of styrene, 
mandelic acid, phenylglyoxylic acid, and others may 





€ 1370 


be useful for documentation of exposure but, otherwise, 
have no clinical utility and will not affect clinical 
outcome. 

There is no antidote; care is supportive. For elimination, 
refer to Box 94-1. Dialysis and hemoperfusion are not 
useful. Disposition is described in Box 94-1. 


TOLUENE 


Toluene, also referred to as toluol, methylbenzene, 
methacide, and phenylmethane,** is an alkylbenzene 
derived from crude oil and coal tar during petroleum 
refining. It is a common component of gasoline, 
adhesives, paints, inks, and solvents. ! 

At room temperature, toluene is a volatile, flammable 
liquid with a sweet, pungent odor.” Its molecular weight 
is 92.15, and it has an odor threshold of 2.9 to 8 ppm. 

Toluene has replaced benzene as the primary solvent 
in many commercial products such as oil paints and 
stains. It is readily available’ and is a favorite of solvent 
abusers, who intentionally inhale high concentrations 
to induce a “sniffer’s high.”!°°° The concentration of 
toluene inhaled by solvent abusers is 50 times the 
maximum permissible in industry.” 

Toluene is also used in the production of other 
chemicals. Gasoline, which contains 5% to 7% toluene 
by weight, is the largest source of atmospheric emissions 
and exposure to the general population. 

Volatile substance abuse involves children throughout 
the world.* In North America, inhalant solvent (toluene) 
abuse is especially prevalent in economically disadvan- 
taged, neglected, or abused adolescents. Most are 
Hispanic immigrants, or children of immigrants, from 
Central America and Mexico. Males outnumber females 
ten to one. Native Americans also have an especially high 
prevalence of inhalant abuse. Much North American 
inhalant abuse (“sniffing,” “huffing,” or “bagging”) 
involves paint or lacquer thinners that contain toluene as 
the principal constituent. 

Owing to the CNS effects associated with toluene 
exposure, a number of researchers have attempted to 
measure subtle changes using neurobehavioral tests and 
measures of workers exposed to relatively low levels of 
toluene; however, the studies have shown conflicting 
results with no clear indication of neurobehavioral 
effects resulting from workplace exposures. 

The toluene molecule is devoid of actual or potential 
electrophilic centers. In this respect, it is similar to 
benzene and the xylene (dimethylbenzene) isomers.*® 

The desired effects of recreational toluene inhalation 
are euphoria and a sense of relaxation. Visual and 
auditory hallucinations may appear; they sometimes are 
frightening and provoke outbursts of antisocial behavior. 
Hallucinations usually abate after the initial months of 
abuse. Many chronic abusers inhale almost constantly 
from solvent-soaked rags or filled plastic bags and even- 
tuate in a mildly stuporous, tranquilized state. Sudden 
death may occur from vomiting, aspiration, suffocation 
by plastic bags, or cardiac arrhythmias. Inhalant abusers 
experience tolerance to the acute effects. Sudden with- 
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drawal produces a syndrome similar to ethanol withdrawal. 
Addiction is common. 

Little is known about mechanisms by which toluene 
and similar solvents produce acute or residual CNS 
effects. The acute effects of high-level toluene exposure 
(excitement followed by CNS depression) suggest a 
neurotransmitter-mediated mechanism similar to that of 
the hydrocarbon general anesthetics and ethanol. It has 
also been suggested that toluene and other volatile 
hydrocarbons may act by enhancing y-aminobutyric acid 
A (GABAg) receptor function, attenuating N-methyl-D- 
aspartate (NMDA) receptor-stimulated calcium flux, or 
activating dopaminergic systems. 

Multifocal and diffuse leukoencephalopathy from 
prolonged high-level exposure (inhalant abuse) most 
likely reflects a direct effect on myelin or on the 
oligodendrocyte. The biochemical and morphologic 
similarities to adrenoleukodystrophy raise the possibility 
of an induced disorder of peroxisome or fatty acid 
metabolism. 

Chronic toluene abuse can cause transient distal renal 
tubular acidosis (RTA) via an incompletely understood 
mechanism. Prolonged (years) of inhalant abuse may 
cause renal dysfunction and a secondary severe elec- 
trolyte imbalance; the usual profile includes metabolic 
acidosis, hypokalemia, and hypophosphatemia. This syn- 
drome is secondary to toluene-induced renal tubular 
acidosis, not to increased urinary levels of hippuric acid; 
it is suggested that the site of primary dysfunction is the 
distal renal tubule. Renal potassium loss may be severe 
and can result in symptomatic hypokalemia, which may 
be so profound as to cause diffuse flaccid paralysis. 

It is suggested that maternal toluene exposure, like 
maternal alcoholism, causes embryonic cell death resulting 
in deficiencies in early migrating neuroepithelial and 
mesodermal components. 

Toluene toxicokinetics has been thoroughly charac- 
terized in humans and laboratory animals. Toluene is 
well absorbed from the lungs and gastrointestinal tract; 
dermal absorption may also occur but is less efficient. 

Toluene rapidly accumulates in and affects the brain, 
owing to the brain’s high rate of blood perfusion and 
high lipid content. The brainstem has the highest initial 
concentrations. Toluene is well metabolized, but a 
portion is exhaled unchanged. Circulating toluene is 
metabolized in hepatic microsomes, which contain 
CYP450s, particularly CYP2E1, that catalyze metabolism 
of toluene. 

Toluene’s metabolic products are cresol (less than 
1%) and the intermediate metabolite benzaldehyde. 
Benzaldehyde is then metabolized to benzoic acid, which 
is conjugated with glycine to form hippuric acid. In 
humans, up to 75% of inhaled toluene is metabolized to 
hippuric acid and excreted in the urine within 12 hours 
of exposure. The remainder of the toluene is excreted 
unchanged, with a small percentage excreted as a sulfate 
or glucuronide of cresol. The metabolism and excretion 
of toluene are rapid, occurring within 12 hours of 
exposure. Elimination from the CNS is rapid; however, 
subcutaneous lipid may constitute a temporary storage 
site, and its concentration may continue to increase for 
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1 hour after exposure. Plasma concentrations generally 
parallel the lipid-stored fraction. The concentration of 
blood toluene drops rapidly during the first 10 minutes 
after termination of exposure; after 3 hours, very low 
concentrations are detectable in blood and in alveolar 
air.” The half-life of toluene in adipose tissue of humans 
has ranged from 0.5 to 3 days. 

Toluene readily crosses the placenta.” 

Recent genetic evidence suggests that some ethnic 
populations may be more at risk for the neurobehavioral 
effects of toluene than others because of metabolic 
differences.” 

Toluene is initially metabolized to benzyl alcohol 
by the microsomal mixed-function oxidase system. 
Subsequently, oxidation to benzaldehyde and then to 
benzoic acid is carried out by the alcohol and aldehyde 
dehydrogenase, respectively. All populations appear to 
have two forms of aldehyde dehydrogenase, one having 
a high K,, and one with a much lower K,,. However, some 
Japanese and possibly other populations of Asian origin 
and Native Americans have a defective gene for the low 
Kn enzyme. When toluene-exposed Japanese workers 
(both male and female) were evaluated for the defective 
gene, it was found that those possessing the defective 
gene had lower levels of urinary hippuric acid and 
o-cresol than those with the normal or heterozygous 
gene. This observation suggests these individuals may be 
at a higher risk for toluene-induced CNS decrements 
owing to a decreased rate of toluene metabolism, leading 
to increased blood levels of benzaldehyde. 

As toluene is metabolized by CYP450s (generally 
CYP2E1) and alcohol dehydrogenase, the chemical can 
interact with other xenobiotics metabolized by these 
enzymes. Concurrent exposure to solvents metabolized 
by the same CYP450 isozymes can result in competitive 
metabolic inhibition. Benzene and toluene suppress one 
another’s metabolism in humans. Toluene greatly 
reduces manifestations of peripheral neuropathy caused 
by n-hexane in rats. Simultaneous exposure to high levels 
of toluene and xylene resulted in mutual metabolic 
suppression. Prior exposure to P450 inducers can result 
in increased rates of toluene metabolism and elimi- 
nation and more rapid recovery from toluene-induced 
CNS depression. 

In humans, occupational exposure to toluene is so low 
that it could not lead to the induction of P-450. However, 
the induction may be seen in toluene sniffers who are 
exposed to high concentrations.” 

Contradictory effects of ethanol consumption on 
toluene metabolism are described; experimental animals 
given ethanol have elevated toluene blood levels, as 
do healthy human volunteers, whereas workers who 
regularly consume ethanol are reported to have lower 
plasma toluene measures than controls, presumably 
owing to enzyme induction. Phenobarbital stimulates 
hepatic side-chain hydroxylase, accelerating the metab- 
olism of toluene to hippuric acid and yielding lower 
blood and tissue levels of toluene. 

Human toxicity from toluene exposure occurs 
primarily by the inhalational and dermal routes, 
although ingestion is another absorption route. Toluene 
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is mildly irritating to the mucous membranes, skin, and 
eyes. Short-term exposure to airborne toluene levels of 
less than 100 ppm has not been associated with dis- 
comfort. Humans exposed to concentrations of toluene 
of between 200 and 800 ppm may experience respiratory 
and ocular irritation. Prolonged contact between 
toluene and skin can produce irritation from solvent 
defatting of the skin, and direct splashing of the eyes may 
cause corneal injury. Dermal sensitization to toluene is 
extremely rare. 

Ingestion of toluene may cause vomiting or diarrhea, 
and if pulmonary aspiration occurs, chemical pneu- 
monitis may result. Systemic absorption may lead to CNS 
depression. 

The CNS is the primary target organ of toluene and 
other alkylbenzenes. CNS neurotoxicity is the primary 
concern in toxic inhalational exposure. 

Manifestations of exposure range from slight dizziness 
and headache to unconsciousness, respiratory depression, 
and death. Occupational inhalation exposure guidelines 
are established to prevent significant decrements in 
psychomotor functions. 

Exposure to levels at 100 ppm for 4 hours causes eye 
irritation, headache, and lightheadedness but no con- 
sistent alterations in performance.” However, controlled 
studies with volunteers at 100 ppm showed decrements 
in vigilance, visual perception, motor performance, and 
ability to carry out functions. One extensive study 
claimed minor alterations in memory and dexterity 
following a 7-hour exposure at 150 ppm. Exposures at 
200 ppm for 8 hours caused mild fatigue, confusion, 
lassitude, and lacrimation. At 600 ppm, euphoria and 
severe headache were prominent; at 800 ppm, all 
symptoms were more pronounced and were followed by 
4 days of nervousness, fatigue, and insomnia. 

Acute CNS effects are rapidly reversible upon 
cessation of exposure. 

Prolonged high-level (1000-20,000 ppm) toluene 
exposure from inhalant abuse can cause symptomatic, 
disabling, multifocal leukoencephalopathy. 

Toluene neurotoxicity has been clearly defined; it is 
most consistent in case descriptions of persons who daily 
spend their waking hours for years, nose-to-rag/ bag, in a 
toluene-induced recumbent stupor. The daily dose from 
inhalation can exceed 350 mg of toluene; one individual 
“huffed” (orally inhaled) a gallon every 2 weeks of 99% 
pure toluene. Consumed at this rate, the shortest 
documented duration before onset of lasting symptoms 
is 1 year; most begin to show clinical manifestations after 
2 to 4 years. Initial symptoms are behavioral changes 
(loss of initiative, depression, irritability), weight loss, 
impaired sense of smell, impaired concentration and 
memory, and mild unsteadiness of hand movements and 
gait. Subsequently, symptoms are slurred speech, head 
tremor, stiff-legged and staggering gait, poor vision, 
deafness, and dementia. Examination after 4 weeks of 
abstinence (avoiding the effects of acute intoxication) 
discloses sustained multidirectional nystagmus, titubation, 
ataxic tremor of all limbs, spasticity with hyperreflexia 
and Babinski’s responses, broad-based and staggering 
stiff-legged gait, deafness, impaired vision and color dis- 
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crimination, memory loss, inattention, apathy, and abulia. 
Even the most severely impaired display significant 
improvement after 6 months of abstinence; persons with 
mild or moderate dysfunction often recover completely. 
Infrequent abuse may cause no neurologically detectable 
CNS dysfunction; moderate frequency and intensity may 
cause a partial syndrome of mild cognitive dysfunction 
and slight tremor. Years of daily inhalation in the highest- 
level pattern described earlier almost inevitably leads to 
CNS dysfunction, and there is a predictable dose-effect 
relationship at these high levels. 

Magnetic resonance imaging (MRI) has revealed per- 
manent changes in brain structure, which correspond to 
the degree of brain dysfunction. Inhalational solvent 
abuse in particular has led to permanent neurologic 
sequelae and CNS lesions that have been described on 
both computed tomography (CT) and MRI. 

Because of the accumulation of toluene in the anatomic 
areas of the CNS, symptoms can last hours beyond an 
exposure. Such impairments may be cognitive or involve 
coordination, motor control, intention tremor, and gait 
disturbances. 

Decreased vision has been described in individuals 
chronically inhaling toluene-containing solvents. Optic 
neuropathy is manifest as decreased visual acuity but 
normal pupillary reactions along with associated 
cerebellar signs. Improvement in vision has occurred 
after discontinuation of toluene exposure. 

Subtle neurologic effects have been reported in some 
groups of occupationally exposed individuals. !* 

Exposure to about 100 ppm of toluene for years may 
result in subclinical effects, as evidenced by altered 
brainstem auditory evoked potentials and changes in 
visual evoked potentials. 

Chronic exposure to low toluene concentrations is 
associated with fatigue, headache, dizziness, shortness of 
breath, cough, throat irritation, nausea, and other 
constitutional symptoms. Disturbance of vestibulo-ocular 
responses has been demonstrated in subjects exposed to 
concentrations of toluene ranging from 103 to 140 ppm 
for more than 2 hours while doing light work. Color 
vision has also been shown to be impaired by occupa- 
tional exposure to toluene. 

It is claimed that chronic occupational exposure to 
low levels is associated with psychiatric change and mild 
cognitive dysfunction. There have been conflicting 
studies on the effect of chronic low-level (88-150 ppm) 
exposure of workers to toluene. Prolonged, low-level 
occupational inhalation of pure toluene is rare; most 
workers are exposed to solvent mixtures. There is one 
report of an anosmic lens cleaner who had chronic, 
intermittent exposure to toluene and developed, over a 
period of 3 months, poor concentration and memory, 
somnolence, slurred speech, and unsteady gait. 
Examination disclosed normal mental function, mild 
dysarthria, and gait-limb ataxia. He recovered completely 
within 1 month of abstinence. Although the data on this 
report (exposure and objective clinical findings) are 
limited, it suggests that intermittent, moderate- to high- 
level industrial exposure to toluene produces an illness 
that is a microcosm of the inhalant abuse syndrome. 
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Chronic exposure can lead to myopathy; hypokalemia 
and renal tubular acidosis are also common. Clinical 
findings are a hyperchloremic metabolic acidosis, hypo- 
kalemia, and aciduria. There is typically an associated 
transient renal azotemia, as well as proteinuria. Rarely, 
proximal RTA or the Fanconi’s syndrome may occur. The 
metabolic acidosis is believed to be multifactorial, 
involving RTA, accumulation of toluene metabolites, and 
tissue hypoxia. 

Toluene can cause nephrotoxicity in two forms: acute 
renal failure after massive ingestions and distal renal 
tubular acidosis. Clinical reports state that excess 
proteinuria, abnormal liver function test results, 
interstitial nephritis, and glomerulonephritis have also 
been related to toluene. Nephrotoxic effects that have 
been documented in chronic toluene abusers include 
hematuria, proteinuria, and type | renal tubular acidosis. 

Patients with metabolic acidosis after toluene inhala- 
tional abuse have also exhibited associated hypokalemic 
muscular weakness and paralysis with neuropsychiatric 
manifestations. 

Renal tubular function usually recovers during 
abstinence. Extreme cases of solvent inhalant abuse may 
also display evidence of hepatic failure. Studies with 
human volunteers and experimental animals have failed 
to demonstrate renal or hepatic dysfunction at levels 
encountered in the workplace. 

Toluene is not a serious immunopathogen or 
carcinogen; previous reports of malignancy among 
exposed workers are now presumed to reflect the effects 
of benzene (formerly a component of commercial-grade 
toluene). 

Toluene is a teratogen in humans and experimental 
animals. Children with microcephaly, minor craniofacial 
and limb anomalies, CNS defects, attention disorders, 
developmental delay, learning disorders, and language 
deficits were born to mothers who abused toluene by 
inhalation during pregnancy. These phenotypic and 
behavioral features strikingly resemble those associated 
with fetal alcohol syndrome. 

There is report of a case of recurrent non—Q-wave 
myocardial infarction and cardiomyopathy associated 
with toluene abuse.” 

Most hospital admissions for toluene abuse are 
for hepatic-renal failure or life-threatening cardiac 
arrhythmias. 

Correct diagnosis is seldom difficult when presented 
with an intoxicated person. In the emergency room, 
solvent-smelling breath (persistent for hours) and a 
perioral rash (“huffer’s rash”) are often clues. Children 
who lack obvious neurologic deficits may develop 
hypokalemia and metabolic acidosis during early toluene 
abstinence. Occasionally, they are repeatedly admitted to 
renal medical units for treatment of distal renal tubular 
dysfunction of “obscure origin.” Toxicologic screens in 
most commercial laboratories employing gas chromatog- 
raphy can detect toluene in the blood; hippuric acid 
analysis of urine is also widely available. 

Hippuric acid is used as a biologic marker for 
occupational exposure to toluene. Minor toluene 
metabolites are o-cresol, p-cresol, and phenol. The minor 
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metabolites are conjugated with either sulfate or 
glucuronic acid and are excreted in the urine. 

However, hippuric acid monitoring is especially 
unreliable in persons with low-level exposures. Individual 
variations with respect to metabolism of toluene and the 
correlation of occupational exposure to toluene and 
urinary excretion of hippuric acid and cresol can occur, 
especially if there is coexposure to other solvents or 
ethanol. Ethnic variations in toluene metabolism also are 
seen. Owing to this variability of metabolism among 
individuals, the biologic monitoring of hippuric acid and 
other metabolite excretions is merely a qualitative 
indication of exposure and not a quantitative indication 
of toluene toxicity. The average amount of hippuric acid 
excreted in the urine by persons not exposed to toluene 
is 0.7 to 1.0 g/L of urine. 

Toluene in venous blood has been reported as the 
most reliable and sensitive marker of exposure. Although 
blood toluene, like other biomarkers, is influenced by 
smoking, exercise, alcohol ingestion, and sex differences, 
its usefulness as a surrogate of exposure is predicated on 
the multiphasic time course of elimination and a linear 
relationship at low levels of exposure. The initial elimi- 
nation from blood upon termination of exposure is 
rapid, on the order of minutes; at an exposure level of 34 
ppm, the blood level 16 hours after exposure was only 
2% of the maximum blood level reached. Blood levels 
immediately after exposure reflect time-weighted average 
(TWA) exposure during the preceding 8 to 10 hours.*° 

Because of a slow release of toluene from adipose 
tissues (half-life is about 80 hours), blood toluene levels 
on Monday mornings before work or near the end of 
the workweek were observed to correlate with exposures 
during the preceding week. This slow decline in blood 
toluene has been demonstrated to result in detectable 
levels in workers who ceased exposure 2 weeks previously. 

O-cresol has been used as a marker of toluene 
exposure in the workplace. It can be easily obtained by 
a noninvasive urine sampling procedure at the end of 
the work shift. One study reported that a value of 3 mg 
o-cresol per liter of urine correlates with an exposure 
level of 50 ppm, which also correlates with a value of 
1000 ug/L toluene in blood.* 

Laboratory studies of intoxicated persons may reveal 
evidence of renal tubular failure or mild hepatic dysfun- 
ction. Most hospitalizations of adolescents are for renal 
insufficiency and hypokalemia. Laboratory evidence of 
neuroendocrine effects is described in factory 
workers, whereas hypothalamic dysfunction (hyperpro- 
lactinemia, decreased testosterone and growth hormone) 
is reported in a boy whose toluene abuse was accom- 
panied by central sleep apnea, diabetes insipidus, and 
poikilothermia. 

CNS electrophysiologic studies reveal a characteristic 
abnormality of the brainstem auditory evoked response 
(BAER), namely, sparing of early components (wave I) 
and decrement or loss of late components (waves I-V). 
Abnormal BAERs appear to be among the most 
sensitive measures of toluene neurotoxicity; they may 
appear at a time when the neurologic exam is still 
unremarkable. Visual evoked responses appear less 


Benzene and Related Aromatic Hydrocarbons 1373 





sensitive; they usually display diminished amplitudes 
throughout, with moderate delay in the late component. 
Electroencephalograms are frequently abnormal; even 
after 4 weeks of abstinence, they show mild diffuse 
slowing without paroxysmal, epileptiform activity. CT in 
severe cases almost always discloses mild to moderate 
cerebellar cortical and cerebral hemisphere atrophy. 
MRI in some advanced cases has provided solid evidence 
of white matter disease; this is evidenced by increased 
signal intensity on T2-weighted images in the periven- 
tricular, internal capsular, and brainstem pyramidal 
regions. MRI also reveals loss of differentiation between 
gray and white matter throughout the CNS and atrophy 
of cerebellum, cerebral hemispheres, and brainstem. 
These MRI findings are nonspecific; they may be seen 
in inflammatory demyelinating diseases, anoxic demyeli- 
nation, and ischemic white matter disease. Neuro- 
imaging studies show that CNS white matter changes due 
to toluene toxicity appear to be irreversible. 

Neurologic lesions on MRI and CT scanning correlate 
with impairments on psychological tests in toluene 
abusers. MRI of the CNS in toluene vapor abusers has 
demonstrated multifocal CNS involvement and diffuse 
CNS demyelination. These findings correlated with a 
clinical presentation that included neurobehavioral, 
cerebellar, brainstem, and pyramidal tract abnormalities. 

Neuropathologic changes that correlated with MRI 
and CT scanning in toluene abuse patients include 
diffuse cerebral demyelination, diffuse cerebellar demy- 
elination, demyelination of subcortical white matter, 
degeneration and gliosis of ascending and descending 
long fiber tracts and nerves of the corpus callosum, and 
atrophy of the cerebrum, cerebellum, and corpus 
callosum. Necropsy showed myelin pallor in deep 
periventricular white matter, with axonal and neuronal 
loss combined with demyelination. Electroencephalogram 
abnormalities are reported in some cases. 

Individuals exposed to long-term low concentrations 
of toluene, as compared with controls, showed abnormal 
visual evoked potentials. 

Treatment of toluene exposure lies primarily in the 
correction of the resulting metabolic disorders. Most 
patients require parenteral hydration and attention to 
renal function. Recovery is usually rapid with the 
correction of the electrolyte disorders. 

Hypokalemia, cardiac arrhythmia, and metabolic 
acidosis require skilled medical management. Chronic 
toluene inhalational abuse can result in a normal anion- 
gap metabolic acidosis with hypokalemia, hypophos- 
phatemia, and hyperchloremia. This type of acidosis was 
first described in association with glue sniffing and is 
termed type 1 renal tubular acidosis. Renal tubular acidosis 
is a derangement in the capacity of distal renal tubules to 
maintain a hydrogen ion gradient and usually is 
reversible within a few days once exposure to toluene 
ceases, although reversal of this disorder may require 
several weeks. Treatment ranges from observation to 
administration of sodium bicarbonate and potassium, 
depending on the severity of the acidemia and 
electrolyte loss. 

Decontamination is described in Box 94-1. 
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Other than abstinence, there is no specific treatment 
for the CNS effects. 

In acute symptomatic exposures, toluene may be 
detectable in blood drawn with a gas-tight syringe, but 
usually only for a few hours. The metabolites hippuric 
acid and orthocresol are excreted in the urine and can 
be used to document exposure, but urine levels do not 
correlate with systemic effects.*° 

Other useful laboratory studies include electrolytes, 
glucose, blood urea nitrogen, creatinine, liver transami- 
nases, creatine phosphokinase, and urinalysis. 

There is no antidote. There is no role for enhanced 
elimination. 

Consider hospitalizing the symptomatic patient who 
has significant inhalation or ingestion exposure with 
symptoms of CNS depression or respiratory distress.* 
Observe hospitalized patients for signs of acute tubular 
necrosis, encephalopathy, and arrhythmia. In addition, 
patients who have inhaled large amounts of toluene 
should be observed for signs of pulmonary edema, and 
those who have ingested toluene should be watched for 
signs of aspiration pneumonitis. 


XYLENE 


Xylene (dimethylbenzene) is a commonly used aromatic 
solvent with three isomeric forms: ortho-, meta-, and para- 
xylene. Xylenes are one of the highest-volume chemicals 
produced and used by industry. A mixture of all three 
isomers is termed xylol.! It is a colorless, flammable, 
liquid hydrocarbon with a characteristic aromatic odor. 
It is commonly found in products such as varnish, ink, 
paint thinners, degreasers, and insecticides. Xylenes 
like benzene and toluene are major components of 
gasoline and fuel oil. The primary uses of xylenes 
industrially are as solvents and synthetic intermediates.'° 
Commercial xylene is often contaminated with other 
organic compounds such as ethylbenzene, toluene, 
benzene, trimethylbenzene, phenol, thiophene, and 
pyridine. The volumes of these contaminants are very 
minor, making up less than a fraction of 1%. 

The odor threshold of xylenes depends on the isomer. 
On average, the odor threshold appears to be about 
1.0 ppm. m-Xylene has an airborne odor threshold of 
3.7 ppm; o-xylene, 0.17 ppm; and p-xylene, 0.47 ppm. 

Liquid xylene is irritating to the skin and eyes, causing 
local vasodilation by the liberation of histamine and 
5-hydroxytryptamine. Direct xylene eye splash causes 
initial transient discomfort and hyperemia of the 
conjunctiva. The cornea may rapidly develop a visually 
significant central haze usually limited to the anterior 
portions of the stroma. A characteristic clinical feature 
reveals clear vacuoles resembling microcystic corneal 
epithelial edema but localized mostly in the anterior 
stroma. The stromal vacuoles are very characteristic and 
only mentioned in a few other entities such as n-butanol 
and nitronaphthalene exposure. In contrast, epithelial 
cystic changes differ from stromal vacuoles and are 
commonly seen in other keratopathies such as contact 
lens toxicity and increased intraocular pressure. 
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The CNS mechanism of toxicity is identical to that of 
toluene and other hydrocarbons.*° 

The toxicokinetics (TK) and acute toxicity of tolu- 
ene, xylenes, and other aromatic solvents are quite simi- 
lar. Xylenes and the others are well absorbed from the 
lungs and gastrointestinal tract, distributed to tissues 
according to tissue blood flow and lipid content, exhaled 
to some extent, well metabolized by hepatic P-450s, and 
largely excreted as urinary metabolites. 

Dermal xylene absorption is low compared with res- 
piratory tract absorption. 

Xylene is metabolized through the P-450 mixed- 
function microsomal enzyme system in the endoplasmic 
reticulum of the liver. The biotransformation of xylene 
through side-chain oxidation and aromatic oxidation 
results in metabolites of methylbenzyl alcohols, methyl- 
benzaldehyde, and methylbenzoic acids (toluic acids). 
Methylbenzoic acids are conjugated with glycine to form 
methyl hippuric acids, the main urinary metabolites of 
xylene. A minor (1%-4%) metabolic pathway of xylene 
metabolism is aromatic ring hydroxylation, which forms 
xylenol. 

The major route of clearance is through the kidneys, 
with metabolites of xylene being excreted by a slow 
phase and a rapid phase. In humans, about 36% of 
xylene is excreted by the end of the daily working period, 
and about 70% to 80% of metabolites are excreted 
within 24 hours of cessation of exposure. Removal from 
fat occurs slowly over a period of days.*” 

The co-ingestion of ethanol will inhibit the metab- 
olism of xylene through the pathway leading to methyl- 
hippuric acid, but not the path leading to 2,4-xylenol. 

Coexposure to other solvents affects xylene metab- 
olism. Exposure to both methyl ethyl ketone and xylene 
results in about a 50% increase in blood xylene con- 
centrations. Also, urinary excretion of methyl hippuric 
acid decreases, indicating competition for enzyme 
metabolism. Coexposure to trichloroethylene, ethyl- 
benzene, and toluene also inhibits xylene metabolism. 
Increased use of the minor aromatic ring hydroxylation 
pathway occurs when other solvents compete with 
CYP450 enzyme pathway metabolism. 

Xylene is irritating to the eyes, skin, and mucous 
membranes. Exposure may cause dyspnea, anorexia, 
nausea, vomiting, and dermatitis. There are several ways 
in which xylene can be toxic, such as through inhalation, 
ingestion, or direct contact with the liquid. Ocular 
injuries such as irritation or conjunctivitis have been 
reported after exposure to vapors or accidental splashes. 
Additional ocular toxic changes may include vacuolar 
keratopathy, which has been reported in only a few cases 
with prolonged exposure to high vapor concentrations 
or to mixed solvents. 

Owing to its high vapor pressure, most exposures to 
xylene and its isomers are by inhalation. 

Acute CNS effects are identical to those of toluene 
and other volatile hydrocarbons. Workers rarely progress 
to the level of intoxication because the respiratory 
irritability and odor threshold limit of xylene are such 
that workers are unlikely to tolerate high exposures 
necessary to produce these effects. Nevertheless, animal 
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studies lend support to the theory that mixed xylene 
isomers are neurotoxic after inhalation. 

Increased theta waves over occipital regions are seen 
in electroencephalogram results in subjects exposed to 
xylene peaks of 200 ppm for 4 hours. 

Xylenes appear to have very limited capacity to 
adversely affect organs other than the CNS. Mild, 
transient liver or kidney toxicity has occasionally been 
reported in humans exposed to high vapor concen- 
trations of xylenes. 

Xylene does not appear to be genotoxic or carcinogenic. 

For day-long working conditions, most experimentally 
exposed subjects have selected 100 ppm as the highest 
tolerable concentration, with considerable eye irritation 
in some individuals exposed to 200 ppm in air. Nose and 
throat irritation from xylene has been reported at 
200 ppm for 3 to 5 minutes and 100 ppm for 1 to 7.5 
hours per day for 5 days. Chronic occupational exposure 
to unspecified or unknown concentrations of xylene 
vapors has been associated with difficulty breathing and 
impaired pulmonary function. Nose and throat irritation 
has been reported with increased prevalence by workers 
who are exposed chronically to xylene vapors at a 
geometric mean TWA concentration of 14 ppm. 

Death was reported in an individual exposed to paint 
solvents containing primarily xylene at an estimated 
atmospheric concentration of 10,000 ppm. Autopsy 
demonstrated severe pulmonary congestion with hemor- 
rhage and pulmonary edema. 

Liver necrosis and steatosis have been reported after 
xylene exposure. 

Xylene vapors have a sweet odor that, in conjunction 
with irritation of the airways and respiratory tract, will 
cause most individuals to avoid exposure to the com- 
pound at high concentrations. Those who may be tolerant 
of the odor or who remain in the area of airborne xylene 
may develop headaches, nausea, vomiting, fatigue, 
dizziness, irritability, insomnia, a drunken feeling, 
impaired memory, loss of coordination, and unsteady 
gait, in addition to upper airway and ocular irritation. 

Like toluene, xylene can also sensitize the myocardium 
to the arrhythmogenic effects of catecholamines. 

Assays of blood and alveolar air can detect xylene, and its 
metabolites can be detected in urine. Blood levels of xylene 
can be affected by coexposure to other solvents. Co- 
exposure to toluene, trichloroethylene, ethylbenzene, 
methyl ethyl ketone, or alcohol is known to increase xylene 
blood concentrations by competing for metabolic enzymes. 
Aspirin decreases methylhippuric acid urinary excretion. 

Methylhippuric acid is not normally present in the 
urine, and methylhippuric acid concentration has, 
therefore, been proposed as a marker for the biologic 
monitoring of workers exposed to xylene. In general, 
methylhippuric acid levels appear to correlate linearly 
and significantly with the TWA exposure if urine is 
collected at the end of the daily working period and, 
preferably, in the latter half of the workweek when 
urinary metabolites are likely to reach maximum levels.*” 

The BEI for xylene is 1.5 g methylhippuric acid per 
gram of creatinine in urine collected at the end of the 
work shift.*® 
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See Box 94-1 for acute clinical management. 

After an acute splash in the eye, immediate and 
thorough irrigation with Ringer’s lactate solution or 
saline is recommended. Delayed irrigation, especially in 
the presence of normal ocular pH, does not seem to be 
indicated. Removal of particulate chemical matter from 
ocular surfaces and conjunctival fornices is crucial. If 
significant corneal edema is present, topical steroids may 
shorten the course. Xylene keratopathy should be 
considered in the differential diagnosis of epithelial and 
stromal vacuolar keratopathy. 

In acute symptomatic exposures, xylene may be 
detectable in blood drawn with a gas-tight syringe, but 
usually only for a few hours. The metabolite methyl- 
hippuric acid is excreted in the urine and can be used to 
document exposure, but urine levels do not correlate 
with systemic effects. 

There is no antidote. There is no role for enhanced 
elimination. Disposition is the same as for toluene. 
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At a Glance... 


m Fluorocarbons and chlorofluorocarbons (best known by the 
trade name Freon) are widely employed as refrigerants, aerosol 
propellants, and solvents. Because of their negative impact on 
the ozone layer, they are being gradually replaced by other 
compounds, including hydrogenated chlorofluorocarbons. 

m Generally viewed as less toxic than other solvents, fluoro- 
carbons are nonetheless responsible for numerous deaths due 
to occupational exposures and after intentional abuse. 

m Narcosis and cardiac arrhythmias may occur after intense 
exposures. The pathophysiology of arrhythmia induction in 
humans is not clear. 

m Decomposition of chlorofluorocarbons may lead to production 
of chlorine, hydrogen fluoride, phosphine, and chloride gases. 

m = Chlorofluorocarbons may cause eye, nose, and skin irritation as 
well as potentially severe cryogenic injuries (frostbite). 

m Chronic chlorofluorocarbon exposures may lead to neuro- 
psychiatric sequelae. 

m Boron hydrides (boranes) are potent irritants that may induce 
pulmonary edema and central nervous system narcosis. 

m Treatment of both fluorocarbons and boranes consists of 
removal from exposure and good supportive care. 

m Hydrazines are potent alkaline compounds, are explosive, and 
interfere, through multiple mechanisms, with y-aminobutyric 
acid production. As such, they may result in seizures that are 
poorly responsive to usual anticonvulsant therapy. Pyridoxine 
(vitamin B,) administration may be life saving. 

m Numerous hydrocarbons and substituted hydrocarbons, as well 
as nitrites, are abused by inhalation. Volatile inhalant abuse 
may lead to narcosis, seizures, arrhythmias, and sudden death. 
Chronic abuse of some compounds may result in encephalo- 
pathy. Treatment is supportive. 


FREON AND OTHER FLUOROCARBONS 


Introduction and Relevant History 


Fluorocarbons are halogenated hydrocarbons. The best 
known is Freon, the commercial name given to the 
group most commonly used in industry some years ago. 
Fluorocarbons that contain chlorine are called chloro- 
fluorocarbons (CFCs). CFCs have been used industrially 
since the 1930s and are generally known by commercial 
names such as Freon, Arcton, and Frigen. They were 
initially used by the armed forces in World War II and 
reached the civilian market in 1947. Because of their 
unique combination of nonflammability and general 
inertness, CFCs are used as refrigerants, aerosol pro- 
pellants, foam-blowing agents, solvents, glass chillers, and 
polymer intermediates, as well as in fire extinguishers 
and anesthetics. 


9 5 Freon and Other Inhalants 


Their chemical stability, however, which makes them 
relatively safe and nontoxic, is also responsible for their 
potential damage to the environment. Since 1974, it has 
been believed that CFCs might indirectly affect the 
Stratospheric ozone layer through their ability to 
transport halogens, particularly chlorine, to this level. By 
the mid-1980s, a consensus had emerged that atmos- 
pheric CFCs could contribute significantly to ozone 
depletion, and an annual thinning (a “hole”) in the 
ozone layer over the Antarctic had been reported. Some 
of the atmospheric chemistry that is believed to occur 
and some of the measurements performed on the ozone 
layer are reviewed, together with the environmental 
regulatory actions that have been taken. These are 
leading to a controlled rapid phase-out of a number of 
industrial chemicals, including CFCs. 

Production of CFCs ceased in the United States as of 
December 31, 1995, because of their destructive effect 
on the ultraviolet radiation shield (ozone) of the 
atmosphere.'* However, these compounds are still 
available for sale, and some areas have stockpiled 
supplies. Hydrogenated chlorofluorocarbons (HCFCs), 
which can be used instead of CFCs, are currently being 
manufactured with a cease production date of the year 
2020, again because their effect on the ozone layer. At 
that time, hydrogenated fluorocarbons (HFCs) will take 
the place of HCFCs and CFCs.* 

CFCs were initially regarded as less toxic in terms of 
narcosis and other common solvent health effects, and 
thus higher levels of exposure were permitted. This led 
to a higher incumbent risk for problems. Many fatal 
cases associated with the inhalation of CFCs have been 
reported.*!? Most of these have occurred in work-related 
incidents or self-induced exposures. The autopsy reports 
of these cases reflect generic evidence of acute cardio- 
respiratory failure. It is believed that the toxic action 
of CFCs occurs through cardiac toxicity or by hypox- 
emic asphyxiation due to CFC saturation of the room 
atmosphere.®"! 

CFCs are known irritants to the upper airway with 
ambient exposure. They may also cause cryogenic effects 
on tissue. Liquid CFCs with low boiling points or under 
pressure can cause freezing of the skin if they come into 
contact with the body for more than 3 to 5 seconds.'* 

It should be noted that Freon decomposes into 
chlorine, hydrogen fluoride, phosphine, and chloride 
gases, all of which are extremely toxic.'® 


Structure 


Fluorocarbons are a group of synthetic halogen- 
substituted methane and ethane derivatives containing 
atoms of chlorine and fluorine. At least 36 commercially 
available fluorocarbons exist, of which 10 are produced 
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Common Chlorofluorocarbons and Their 


Chemical Formulas 





COMPOUND CHEMICAL 

NUMBER FORMULA CHEMICAL NAME 

CFC 11 CCI3F Trichlorofluoromethane 

CFCI? CCI,F, Dicholorodiflouromethane 

HCFC 22 CHCIF, Chlorodifluoromethane 

CFC 13 CCIF; Chlorotrifluoromethane 

CRC T2 Cl,F—CCI,F 1,1,2,2-Tetrachloro-1,2 
difluoroethane 

CFC 113 CI,F—CCIF, 1,1,2-Trichloro-1,2,2 
trifluoroethane 

CFC 114 CIF,—CCIF, 1,2-Dichloro-1,1,2,2 
tetrafluorethane 

CFC 115 CIF,—CF; 1-Chloro-1,1,2,2,2 


pentafluoroethane 





Adapted from Aviado DM: Fluorine-containing organic compounds In 
Clayton GD, Clayton FE (eds): Patty’s Industrial Hygiene and Toxicology, 
Ath ed. New York, John Wiley & Sons, 1994, pp 1177-1220, and 
American Conference of Governmental Industrial Hygienists, Inc.: 
Documentation of the Threshold Limit Values and Biological Exposure 
Indices, 5th ed. Cincinnati, OH, ACGIH, 1986 


and used in significant amounts. The main CFCs and 
their chemical structures appear in Table 95-1. 


Pathophysiology 


Extensive animal studies have found a relationship 
between CFC inhalation and cardiac arrhythmias, even 
without evidence of asphyxiation.'°!*!° Arrhythmias 
reported to occur in CFC exposure include ventricular 
arrhythmias, atrioventricular nodal block, and atrial 
fibrillation.!®!7 Reinhardt and associates also reported 
increased sensitization to arrhythmias when epinephrine 
was given to dogs with exposure to FC4;.!8 It has been 
postulated that CFCs decrease the ionic permeability of 
the cellular membranes, leading to transient and 
localized conduction blocks, altered refractory periods, 
and disturbance of the pacemaker ability of the heart.!”° 
Another theory suggests that CFCs do not sensitize the 
myocardium to endogenous catecholamines but have a 
depressant effect on the sinus atrioventricular and 
ventricular conduction systems, allowing other ectopic 
foci to produce arrhythmias.”! 

Despite the fatal exposures and reports of arrhythmia, 
the documentation of arrhythmias caused by CFCs in 
human subjects is ambiguous. Egeland and colleagues** 
found no significant difference in atrial or ventricular 
premature beats, heart rate, or PR intervals in a group of 
16 aerospace workers with high and low exposures. 
Edling and coworkers*’ studied 89 refrigerator repair- 
men and concluded that CFCs do not induce arrhyth- 
mias in exposed workers. However, the frequency of 
arrhythmia was high in these men regardless of 
exposure. No clear connection was found by Antti-Poika 
and colleagues,® but one subject had ectopy that may 
have been related to exposure. Although ectopy or other 
arrhythmias occurring with CFC exposure have not been 
associated with underlying heart disease, increased 
circulating concentrations of catecholamines may make 
patients prone to arrhythmia.’ Caffeine intake, physical 
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activity, and tobacco use have been suggested to have a 
proarrhythmic effect.*° 


Pharmacokinetics 


CFCs are absorbed rapidly by inhalation, whereas oral 
absorption is slower and more complicated. The distri- 
bution half-life is rapid in comparison with elimination 
because of the slow release from fat stores. Clark and 
colleagues** reported three fatalities due to Freon 
exposure, and these patients had the highest concen- 
trations in brain tissue, reflecting the high solubility 
of hydrocarbons. An individual who suffered a fatal 
exposure secondary to FC}; that had vaporized out of 
the sludge collection pit in glass lens manufacture also 
showed high levels in brain tissue.’ High concentrations 
in heart tissue of people suffering fatal exposures have 
also been found.®’ Lung concentrations reported in all 
human cases are low, and this is probably a reflection of 
resuscitative efforts. Elimination half-life is 1.5 hours, 
probably as a result of its slow liberation from fat stores. 


Clinical Manifestations 


Transient low-concentration CFC exposures result in 
eye, nose, and throat irritation. Frostbite of the oral 
cavity has been described after deliberate inhalation of a 
propellant.” Pulmonary irritation, bronchial constric- 
tion, cough, dyspnea, and chest tightness may develop 
after inhalation. Pulmonary edema is an autopsy finding 
in fatal inhalation cases.°*° Edema may be secondary 
to aspiration or decomposition products of CFCs, which 
include chlorine, hydrogen fluoride, phosphine, and 
chloride gases. 

Neurologic sequelae of CFCs involve a spectrum of 
symptoms that include headache, lightheadedness, 
dizziness, and disorientation. Workers with chronic 
exposure to CFC 113 were found to have impaired 
psychomotor speed, impaired learning and memory, and 
emotional lability.?7 Cerebral edema has been found at 
autopsy.*° 

Toxic exposures to CFCs have been associated with 
fatal ventricular arrhythmias, atrial fibrillation, and 
sudden death.!!!+!724 However, no clear connection with 
low-concentration exposure and cardiac arrhythmias has 
been documented.®7779 

Freon exposure causing severe frostbite has been 
reported,’ and a related case of compartment syndrome 
required amputation of the digits.“ Direct accidental 
injections have also occurred, and these respond to 
conservative therapy with minimal tissue damage.*”*” 

Other rare toxic effects include gastric perforation 
secondary to ingestion, elevation of transaminase levels, 
jaundice, contact dermatitis, and rhabdomyolysis.*!° 


Management 


The first step in the management of CFC exposure is to 
remove the offending agent, avoiding exposure to other 
subjects. Attention to airway, breathing, and circulation 
with supplemental oxygen, symptomatic therapy, and a 
calming environment to avoid endogenous adrenergic 


stimulation are important. Use of adrenergic drugs 
should be avoided to prevent myocardial stimulation. 
Use of countershock or phenytoin may be indicated for 
ventricular arrhythmias. Digestive decontamination 
techniques (gastric lavage, activated charcoal) are not 
normally used because the ingestion of CFCs is 
exceptional. There is no antidote, and extrarenal 
purification techniques do not work.°° 

If frostbite occurs, the exposed area should be soaked 
in lukewarm water if possible within 20 to 30 minutes after 
exposure. Ice or heat should not be applied. A light 
coating of a bland ointment, such as petroleum jelly, 
should be applied and covered with a light bandage. 
Ocular injuries should be irrigated and assessed for injury. 


BORON 


Introduction and Relevant History 


Boron hydrides are highly toxic chemical compounds 
composed of boron and hydrogen. Inhalation, ingestion, 
or percutaneous exposure to boranes can result primarily 
in pulmonary, gastrointestinal, or central nervous system 
(CNS) toxicity. 

Boranes are used mainly in high-energy fuels such as 
rocket propellants but are also used in semiconductor 
manufacturing and welding and as fungicides and 
bactericides. They are also used as initiators of ethylene, 
styrene, vinyl, and acrylic polymerization and in the 
vulcanization of rubber. In recent years, they have also 
been employed in the automobile airbag industry.?”** 


Structure 


Boron hydrides are produced by the reaction of lithium 
aluminum hydride with boron fluoride to make diborane, 
and pyrolysis of diborane produces the remaining 
boranes. The three most commonly encountered in 
industry are diborane (BjH,), a colorless gas with a sickly 
sweet, nauseating smell, like rotten eggs; pentaborane 
(B;Hg), a colorless volatile liquid with a sweetish, garlic- 
like, unpleasant odor; and decaborane (Bj, 9H,4), a white 
crystal with an intense bitter chocolate odor. These 
compounds oxidize easily, are strong reducing agents 
that are highly flammable, and may ignite or explode in 
the presence of oxygen. 


Pathophysiology 


Boranes are highly toxic by inhalation, skin absorption, 
or ingestion. They may produce both acute and chronic 
poisoning. 

Diborane gas is primarily a pulmonary irritant at 
0.1 ppm. Inhalation exposure results in hydrolysis to 
boric acid and hydrogen.*”? Acute exposure causes 
pulmonary edema and hemorrhage as well as temporary 
damage to the liver and kidneys. Autopsies reveal 
rhinitis, pneumonia, and structural lung damage.4%4 
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Pentaborane and decaborane vapor affects the 
nervous system and causes signs of both hyperexcitability 
and narcosis.** Pentaborane is considered to be the most 
toxic of the boron hydrides when inhaled, although 
it is also readily absorbed through intact skin. CNS 
norepinephrine depletion, intracranial hypertension, 
and cortical atrophy have been demonstrated after 
exposure to pentaborane and decaborane. These agents 
also cause gastrointestinal toxicity, with fatty necrosis of 
the liver and elevation of transaminase levels. 

Direct myotoxic effects of the boron hydrides as well 
as myoclonus and seizures can result in rhabdomyolysis 
and myoglobinuria. 


Clinical Manifestations 


Acute diborane poisoning in humans results in a 
syndrome like that of metal fume fever, with symptoms 
of tightness, heaviness, and burning in the chest; 
cough; shortness of breath; pericardial pain; nausea; 
shivering; and drowsiness. Signs of intoxication may 
occur soon after exposure or after a latent period of up 
to 24 hours and may persist for 1 to 3 days or more. 
Long-term exposure to low concentrations results in 
pulmonary irritation, dizziness, headaches, weakness, 
and tremors. 

Drowsiness and nausea may occur with slight pentabo- 
rane toxicity. In moderate exposures, headaches, 
dizziness, nervous excitation, and hiccups may occur. 
Muscle pain and spasms of the muscles of the face and 
extremities may be noted. In more severe exposures, 
after 48 hours, patients may suffer loss of mental con- 
centration, incoordination, disorientation, cramps, 
convulsions, and coma. On certain occasions, there have 
been reports of intense acidosis.*°*# 

Decaborane toxicity in humans produces symptoms 
of restlessness, aggressiveness, depressed breathing, inco- 
ordination, general weakness, spasmodic movements, 
and convulsions. 

Sometimes, symptoms of acute toxic exposure 
may take several hours to develop and may persist for 
days. Chronic liver, kidney, and CNS impairments can 
result from significant exposures. Low-level exposures 
over time may cause CNS symptoms, including poor 
decision making and concentration, as well as apparent 
psychiatric symptoms of poor emotional control and 
personality change. 


Management 


People exposed to boron hydrides should be imme- 
diately removed from the exposure. After contaminated 
clothing has been removed, victims’ skin should be 
thoroughly washed with water. There is no known anti- 
dote for borane poisoning. Treatment is symptomatic 
and supportive. If high-level inhalation has occurred, 
hospitalization for 48 to 72 hours is recommended to 
monitor cardiopulmonary function, acid—base balance, 
and neurologic status. 
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As regards preventive steps, it should be made clear 
that toxic levels of some boron hydrides are below the 
odor threshold for humans. Exposure to others with a 
scent, in higher concentration, may cause loss of ability 
to detect an odor. Therefore, great caution must be used 
when working around these substances. Personal pro- 
tective equipment should be used to prevent inhalation, 
skin, or mucous membrane exposure. 


HYDRAZINES 


Introduction and Relevant History 


Hydrazine (NH,NH,) is a colorless, oily, fuming liquid 
that is used in agricultural chemicals, the space industry, 
and medicine. It is also used in photographic developing 
and in the manufacturing of drugs, herbicides, dyes, 
textile treatments, explosives, and plastics. Hydrazine is 
also a powerful explosive, used as a rocket fuel, and can 
selfignite when adsorbed onto earth, cloth, wood, and 
asbestos. It emits toxic nitrogen compounds when 
heated to decomposition. Its vapors are heavier than air 
and have an ammonia or fishy odor.*° 


Pathophysiology 


Hydrazines are poisonous by ingestion and by intra- 
venous and dermal routes. Their toxicity occurs in 
multiple organ systems, and they are known carcinogens. 
Hydrazine and its metabolite monoacylhydrazine are 
hepatotoxic, causing nuclear and nucleolar enlarge- 
ment, mitochondrial swelling, and increased formation 
of antibodies and free radicals.*’** Because acetylation is 
the pathway for metabolism, toxicity may be more 
common in people who are slow acetylators. 

Hydrazine is also known to produce a functional 
pyridoxine deficiency through inhibition of synthesis or 
deactivation of coenzymes.*® Pyridoxine may be useful 
for treatment. 

Other toxicities caused by hydrazine include a direct 
CNS toxicity, a negative inotropic effect on the heart 
leading to cardiovascular depression and hypotension, and 
hemolysis leading to acute tubular necrosis or nephritis. 


Clinical Manifestations 


Hydrazines are local irritants causing ocular irritation, 
facial edema, salivation, and dermal irritation. Even low 
concentrations can cause bronchial mucous destruction 
and pulmonary edema. Other symptoms are nausea, 
vomiting, dizziness, and agitation. 

Anemia due to hemolysis has been reported and 
can lead to renal dysfunction.” This blood loss can also 
worsen a patient’s cardiovascular status and lead to 
progressive weakness and dyspnea. 

Manifestations of the liver disease include hypo- 
glycemia and hyperglycemia, depending on a patient’s 
glycogen stores. In extreme situations, a fatal hepa- 
torenal failure may result.! 
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Finally, among CNS manifestations, severe encephalo- 
pathy and seizures are the most significant disorders.°?? 


Management 


Prompt removal of the irritant and basic life support 
measures are key. Dermal exposure should be treated 
immediately with soap and water. Ocular exposure 
requires copious irrigation with tepid water. 

Respiratory exposure should be treated with humi- 
dified supplemental oxygen and monitoring for res- 
piratory distress. Chest radiographs, arterial blood gas 
determinations, and intubation may be clinically indi- 
cated. 

Oral exposures may be treated with gastric lavage and 
activated charcoal. Emesis must be induced with caution 
because delayed neurologic effects, such as seizure and 
coma, may occur. This is dependent on the chemical 
ingested, the volume, and the duration of exposure. 

Pyridoxine may be antidotal in hydrazine ingestions. 
The recommended dose for patients with neurologic 
symptoms is 70 mg/kg over 30 minutes intravenously, 
repeated as necessary, with a maximum of 15 g/day. 
These amounts should be respected because of the risk 
for peripheral neuropathy associated with the use of 
pyridoxine. Seizures are treated also with routine medi- 
cations, including diazepam, lorazepam, or phenytoin, 
and phenobarbital. Other routine laboratory studies 
include monitoring blood glucose, liver function tests, 
and hemoglobin measurement. If methemoglobinemia 
exists at a level greater than 30%, methylene blue should 
be used, 1 to 2 mg/kg slowly every 4 hours as needed. 
The remaining treatment is supportive: fluid therapy, 
glucose in the case of hypoglycemia, conventional 
treatment of hepatic insufficiency if need be, and other 
maintenance measures. 


ACROLEIN 


Introduction and Relevant History 


Acrolein, a colorless or yellowish liquid with a dis- 
agreeable odor, is ubiquitous in the environment. It is 
a highly toxic, reactive, and irritating aldehyde that 
occurs as a product of organic pyrolysis, as a metabolite 
of a number of compounds, and as a residue in water 
when used for the control of aquatic organisms. It is 
an intermediate in the production of acrylic acid, DL- 
methionine, and numerous other agents. Its major direct 
use is as a biocide for the control of aquatic flora 
and fauna. It is used also in the manufacturing of 
pharmaceuticals, food supplements, perfumes, plastics, 
and textiles. It is also present in cigarette smoke.* 

It enters the environment through a variety of sources, 
including organic combustion such as automobile exhaust, 
cigarette smoke, and manufacturing and cooking 
emissions, as well as direct biocidal applications. Organic 
combustion from both fixed and mobile sources is 
the significant source of acrolein in the atmosphere; 


it represents up to 8% of all aldehydes generated by 
vehicles and residential fireplaces and 13% of all 
atmospheric aldehydes. This reactive aldehyde also 
occurs in organisms as a metabolite of allyl alcohol, 
allylamine, spermine, spermidine, and the anticancer 
drug cyclophosphamide, and as a product of ultraviolet 
radiation of the skin lipid triolein. Furthermore, small 
amounts are found in foods; when animal or vegetable 
fats are overheated. However, large amounts may also be 
produced. Most human contact occurs during exposure 
to smoke from cigarettes, automobiles, industrial 
processes, and structural and vegetation fires. Besides 
cigarette smoke, occupational exposures are a common 
mode of human contact, particularly in industries that 
involve combustion of organic compounds. Firefighters, 
in particular, are exposed to extremely high levels during 
the extinguishing and overhaul phases of their work. 


Pathophysiology 


Most exposures to acrolein occur through inhalation. 
Acrolein is a severe pulmonary irritant and lacrimating 
agent. The strong irritant effect usually prevents serious 
exposures, but fatalities have been reported.” Studies 
suggest that pulmonary insult from acrolein is due to 
alterations of the plasma membrane-—dependent trans- 
port system in the pulmonary artery endothelial cells as 
well as to the intracellular generation of oxidants.°°>” 

Skin and corneal burns may result from direct contact 
with the liquid. Concentrations of 0.25 ppm may cause 
eye irritation. 


Clinical Manifestations 


Splash contact may cause irritation, erythema, edema, 
and actual burns. Difficulty breathing, chest congestion, 
delayed pulmonary edema, asthma, bronchiectasis, and 
permanent lung damage may result from acute expo- 
sures. Nausea and vomiting are common. Ingestion may 
produce severe irritation of the mouth and gastro- 
intestinal tract. Hypertension and tachycardia may result 
from inhalation. Inhalation can also cause loss of 
consciousness and coma.°®°9 


Management 


Because the primary toxic effects of acrolein involve 
irritation of the mucous membranes, lungs, and skin, 
removal of the agent is paramount. Washing with soap 
and water and irrigation of the eyes with tepid water 
are appropriate. If pain and burning persist, repeat 
examination is necessary. 

Pulmonary support should be given as needed, 
including oxygen, intubation, and mechanical ventilation. 
Arterial blood gas measurement and chest radiograph 
are used to assess and monitor respiratory status. Patients 
with high-volume exposure may require hospitalization 
to be observed for delayed sequelae such as pulmonary 
edema. 

Ingestion should be treated with gastric lavage 
followed by activated charcoal and cathartics. Gastric 
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lavage should not be used in patients with neurologic 
deterioration without airway protection. 

All other treatment is supportive and symptomatic. 
The use of steroids remains controversial. Antibiotic use 
should be aimed at treating specific infections and 
should not be used as a prophylactic measure. 


VOLATILE INHALANT ABUSE 


Introduction and Relevant History 


Inhalants or volatile substances are a broad hetero- 
geneous group of substances with differing structures 
and toxic effects. Their study as a toxicologic entity is 
determined by their abuse as inhalant drugs. All are 
volatile and liposoluble and have good pulmonary 
absorption, which avoids first pass metabolism in the 
liver; in addition, a small quantity produces a rapid effect 
on the CNS. 

In general, these substances are cheap and legally 
obtainable. From an epidemiologic point of view, the 
rate of abuse of volatile substances varies greatly from 
country to country, although in the United States or 
Great Britain, for instance, this problem causes up to 100 
deaths every year.°’ In those areas where the problem 
exists, 13- to 15-year-olds are mainly affected, yet there 
are cases involving 8- to 19-year-olds.°) 


Structure 


The chief substances are (1) aerosols, including fluoro- 
carbons (Freon) and isobutane; (2) aliphatic hydro- 
carbons, including n-hexane, ethane, acetylene, butane 
(lighter fuel), and isopentane; (3) general anesthetics, 
including nitrous oxide, ether, chloroform, enflurane, 
halothane, and isoflurane; (4) aromatic hydrocarbons, 
including benzene, toluene, xylene, styrene, and naph- 
thalene; (5) esters, including ethylacetate, and isopropyl 
acetate; (6) fuels, including gasoline and naphthalene; 
(7) halogenated hydrocarbons, including carbon tetra- 
chloride, trichloroethane, perchloroethylene, methylene 
chloride, methylchloroform, and fluorocarbons; (8) 
ketones, including acetone, methyl-n-butyl-ketone, and 
methylethyl ketone; and (9) nitrites, including amyl 
nitrite (““poppers” among the gay community), isobutyl 
nitrite, and butyl nitrite.°° 

Patients who abuse these substances normally obtain 
them as products containing them, such as acrylic paints, 
adhesives, propellants, aerosols, stain removers, degreasers, 
dry-cleaning agents, nail polish removers, gasoline, glues, 
paint thinners, room fresheners, lighter fluid, shoe polish, 
and correction fluids. 


Pharmacokinetics 


There are various ways of inhaling these products: (1) 
sniffing—breathing in directly from the container; (2) 
huffing—placing a rag soaked in solvent over the nose 
and mouth and inhaling; and (3) bagging—inhaling 
from a paper or plastic bag. The concentration of 
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inhaled substances increases from sniffing to huffing to 
bagging. After one or two inhalations, the effects begin 
in a few seconds and last several minutes. Periodic 
inhalations, the most comman use pattern, maintain the 
effects over several hours. 

Volatile inhalants are rapidly absorbed by the alveolus 
and rapidly distributed to the central nervous system and 
lipid-rich tissues. Some of them can also be absorbed 
through the skin. Plasma concentrations are associated 
with the blood—air partition coefficient of each inhalant. 
Many inhalants are, in addition, eliminated mainly 
through the lungs. Several undergo hepatic transfor- 
mation with the appearance of metabolites, which can be 
detected in the urine. 


Clinical Manifestations 


After inhaling for a few minutes, the user starts to notice 
a feeling similar to drunkenness, together with, among 
other effects, impaired perception, euphoria, a loss of 
inhibitions, and a pleasant dizziness. It has been pointed 
out that nitrites can increase the intensity of and prolong 
orgasm, as well as relax the muscles, thereby facilitating 
anal penetration. Such effects last between 15 and 45 
minutes. 

Acute toxicity requiring emergency room admission 
fundamentally involves arrhythmias or other serious 
cardiovascular manifestations, including ventricular 
fibrillation, ventricular and supraventricular tachycardia, 
bradycardia, myocardial depression, and hypotension. 
On occasions, these problems cause the patient to die, as 
a result of which sudden death syndrome by inhalants has 
come into modern-day parlance. Apparently, certain 
acute cardiac manifestations are caused by sensitivity to 
catecholamines produced by volatile substances.” 

Acute disorders may also affect the CNS, producing 
incoordination, delirium, agitation, hallucinations, central 
depression (dizziness, blurred vision, headache, stupor, 
lethargy, ataxia, coma), respiratory depression, and 
seizures. On other occasions, patients present with 
digestive disorders, such as nausea, vomiting, abdominal 
pain, hematemesis, and necrosis of the liver (with 
trichloroethylene, among others). In exceptional cases, 
reports exist of laryngospasm, pulmonary aspiration with 
consequent chemical pneumonitis, methemoglobinemia 
(more commonly occurring with the ingestion rather 
than the inhaling of nitrites), and elevated carboxyhe- 
moglobin (methylene chloride). 

In addition to acute cases, there is evidence that 
chronic abuse of these substances may induce long-term 
neurologic toxicity in up to 65% of nonsporadic users. 
Neurologic alterations in heavy long-term abusers are 
probably due to the action of neurotoxins on neuronal 
membranes. Findings include spastic motor neuropathy, 
cognitive dysfunction, personality changes, problems 
with hearing and sense of smell, cerebellar dysfunction, 
Parkinson’s disease, and optic neuropathy. Magnetic 
resonance imaging has revealed that toluene causes 
irreversible changes in brain white matter.®° In certain 
instances of neurologic toxicity, there is peripheral 
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neuropathy; this is the case of glues or adhesives 
containing n-hexane or methyl-n-butyl-ketone. 

With regard to the digestive system, chronic abuse 
may bring about lack of appetite and weight loss. 
Hepatoxicity is associated with chronic exposure to 
carbon tetrachloride, toluene, and trichloroethylene. In 
the case of toluene, reports also exist of renal tubular 
acidosis, metabolic acidosis, hypokalemia, muscle weak- 
ness, and rhabdomyolysis; benzene can induce aplastic 
anemia." 

In recent years, there has been speculation that 
inhaling solvents during pregnancy produces fetal 
solvent syndrome, similar although not identical to fetal 
alcohol syndrome. Toluene is the agent most commonly 
related with this disorder.°*©? 


Diagnosis 


A diagnosis of arrhythmia or any other acute complaint 
associated with the abuse of volatile substances is a 
simple one if the patient cites previous use; however, it is 
difficult if no such reference exists in the clinical history. 
The detection of substance remains around the mouth 
or the appearance of “glue sniffer’s rash” can aid in the 
diagnosis. 

Conventional toxicological analysis is seldom helpful, 
but one occasionally observes metabolic acidosis with hyper- 
chloremia or anion gap, methemoglobinemia (nitrites), 
or elevated carboxyhemoglobin (methylene chloride). 
Certain special types of analysis may have an a posteriori 
clinical and legal interest but are rarely available in the hospi- 
tal: hippuric acid (toluene), methyl hippuri acid 
(xylene), trichloroethanol, and trichloroacetic acid in 
urine.” 


Management 


‘Treatment should be strictly individual. General monitoring 
of the airway, respiratory support, electrocardiogram 
monitoring, pulse oximetry, and chest radiography (to 
watch for the appearance of aspiration pneumonitis) are 
applicable in many cases. There are no specific 
antidotes, with few exceptions (discussed later). In the 
case of contamination of the skin or mucosa, these 
should be washed with abundant water. 

As regards arrhythmia management, adenosine has 
been proposed for supraventricular tachyarrhythmias 
and lidocaine for ventricular tachycardia, with counter- 
shock with or without defibrillation suggested if no 
response is achieved. In the case of bradycardia, initial 
treatment should be with atropine, and if this fails, an 
external or transvenous pacemaker should be used. 

Care should be taken with sympathomimetic vaso- 
pressors because these could trigger arrhythmias as a 
result of sensitivity to catecholamines induced by solvents. 

For cases of agitation or delirium and convulsions, 
intravenous benzodiazepines are recommended. If 
methemoglobinemia induced by nitrites is above 30%, 
methylene blue (1-2 mg/kg intravenously over 10 
minutes) should be administered. Further management 
should be symptomatic.”! 
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Halogens (Bromine, Iodine, and Chlorine 


ALBERTO PEREZ, MD m CHARLES MCKAY, MD 


At a Glance... 


m The halogens are potent oxidizers and irritants, frequently used 
as antiseptics. 

m Chronic bromide intoxication presents predominantly as a 
neuropsychiatric degenerative disorder. 

m Acute ingestion of bromates found as neutralizers in cold-wave 
hair permanent kits can result in vascular collapse, renal failure, 
and sensorineural hearing loss. 

m Acute iodine exposures result in severe skin, mucous 
membrane, and gastrointestinal injury. 

m Chronic iodide toxicity can present as sialorrhea, coryza, 
bronchorrhea, and salivary gland enlargement, as well as 
hypothyroidism. 

m lodophors (organic iodine compounds) have little free iodine 
and are less toxic than iodine or iodide salts. 

m Mixing chlorine-containing bleach (sodium hypochlorite) with 
acids or ammonia results in the release of chlorine gas or 
chloramine gas, respectively. 

m = Chlorine inhalation can produce delayed-onset pulmonary edema; 
early clinical presentation is predictive of short-term sequelae. 

m Symptomatic severe chlorine inhalation can result in reactive 
airways dysfunction syndrome. 

m Halogenated disinfection by-products are generated during 
disinfection of water containing large amounts of organic wastes. 

m In large quantities, halogenated disinfection by-products cause 
reproductive abnormalities and bladder or rectal cancer in 
animals. 

m Bromide and iodide can interfere with the analytic detection 
of chloride by certain instruments, resulting in pseudohyper- 
chloremia. 


Fluorine, chlorine, bromine, and iodine are collectively 
known as the halogen elements, and their ionic (salt) forms 
are known as fluoride, chloride, bromide, and iodide. 
They are strongly electronegative agents with potent 
oxidizing ability. Except for bromine, these are essential 
nutritional elements. This chapter reviews bromine, 
iodine, chlorine and their related compounds. Fluoride 
compounds are discussed in Chapter 90, whereas effects 
of and response to radioactive iodine compounds is 
covered in Chapter 104. 


BROMINE COMPOUNDS: BROMIDE, 
BROMATE, AND BROMINE 


Introduction and Relevant History 


Bromides were historically prescribed as sedative- 
hypnotics and anticonvulsants in the mid 1800s.' They 
remained the mainstay anticonvulsant therapy until the 


advent of barbiturates in the 1920s. ‘Their widespread use 
as anxiolytics led to the admonition to “take a bromide.” 
Organic bromides, also known as bromureides, have been 
less commonly used. 

In addition to acute sedative and anticonvulsant effects, 
chronic bromide ingestion produces a number of neuro- 
psychiatric changes. In retrospective studies, it was found 
that many patients who were hospitalized in psychiatric 
institutions in the mid-20th century in fact had bromide 
intoxication.* Bromide psychosis has been described 
after prolonged use of bromide-containing medication 
(pyridostigmine, dextromethorphan).*° Historically, 
Bromo-Seltzer and Miles Nervine were once associated 
with widespread cases of bromide intoxication.'® 

Dietary bromide exposure occurs in all humans because 
bromides can be found in trace amounts in natural soils 
and waters (e.g., igneous rock contains 0.02 mmol/kg 
bromide; fresh water contains 0.05 to 10 mmol/L, and 
seawater contains 0.4 to 0.8 mmol/L). Vegetables may 
contain bromide residues as a result of soil fumigation 
with methyl dibromide and ethylene dibromide. 

Bromide salts are currently found in photographic 
chemicals (e.g., activators and developers), fire extin- 
guishers, and refrigerants, as well as several medications 
(Table 96-1). Pharmaceutical bromides can be divided 
into inorganic bromide salts (NaBr, KBr, NH,Br, and 


Bromide-Containing Medications 


MEDICATION % BROMIDE 
Acecarbromal 29 
Ammonium bromide 80 
Bromisovalum 36 
Bromodiphenhydramine 24 
Carbromal 34 
Dextromethorphan hydrobromide 23 
Pyridostigmine bromide 31 
Brompheniramine maleate 25 
Halothane hydrobromide 81 
Homatropine methylbromide 29 
Neostigmine bromide 38 
Bromocriptine 12 
Pancuronium bromide 37 
Potassium bromide 67 
Propantheline bromide 18 
Quinine hydrobromide 17 
Vecuronium bromide 25 
Scopolamine hydrobromide 29 


Adapted from Bowers GN, Onoroski M: Hypochloremia and the 
incidence of bromism in 1990. Clin Chem 1990;36:1399-1403; and 
Rothenberg DM, Berns AS, Barkin R, Glantz RH: Bromide intoxication 
secondary to pyridostigmine bromide therapy. JAMA 1990;263: 
1121-1122. 
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CaBr.) and organic bromides (e.g., brompheniramine). 
Detectable serum bromide concentrations have been 
reported 3 weeks after prolonged anesthesia with 
halothane.’ Ingestion of dextromethorphan, a common 
over-the-counter cough suppressant, has been associated 
with significant bromide absorption. Unusual but 
significant exposures to bromide have resulted from 
consumption of large amounts of bromide-containing 
soft drinks and from exposure to cleansing compounds 
containing bromide and over-the-counter medications.” 


Pharmacology 


Bromine has a weight of 79.9 daltons. Daily bromide intake 
of more than 1 g may result in sedation, corresponding 
to serum concentrations of greater than 5 mEq/L 
(40 mg/dL). The primary pharmacologic action of 
bromide is a central nervous system (CNS) membrane- 
stabilizing effect that results in sedation and an elevated 
seizure threshold—anticonvulsant effect. This effect may 
result from the disturbance of active and passive 
transport of chloride across neuronal membranes. 


Pharmacokinetics 


Bromides are well absorbed from the gastrointestinal 
(GI) tract. Their oral bioavailability is about 96%, 
and peak serum concentrations are reached within 
2 hours. Bromide has a low volume of distribution 
(0.35-0.48 L/kg) and tends to concentrate in erythro- 
cytes and neurons.'*° 

Serum bromide concentrations are expressed in several 
units, including mEq/L, mg/L, mg/dL, and mmol/L. 
The interpretation of recorded values is therefore 
subject to considerable confusion. Because of bromide’s 
close relationship with chloride, its serum concen- 
trations are best expressed in the equivalent mEq/L or 
mmol/L. Unit relationships are as follows: 


0.1 mg/dL = 1 mg/L = 0.0125 mEq/L = 0.0125 mmol/L 


Bromide is readily filtered by the glomeruli. Once in 
the tubular lumen, bromide competes with chloride for 
reabsorption with tubules having a higher affinity for 
bromide ion; therefore, chloride is preferentially excreted 
under typical circumstances. As a result, prolonged 
administration of bromide results in significant total- 
body loss of chloride. An intimate relationship exists 
between in situ chloride and bromide concentrations; 
the body maintains the molar sum of chloride and 
bromide ion at about 110 mmol/L.'* The elimination 
half-life of bromide is 7 to 12 days; this half-life is 
increased with a salt-deficient diet.''!'* Average renal 
bromide clearance is about 26 mL/kg per day. Bromide 
readily diffuses across the placenta and accumulates in 
fetal tissues. It is also secreted into breast milk. 


Toxicology 


Acute bromide intoxication is uncommon. Bromide salts 
are extremely irritating to the GI tract, generally 
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resulting in spontaneous emesis. Although animal 
studies have reported LD;, in the range of 2 to 5 g/kg, 
the reported human lethal dose is as low as 14 mg/kg. 
Nonetheless, experimental administration of up to 
9 mg/kg/day of bromide for 12 weeks was reported to 
cause difficulty with concentration and sleepiness only. 
Bromide intoxication usually results from long-term 
overmedication, resulting in bromism. 

Bromism is a clinical syndrome that consists of GI, 
dermatologic, and CNS manifestations (Box 96-1). GI 
manifestations include nausea, vomiting, a fetid odor on 
the breath, anorexia, and weight loss.* Dermatologic 
manifestations are found in as many as 30% of those with 
bromism*; bromoderma is the name given to the associated 
skin lesions. The most common lesion is an acneiform 
eruption on the face. Another frequent finding is an 
eruption resembling ecthyma, appearing on the lower 
extremities (nodose bromoderma). Other skin lesions 
include pemphigus-like, bromide-filled vesicles on 
the lower extremity, erythema multiforme, pyoderma 
gangrenosum, and bromoderma tuberosum (tumor-like 
lesions). 

The neurobehavioral signs and symptoms of bromism 
are prominent. Behavioral disturbances include the 
appearance of a bromide dementia characterized by 
delirium, agitation, auditory and visual hallucinations, 
depression, and schizophrenic and manic-depressive 
psychosis. Hallucinosis may occur with an otherwise clear 
consciousness. Neurologic manifestations of bromism 
include dysarthria, hyporeflexia, and coma. An increased 
cerebrospinal fluid protein level occurs in 2% to 40% of 
patients.'* Low-grade fever may be found in as many as 
25% of cases.* Neurologic signs of bromism are slow to 
resolve and lag behind the decrease in serum bromide 
concentration because of the slow diffusion of bromide 
out of the CNS.'° Among those who present with 
obtundation or coma, retrograde amnesia may develop. 
Ocular findings may also be striking in bromide 
intoxication and may consist of mydriasis, color distur- 
bances, blurred vision, and micropsia or macropsia. 


BOX 96-1 


Behavioral 


Delirium 
Hallucinations 
Agitation 
Amnesia 
Depression 
Mania 


Neurologic Laboratory 


Dysarthria Pseudohyperchloremia 
Hyporeflexia Low or negative anion 
Encephalopathy gap 

Fever 

Papilledema 

Ataxia 

Tremor 


Ocular 

Mydriasis 

Color disturbances 
Blurred vision 
Micropsia 

Ocular bobbing 


Gastrointestinal Dermatologic 


Facial acneiform 
eruption 

Nodose bromoderma 

Bromide-filled 
vesicles 


Nausea, vomiting 
Abdominal pain 
Halitosis 
Anorexia 

Weight loss 
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These latter two syndromes are perceptual distortions in 
which objects appear smaller or larger, respectively, than 
they actually are. Ocular bobbing (opsoclonus) has been 
described in a patient with bromide encephalopathy.’ 
Papilledema is occasionally found on funduscopic 
evaluation. 

Bromide ingestions of 9 mg/kg/day have been 
associated with modest increases in serum thyroxine and 
triiodothyronine concentrations.’® 

Because of its ready diffusion across the placenta, 
bromide accumulates in the fetus and can produce 
neonatal bromism. Clinical features of neonatal bromism 
are CNS depression, hypotonia, and weak suck and 
cry.!7!8 CNS manifestations of bromism are thought to 
be more prominent in neonates because their larger 
brains (15% of body weight versus 2% of body weight in 
an adult) are the storage site of a large bromide pool.!® 
Bromide also appears to be teratogenic.!” 


Diagnosis 


The diagnosis of bromide toxicity is clinical. Direct labo- 
ratory measurement of serum bromide concentrations 
supports the diagnosis but is not readily available. Serum 
bromide concentrations can be measured by a gold 
chloride colorimetric procedure, ion-exchange chro- 
matography, and coupled plasma mass spectometry.*!”*? 
Normal “background” bromide serum concentrations 
in adults are 0.03 to 0.06 mEq/L. Although serum 
bromide concentrations do not consistently correlate with 
severity of intoxication, levels greater than 12.5 mEq/L 
are associated with important clinical toxicity. Serious 
toxicity occurs when serum concentrations exceed 
25 mEq/L. Serum concentrations of greater than 
37.5 mEq/L may be lethal. Elderly and debilitated 
patients, especially those on salt-restricted diets or with 
congestive heart failure, hypertension, or chronic renal 
failure, manifest toxicity at lower levels. 

Although total-body chloride is decreased with chronic 
bromide use, measured serum chloride concentrations 
may be elevated after bromide intake (pseudohyper- 
chloremia).*! Serum chloride concentrations as high 
as 282 mEq/L have been reported with bromide 
intoxication.** Despite the artifactual chloride elevation, 
the degree of elevation cannot be used to estimate serum 
bromide concentration. The pseudohyperchloremia of 
bromide intoxication can result in a low, even negative, 
anion gap, which can be diagnostic.** With high bromide 
concentrations, negative anion gaps as low as -60 mEq/L 
can occur. The physician should be cognizant of 
potential significant analytic interference by other 
halogens. 


Management 


There is no role for GI decontamination in chronic 
intoxications. In the rare case of acute bromide 
ingestion, emesis will probably have occurred. Aggressive 
GI decontamination (ipecac, gastric lavage) is not 
warranted. We would not expect significant amounts of 
bromide ion to be adsorbed to activated charcoal. 
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Organic bromides may be well adsorbed to charcoal; 
thus, the administration of charcoal after organic 
bromide ingestion is reasonable. 

Neutral diuresis with intravenous sodium chloride will 
accelerate renal excretion. Urine output should be 
maintained at 3 to 6 mL/kg/hr. Saline diuresis reduces 
bromide half-life to 2 to 3 days. The use of mannitol or 
furosemide can further reduce bromide half-life and is 
helpful in avoiding fluid overload. Hemodialysis is 
effective in removing bromide (elimination half-life of 
2 hours), but the clinician must be aware of postdialysis 
redistribution rebound. The end point of treatment is 
symptomatic improvement and, if accessible, a bromide 
determination less than 6 mEq/L. Correction of pseudo- 
hyperchloremia, if present, could serve as a screen for 
bromide clearance, although true hyperchloremia as a 
result of overaggressive saline infusion may interfere 
with interpretation. 


BROMATES 


Introduction and Relevant History 


Bromate salts (KBrOs, NaBrO;) are highly water-soluble 
oxidizing agents. These agents are used widely to bleach 
flour and produce explosives. Potassium bromate is almost 
completely converted to potassium bromide during the 
bread-baking process. Bromates are also found in the 
“neutralizers” that are part of cold-wave hair permanent 
kits, which contain either 2% potassium bromate or 10% 
sodium bromate.*? A wave of bromate-containing hair 
permanent kit suicidal ingestions in the 1960s and 1970s 
that culminated in renal failure led to a clinical 
syndrome known as hairdresser’s anuria.?>*7 


Pharmacology and Pharmacokinetics 


Bromates are colorless, odorless, tasteless compounds that 
are readily absorbed from the GI tract. Once absorbed, a 
small amount of bromate ion may be reduced to 
bromide, and modestly elevated serum bromide concen- 
trations result. Serum bromate concentrations are not 
readily measurable, and thus toxic serum bromate 
concentrations are unknown. Bromates are excreted 
unchanged in urine. 

The lethal dose of potassium bromate has not been 
established in humans, but the LD;ọ in animal 
experiments range from 160 to 500 mg/kg. Life- 
threatening toxicity has occurred in children who 
ingested as little as 2 to 4 ounces of 2% potassium 
bromate solution.”” Potassium bromate appears to be 
more toxic than sodium bromate. 


Toxicology 


Symptoms of bromate intoxication are diverse (Box 
96-2). Manifestations appear within 2 hours of ingestion 
and begin with the GI effects of nausea, vomiting, 
diarrhea, and abdominal pain. These are thought to 
result from the formation of irritating hydrobromic acid 
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BOX 96-2 


Renal 


Acute renal 
failure 
Uremia 


Gastrointestinal 
Nausea 


Auditory 


Sensorineural 
hearing loss 


Vomiting, diarrhea 
Abdominal pain 


Cardiovascular 
Hypotension 


Central Nervous System 


Encephalopathy 
Seizures 





in the gut. Cardiovascular instability with hypotension 
may be an early manifestation with severe exposures. 

Nephrotoxicity and ototoxicity are the hallmarks of 
bromate intoxication. Acute renal failure (ARF) varies 
from mild and transient to severe anuric form. ARF 
usually appears 1 to 3 days after ingestion. Renal failure 
occurs in 90% to 100% of patients with significant 
bromate intoxication and historically was the most 
common cause of death. In children, bromate-induced 
ARF typically resolves within 1 to 3 weeks of onset. In 
adult case series, however, many victims eventually 
develop chronic renal failure or persistent renal tubular 
acidosis.'+?+?7 Pathologic findings in the kidneys consist 
of acute tubular necrosis with relative glomerular 
sparing. Tubular histopathology consists of karyorrhexis, 
karyolysis, and lymphocytic interstitial infiltrates. Later 
changes consist of scarring, interstitial fibrosis, and 
glomerular sclerosis.”4 

Bromate ototoxicity can result in permanent sen- 
sorineural hearing loss with intact vestibular function. 
The mechanism of this effect is unclear; it may be related 
to damage of the stria vascularis with degenerative 
changes in the outer hair cells of the cochlea.*‘ Deafness 
has been reported in as many as 85% of adults with 
significant bromate poisoning but is less frequent in 
children. Tinnitus and decreased hearing may appear 
as early as 4 to 6 hours after ingestion.*® 

Other toxicities of bromate poisoning include 
encephalopathy, myocarditis, and hepatitis.” Encepha- 
lopathy is typically manifested as agitation, delirium, 
seizures, and coma. A peripheral neuropathy with 
burning in the feet has also been described in adults. 
The neuropathy usually manifests 1 to 2 months after the 
ingestion and is self-limited, with typical duration of 
1 month.?* Anemia may also be seen, resulting from 
microangiopathy, a clinical picture resembling hemolytic- 
uremic syndrome. 


Management 


General management principles apply to unstable 
patients who present after bromate intoxication. Fluid, 
acid—base, and electrolyte status should be carefully 
assessed, with particular attention to hyperkalemia. An 
electrocardiogram should be obtained in all cases of 
bromate ingestion. Acute renal failure, if present, should 
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be treated with judicious fluid restriction, fluid and 
electrolyte monitoring, and, if indicated, hemodialysis or 
peritoneal dialysis. 

Because ototoxicity and nephrotoxicity are of rapid 
onset, prompt GI decontamination after recent ingestion 
is required. Gastric lavage with a 2% to 5% solution of 
sodium bicarbonate reduces bromate absorption and 
prevents the formation of irritant hydrobromic acid. The 
administration of activated charcoal is of unproven 
efficacy. 

Bromate ion can be reduced to less toxic bromide by 
intravenous administration of sodium thiosulfate. Early 
therapy may be beneficial in reducing ototoxicity and 
nephrotoxicity. One to 5 g of sodium thiosulfate can be 
administered to adults (150 to 200 mg/kg to children) 
over 30 to 60 minutes. Administration of thiosulfate is 
associated with immediate elevations in serum bromide 
concentration, which confirm the conversion of bromate 
to the less toxic bromide.*°® 

Early hemodialysis or peritoneal dialysis may remove 
bromate and prevent clinical toxicity. Therefore, these 
modalities should be strongly considered for patients 
who present within a few hours of a significant bromate 
ingestion.*® 


BROMINE 


Bromine is a potent oxidizing agent. It is a highly 
hydrophilic reddish-brown gas that is heavier than air.*” 
Elemental bromine is widely used in industry; its largest 
use is as an additive to gasoline.” Significant occupa- 
tional exposure is controlled by an Occupational Safety 
and Health Administration (OSHA) permissible expo- 
sure limit for a time-weighted average 8-hour work day 
(PEL-TWA) of 0.1 ppm. 

Bromine is very irritating to mucous membranes 
and produces pain and irritation of the upper airways 
and the eyes. Lacrimation, tearing, coughing, respiratory 
distress, and headaches all develop after inhalation 
exposures. High concentrations of bromine can cause 
inflammatory lesions of the upper airway as well as 
photophobia and blepharospasm.*? Other clinical mani- 
festations are dizziness, headache, and nosebleeds. 
Animal studies have shown that 3-hour exposures to 
bromine at 3 ppm can result in pulmonary edema.” 
Bromine gas at a concentration of 10 ppm is a severe 
irritant that cannot be tolerated. Death may occur 
secondary to bromine pneumonitis, which resembles 
adult respiratory distress syndrome. Necropsy revealed 
massive hemorrhagic alveolitis in one report. Direct skin 
exposure to liquid bromine can result in formation of 
vesicles and pustules, which develop into deep, painful 
ulcers with a brown discoloration of skin.*! The mani- 
festations of bromine exposure parallel those of chlorine 
exposure. 

Exposure to elemental bromine is uncommon but 
has been reported after occupational or environmental 
disasters. In one of the most important such exposures, a 
chemical plant in Geneva, Switzerland released bromine 
gas in November 1984, and about 25,000 inhabitants 
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Clinical Manifestations Reported After 


Bromine Gas Exposure in 59 Patients 





NUMBER OF 

SYMPTOMS PATIENTS (%) 
Eye irritation 53 (90) 
Upper airway irritation 40 (68) 
Cough 28 (47) 
Expectoration 20 (34) 
Headache 27 (46) 
Photophobia 7 (12) 
Weakness 7 (12) 
Nausea 6 (10) 
Dizziness 6 (10) 
Abdominal pain 4 (7) 
Itching 2 (3) 
Sweating 2 (3) 
Vomiting 2 (3) 


From Morabia A, Selleger C, Landry JC, et al: Accidental bromine 
exposure in an urban population: An acute epidemiological 
assessment. Int J Epidemiol 1988;17:148-152. 





were exposed to high concentrations of bromine. 
Clinical manifestations were extensive’? (Table 96-2). 
Many of these symptoms persisted 1 month later, 
particularly eye and upper airway irritation, headache, 
and cough. Smaller mass exposures have occurred from 
swimming pools, where bromine compounds are used as 
sanitizers.” 

Treatment of bromine exposure consists of ventilatory 
support and copious irrigation of eyes and skin with 
water or isotonic saline.” Corticosteroids have been 
administered in cases of severe respiratory distress 
without clear efficacy.*? Prophylactic antibiotics are not 
recommended for bromine pneumonitis because they 
may promote the selection of resistant organisms. 


IODINE 


Introduction and Relevant History 


Shortly after its identification in 1812, iodine’s antiseptic 
and antimicrobial properties were recognized. Its 
essential role in thyroid hormone metabolism was also 
recognized early, with dietary supplementation begun in 
goitrous regions as early as 1920. An adult daily 
requirement of 150 pg is recommended. The threshold 
limit value for occupational iodine exposure is 0.1 ppm. 

Uses of iodine include the manufacture of organic 
chemicals, pharmaceuticals such as contrast media for 
radiographic procedures, antiseptics and germicides, 
dyes and inks, and catalysts for photography, engraving, 
and lithography. 

Medicinally, elemental iodine is used almost exclusively 
as a topical antiseptic or water-purifying agent. Iodine 
topical solution contains about 2 g of iodine and 2 g of 
sodium iodide per 100 mL. A tincture of iodine has the 
same composition, but in a 50% alcohol base. In aqueous 
solutions, iodine is present as seven different species: 
elemental iodine (I), hypoiodic acid (HOI), iodine 
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cation ([H,OI]*), triiodide ion (I;-), iodide ion (I), 
hypoiodite ion (OI), and iodate ion (IO;°).°° 


Pharmacology 


Elemental iodine, hypoiodic acid, and iodine cation are 
potent germicides, whereas triiodide and hypoiodite ions 
are relatively weak antiseptics. Topically applied iodide ion 
has no antimicrobial activity. Although the exact 
mechanism of its antimicrobial effect remains unclear, 
iodine compounds may work by (1) reacting with amine 
groups, (2) oxidizing the sulfhydryl group of cysteine, (3) 
disrupting protein synthesis, (4) reacting with the phenolic 
group of tyrosine, or (5) reacting with fatty acid double 
bonds, thereby disrupting the cell wall lipid bilayer. 


Pharmacokinetics 


Iodine is not absorbed through intact skin. Systemic 
absorption in the intestine of iodine requires reduction to 
iodide. Once absorbed, interconversion occurs between 
iodine and iodide. Both are renally excreted, with systemic 
accumulation seen in patients with renal impairment. 


Toxicology 


Topical use of 2% solution has minimal toxicity, 
although it may stain the skin and produce dermal injury 
(iodine burns). Iodine solutions of greater than 7% are 
corrosive to skin and mucous membranes. Sensitization 
may occur in susceptible individuals.” Tincture of iodine 
is more irritating than aqueous solution. Occlusive 
dressing increases the risk for dermal injury after iodine 
application. Ocular exposure results in intense pain and 
blepharospasm; staining of the corneal epithelium after 
prolonged occupational exposure has been reported. 
Severe inhalation exposure can lead to pneumonitis and 
pulmonary edema. 

Iodine ingestion may result in perforation with 
peritonitis, metabolic acidosis, sepsis, and death. Two 
to 4 g of iodine is potentially fatal. Significant iodine 
ingestion also produces a clinical syndrome that includes 
tachycardia, parotitis, bronchitis, and insomnia.” 


Diagnosis 


The diagnosis is essentially based on the history of 
exposure and consistent clinical findings. Any starch- 
containing food complexes with iodine and blue emesis 
that is considered pathognomonic for iodine ingestion 
may be seen. Iodine compounds can produce false- 
positive test results for blood when orthotoluidine 
(Hematest) or guaiac reagents are used. When used as a 
topical antiseptic, iodine may also produce pseudohyper- 
glycemia.** As with bromide, pseudohyperchloremia 
could be noted with exceptional iodide exposures. 


Management 


The unstable patient with potential GI perforation 
requires aggressive supportive care, endoscopic evalua- 
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tion, and surgical consultation. As with any corrosive 
ingestion, ipecac, orogastric lavage, and activated charcoal 
(AC) are contraindicated. Immediate administration of 
dietary complex sugars (flour, starch) or milk may be 
effective by reducing iodine to the less toxic iodide; 
however, the specter of potential GI corrosion mitigates 
against their use in a symptomatic individual. The oral 
administration of sodium thiosulfate (100 mL of a 1% 
solution) can rapidly reduce iodine to iodide and may be 
of benefit if administered early. Thiosulfate can also be 
used to remove iodine stains from skin and clothing.” 


IODIDES 


Introduction and Relevant History 


Iodides have also been used as antimicrobial agents. 
Tertiary syphilis was among the dozens of diseases that 
were treated with potassium iodide at the turn of the 
century.” The successful quasi-eradication of endemic 
goiter by the addition of iodide (100 ug/g) to table salt 
underlines the importance of iodide as an essential 
nutrient. Other important dietary sources include dairy 
products and seafood. 

Clinical conditions treated with iodide salts are 
hyperthyroidism and sporotrichosis. Iodides are also 
encountered in iodoquinol, amiodarone, and in certain 
expectorants. Potassium iodide salts are also provided 
as protection after unintentional exposure to I'*! (see 
Chapter 104). 


Pharmacokinetics 


Iodide is readily absorbed from the GI tract and 
transported into the thyroid. Blood concentrations of 
iodide are typically low (0.2-0.4 ug/dL), whereas the 
thyroid typically contains about 10 mg iodide. Iodide is 
renally excreted, with a usual clearance of 40 mL/min. 


Toxicology 


Iodism, a syndrome resulting from chronic iodide intoxi- 
cation, consists of oral, respiratory, salivary, pulmonary, 
dermatologic, and GI effects (Box 96-3). Metallic taste, 
burning in the mouth, gum and teeth soreness, and 
sialorrhea make up the oral manifestations. Iodide 
toxicity can also simulate sinusitis or a head cold 
including fever.°° Severe bronchorrhea can result in 
pulmonary edema. Other signs of iodism include iodide 
mumps?” and iododerma—similar to bromism. 

Iodide can significantly affect thyroid metabolism with 
both hypothyroidism and hyperthyroidism resulting 
from excess iodide. Iodide’s potent inhibition of thyroid 
hormone synthesis® (the Wolff-Chaikoff effect) and 
hormone release is the basis of its use in the treatment of 
hyperthyroid states and why excess iodide intake during 
pregnancy can result in neonatal hypothyroidism 
(cretinism). Prolonged use of iodide salts produces 
thyroid gland hyperplasia, goiter, thyroid adenoma, or 
severe hypothyroidism or thyrotoxicosis.” 
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BOX 96-3 


Oral Salivary 


Metallic taste Excess salivation 
Gingivitis Salivary gland 
Pharyngitis enlargement 
Laryngitis 


Dermatologic 


Acneiform eruption 
Vesicles 
Pustules 


Gastrointestinal 


Bloody diarrhea 
Anorexia 


Nasal Pulmonary 


Productive cough 
Pulmonary edema 


Nasal congestion 
Sneezing 
“Sinus” headache 


Ocular 
Eye irritation 
Periorbital edema 


Thyroid 

Thyroid enlargement 
Hypothyroidism 
Cretinism 

Adenoma 
Myxedema 


Immune reactions include anaphylactoid reactions 
(particularly to iodinated contrast agents), serum 
sickness—like syndrome; attributed cases of thrombotic 
thrombocytopenic purpura and fatal periarteritis nodosa 
have been reported.*® 


Diagnosis 


The diagnosis is essentially based on the history of 
exposure and clinical findings. As with bromide, elevated 
iodide concentrations may result in pseudohyper- 
chloremia, rendering the anion gap calculation 
unreliable. The silver halide precipitation method of 
serum chloride measurement is not influenced by iodide 
elevation.*” If clinically indicated, thyroid function tests 
should be ordered in cases of chronic exposure or 
follow-up to a large acute ingestion. 


Management 


The mainstay therapy is excretion enhancement through 
saline diuresis. Hemodialysis can increase excretion 
fourfold to fivefold but is rarely required in the presence 
of normal renal function.*® Certain manifestations of 
iodism, particularly salivary gland inflammation and 
ioderma, may respond to corticosteroid therapy.*)” 


IODOPHORS 


Iodophors are substances that have elemental iodine 
attached to a high-molecular-weight moiety. As a general 
rule, iodophors enhance the bactericidal activity of 
iodine. lodophors are found in solutions, ointments, and 
surgical scrubs. The most common iodophor, povidone- 
iodine (Betadine), is an iodine molecule linked to 
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polyvinylpyrrolidone. Betadine is used most commonly 
as a 10% solution (which contains only 0.001% free 
iodine). Because iodine is tightly bound to the carrier, 
iodophors have very low rates of iodine release. These 
substances are therefore nonirritating after ingestion 
and generally have low toxicity. However, because they 
do contain substantial amounts of iodine, iodophors can 
result in significant iodine absorption in certain 
situations, particularly (1) when the integrity of the skin 
is compromised; (2) in infants, who have greater skin 
permeability; (3) after mucosal application (e.g., vaginal 
instillation); and (4) after excessive topical application.” 
Because of iodine diffusion into breast milk, vaginal or 
perirectal application of povidone-iodine and maternal 
treatment have been associated with elevated serum 
iodide levels in a breast-fed infant.**** Neonates readily 
absorb iodine from topical povidone-iodine solutions, 
and their total plasma iodine levels remain elevated for 
3 days after a single application. Goiter and hypothy- 
roidism, dermatitis, liver function abnormalities, and 
neutropenia have also been described after prolonged 
exposure to povidone-iodine and other iodophors. 
Serum iodide concentrations can increase 100-fold in 
those who have iodophors applied to open wounds, 
burns, or decubitus ulcers, and iodide-related fatalities 
are reported.” In an unusual report, Kurt and colleagues 
described a 9-week-old infant who received 150 mL of 
povidone-iodine through a nasogastric tube and died 
of severe corrosive injury to the GI tract with a blood 
iodine level of 14,600 pg/ die Systemic absorption of 
iodophors has also been associated with the develop- 
ment of a metabolic acidosis. The cause of the acidosis 
has not been identified, although its etiology may be 
related to either the acidity of the povidone-iodine 
solution (pH < 3), bicarbonate complexation to iodine, 
or renal tubular acidosis. Both normal and elevated 
lactate levels have been described after iodine absorp- 
tion from iodophors.*? Other metabolic abnormalities 
associated with iodine absorption from iodophors include 
hypernatremia, hyperchloremia, renal insufficiency, and 
renal tubular acidosis. 

Treatment of iodine intoxication resulting from 
iodophor exposure consists of basic interventions used 
to treat iodide toxicity. However, because iodophors have 
very low toxicity unless ingested in massive amounts, no 
specific intervention is recommended after ingestion. 
Activated charcoal has a potential role because 
iodophors are organic compounds; charcoal should be 
considered after ingestion of more than 6 to 8 ounces of 
Betadine (or other iodophor). Because of the potential 
disturbances in thyroid function, thyroid-stimulating 
hormone should be monitored weekly for up to 4 weeks 
after very large ingestions. 


CHLORINE 


Introduction and Relevant History 


Chlorine (atomic weight of 35.45 daltons) is a gas at 
standard temperature and pressure. It has a vapor 
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pressure of 4800 mm Hg at 20° C and a relative density 
to air of 2.5. It is commonly used in industrial processes 
as a reagent in plastics manufacturing and as a bleaching 
agent in the paper industry.” Chlorine-producing 
compounds are also used as disinfectants and water- 
purifying agents. 

Although it was recognized in the 17th century that 
heating ammonium chloride and nitric acid together 
created an irritating gas, chlorine was first described and 
used as a bleaching agent in the 1770s. In 1774, chlorine 
was generated by oxygenation of hydrochloric acid, and 
itis currently produced by electrolysis of brine. Although 
chlorine was the first chemical warfare agent in World 
War I, only 1843 of the 70,552 reported Americans 
victims of gassing were reportedly exposed to chlorine.*® 
Although initial clinical data linked these exposures with 
chronic pulmonary sequelae, lack of uniformity in 
evaluation and comorbidities prohibit any substantiated 
conclusions. 

Chlorine is the most compressible element; it is shipped 
as a pressurized liquid. One pound of liquid chlorine 
generates about 5 cubic feet of gas when released. A typical 
rail tank car, containing more than 50 tons of liquid 
chlorine, would therefore be capable of releasing more 
than 500,000 cubic feet of gas.* It is this potential for 
massive release that results in such concern about 
transportation and storage accidents involving chlorine. 

Chlorine is heavier than air (vapor density, 2.5) and is 
recognizable in concentrated releases as a yellow-green 
cloud. The noxious odor does not serve as a reliable 
warning. The odor threshold of chlorine is less than 
3 ppm, whereas the OSHA threshold limit value—time- 
weighted average (TLV-TWA) for an 8-hour work day is 
0.5 ppm. Extreme irritative symptoms can occur at levels 
as low as 1 ppm over 4 to 8 hours,”’ and levels of 30 ppm 
can lead to severe respiratory symptoms within minutes. 
Levels of 1000 ppm cause immediate death.”! 

From an epidemiologic perspective, the summary of 
poisonings in the United States reported to the American 
Association of Poison Control Centers (AAPCC) for 2003 
documents 727 exposures to chlorine generated by the 
mixture of acid with bleach and 6090 other exposures to 
chlorine in the fume/gases/vapors section of the annual 
report. It is likely that other exposures are contained 
within the 57,790 exposures to hypochlorite-containing 
bleaches and disinfectants documented within the 
household cleaning substances category.” Clinical 
experience certainly suggests that the most common 
source of chlorine exposure resulting in emergent 
symptoms is the admixture of household cleaning agents. 
The combination of bleach (sodium hypochlorite) and 
acids or ammonia results in the formation of chlorine or 
chloramine gases, respectively.°? Another common source 
of residential chlorine poisoning is from swimming pool 
disinfectant processes.°*°° This is a particularly common 
exposure source for children. Hemodialysis patients 
may be exposed to chloramine toxicity if choloramines 
are inadequately removed after maintenance of hemo- 
dialysis machines.°’ Industrial and transportation inci- 
dents account for infrequent but large-scale releases of 
chlorine gas.°%°9 
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Cl + HO Sci + HOCI 


HOCI > HCI + O- 


FIGURE 96-1 Irritant products from reaction of chlorine with 
water. 


Structure and Structure—Activity 
Relationships 


Chlorine itself is only moderately soluble in water, but 
when it comes in contact with water, hydrochloric acid 
and hypochlorous acid are generated (Fig. 96-1). 
Hypochlorous acid is thought to degenerate readily at 
physiologic pH to hydrochloric acid and oxygen free 
radicals with resultant coagulation necrosis and oxidative 
tissue damage. Hypochlorous acid is far more irritating 
than hydrochloric acid.® Chloramine gas, when exposed 
to moist surfaces, also releases hypochlorous acid.®! 


Pharmacology 


Chlorine and chlorine-producing compounds primarily 
cause symptoms when inhaled in a closed space or in 
high concentrations. Contact of chlorine gas with moist 
surfaces such as the mucous membranes of the eyes, 
mouth, and respiratory tract produces both upper 
and lower airway symptoms. Upper airway irritation 
tends to be prominent and serves as a noxious warning 
preventing continued voluntary exposure; therefore, 
lower tract symptoms are less frequent. Nonetheless, 
severe lower airway damage can occur, particularly 
in settings of highly concentrated exposure or when vic- 
tims are trapped. Persistent airways dysfunction and 
bronchiolitis obliterans have been described after acute 
exposure, although the true incidence of these chronic 
effects and their relation to smoking and preexisting 
atopy are uncertain.”™6%64 Although repeated sympto- 
matic chlorine exposures can also lead to persistent airways 
dysfunction, chronic exposure to controlled levels 
without acute symptomatic “gassing” episodes is unlikely 
to cause chronic pulmonary dysfunction.” Severe 
exposures may cause noncardiogenic pulmonary edema. 


Diagnosis 


Chlorine gas toxicity is primarily a clinical diagnosis 
suggested by the circumstances of exposure and clinical 
picture. Laboratory evaluation is nonspecific, often 
revealing leukocytosis, metabolic acidosis, and hypox- 
emia or respiratory alkalosis in those who are most 
symptomatic. Chest radiographs may demonstrate focal 
areas of consolidation, central pulmonary congestion, or 
diffuse increased interstitial markings.°’? Neumomedi- 
astinum has also been reported. All these abnormalities 
generally correlate with more severe clinically apparent 
disease. Laboratory studies other than pulse oximetry 
should have little if any role in the initial assessment and 
disposition of exposed individuals. 

Triage can be performed on a clinical basis. The 
following triage guidelines were generated from available 
clinical data: 
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1. Mildly affected individuals improve with removal 
from exposure. Symptomatic treatment with 
humidified oxygen or bronchodilators may be 
beneficial. Asymptomatic individuals will not 
worsen. 

2. Moderately affected individuals, if asymptomatic 
after a period of several hours after treatment, will 
not acutely worsen. Those with underlying pul- 
monary or atopic conditions may have persistence 
of reactive airways for weeks to months after the 
acute exposure. Rarely, chemical or infectious 
pneumonitis may develop over a few days after 
exposure. 

3. Severely affected individuals demonstrate symptoms 
early and stabilize or suffer worsening of their 
condition; they require aggressive treatment and 
immediate hospitalization. 


A triage algorithm is provided in Figure 96-2. 


Toxicology 


The clinical spectrum following acute chlorine exposure 
can include mucous membrane irritation with chemical 
conjunctivitis, corneal burns, orofacial burns, acute 
tracheobronchitis, chemical pneumonitis, pulmonary 
edema, and hypoxemia with metabolic acidosis. Initial 
symptoms after exposure to chlorine fumes include 
cough and eye, nose, and throat irritation. Chest 
heaviness/burning, dyspnea, wheezing, and hemoptysis 
or syncope can occur with more severe exposures. 
Nonspecific nausea and vomiting, headache, dizziness, 
and chills may also be reported. 

The physical findings are often unremarkable, 
although initial tachypnea, conjunctival injection, 
tearing, and wheezing may be found. Tachycardia and 
both mildly elevated and depressed temperature may 
be noted. 

Various pulmonary function abnormalities have been 
reported in the hours after an acute exposure, including 
both restrictive and obstructive deficits. These changes 
represent the variable effects of differing concentrations 
of chlorine and its by-products on the airways and 
parenchyma in patients with or without underlying 
lung diseases. In one study that evaluated 18 patients 
after exposure to a chlorine tank leak, all subjects had 
evidence of moderate pulmonary obstruction, which 
improved over 2 weeks.°* None developed pulmonary 
edema, although all were described as showing a 
“worsening clinical picture during the first 2 days of 
hospitalization, with signs of recovery noted thereafter.” 
Despite this assessment, only one patient in that case 
series was treated with bronchodilators or steroids. ‘The 
authors described the presenting symptom of dyspnea as 
identifying individuals with a worse clinical course 
(slower recovery) than those with a primary complaint of 
paroxysmal dry cough. The former group was more 
likely to smoke (100% versus 25%) and to have a pre- 
exposure history of wheezing (50% versus 8%). This may 
serve as a useful triage tool in a multiple-patient 
encounter; however, prospective validation is lacking. 
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Brief History-Taking* and Physical Examinationt 


Asymptomatic Local symptoms 


Pulmonary symptoms/findings or risk factors on history 


Eye/skin irrigation [OO (Humidified) oxygen/bronchodilators 


Asymptomatic 


Discharge (follow-up pulmonary function) 


Continued symptoms in emergency department 


Cough, dyspnea, suggestive examination findings 


Bronchodilators/corticosteroids, 
trial of nebulized sodium bicarbonate 


Persistent or worsening symptoms 


Frequent clinical assessment 
Cardiac monitoring/pulse oximetry 
Aggressive bronchodilator therapy 

? Nebulized sodium bicarbonate 
Morphine 
Intubation/PEEP 
ABGs/CXR 


Hospital admission: setting dependent 
on severity and response to therapy 


“Brief history-taking: Focus on concurrent trauma, bums, symptoms referable to mucous membrane, pulmonary 
signs (cough vs. dyspnea), nonspecific chest pain, nausea/vomiting, and mental status changes, as well as history of 


atopy, asthma, cardiopulmonary disease, or smoking. 


tPhysical examination: Evaluate acute chlorine exposure. PEEP, positive end-expiratory pressure; ABGs, arterial 


blood pressure. 


FIGURE 96-2 Triage guidelines following acute chlorine exposure. ABGs, arterial blood gases (analysis); CXR, chest radiography; PEEP, 


positive end-expiratory pressure. 


In one review of regional poison control center 
exposures, Mrvos and colleagues assessed symptoms in 
216 individuals who were exposed to chlorine or 
chloramine gas from mixing household cleaners.” 
Symptoms were mild and did not require specific 
therapy. Most had early resolution of symptoms; only 16 
had symptoms that persisted for more than 6 hours. One 
patient, who had underlying chronic pulmonary disease 
and a concurrent acute respiratory infection, was 
hospitalized. None developed pulmonary edema. This 
favorable experience can be contrasted with reports of 
acute pulmonary edema in two children immediately 
after brief exposures to vapors from containers of 
swimming pool chlorinator pellets.°° 


Management 


After victims are removed from the source of exposure, 
involved skin or symptomatic eyes should be copiously 
irrigated with water. Attention should focus on a 
patient’s airway and any respiratory complaints. 


Aggressive treatment includes high-flow humidified 
oxygen, inhaled bronchodilators, and intravenous 
corticosteroids. Arrhythmias are not a prominent com- 
plication of chlorine fume inhalation; once supple- 
mental oxygen has been provided, subcutaneous 
epinephrine, if it is the only B-adrenergic agent available, 
should not be withheld for fear of provoking arrhyth- 
mias. Patients with respiratory failure secondary to 
pulmonary edema or the rare individual with upper 
airway obstruction from chlorine-induced burns may 
require intubation with early administration of positive 
end-expiratory pressure. Although opiates have not 
been used at times because of the risks for altered mental 
Status, respiratory depression, and cough inhibition, 
judicious use of parenteral opiates with close observation 
may be beneficial.°? 

Some investigators have advocated nebulized sodium 
bicarbonate for patients with persistent cough or those 
with evidence of severe pulmonary injury. This therapy 
attempts to chemically neutralize the acid products of 
chlorine hydration. In one animal study, 10 sheep 


1394 





treated with this modality after 4 minutes of exposure to 
500 ppm chlorine had statistically higher Po, and lower 
PCO, values than animals treated with nebulized normal 
saline, although there was no difference in the mortality 
rate of 30% at 24 hours.” It has been recommended and 
used in unselected patient cohorts with anecdotal 
reports of improvement, but its value is unproven; no 
reports have described clinical worsening with this 
therapy.’? Although nebulized bicarbonate has been 
condemned because of concern about thermal injury 
from the heat of neutralization, this risk is theoretically 
minimized by the large surface area of the lungs as well 
as the small volumes of bicarbonate administered. Given 
the proposed mechanism, this therapy would seem most 
useful early in a patient with significant lower airway 
penetration of chlorine. It has been used in a dose of 
3 mL of 8.4% sodium bicarbonate and 2 mL normal 
saline nebulized with oxygen or air. The nebulization can 
be repeated if beneficial; however, there is no rationale 
for its continued use long after the exposure. 
Corticosteroids have been used to treat pulmonary 
edema and bronchospastic symptoms. As with many 
proposed uses of these anti-inflammatory agents, their 
efficacy in the treatment of chlorine toxicity has never 
been subjected to a randomized trial. Early inhaled 
budesonide (within 30 minutes of lung injury) was 
shown to be beneficial in a pig model.” One report 
of two sisters exposed to the same chlorine release 
suggested that the more rapid improvement in pul- 
monary parameters of one patient could be attributed 
to the combination of hospital admission, rest, and 
treatment with oxygen and corticosteroids compared 
with the sibling who received only brief oxygen therapy.” 
To date, this anecdotal report forms the basis for any 
recommended use of corticosteroids after chlorine 
exposure. Another potential treatment modality focuses 
on reducing the oxidative destruction that potentially 
follows chlorine-induced generation of oxygen radicals. 
Animal models of smoke inhalation, hydrochloric acid 
aspiration, and pulmonary macrophage allergic 
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response suggest that ibuprofen can reduce pulmonary 
injury when administered shortly after exposure to these 
agents.” Inhibition of thromboxane As synthesis has 
been postulated to be the mechanism for these effects. 
No clinical reports have described the utility of this agent 
after chlorine inhalation. 

Antibiotics, although historically used after chlorine- 
induced pulmonary injury, should be reserved for 
documented episodes of infection, which for the most 
part manifest days after exposure. The initial tachypnea, 
sputum production, pulmonary findings, and consoli- 
dation on chest radiographs are attributable to chemical 
tracheobronchopneumonitis or pulmonary edema. 
Prophylactic antibiotics are unlikely to alter the clinical 
course and may also predispose to infection with 
antibiotic-resistant or other opportunistic organisms. 


Case Series 


Important clinical findings from six relatively large case 
series of acute chlorine exposure are summarized in 
Table 96-3. In the poison center review mentioned 
earlier, Mrvos and coworkers”? found a high prevalence 
of cough with little dyspnea, as well as rapid resolution 
of symptoms, after home exposures to mixed cleaning 
agents. 

Fleta and associates” reported on 76 children 
(newborn to 14 years old) who were exposed to a leak 
of 300 L of chlorine gas from a pressurized canister used 
to purify municipal drinking water in Spain. Seventy of 
the 76 children were discharged from the hospital within 
2 hours; the longest period of observation was 12 hours. 
No one developed pulmonary edema. Most symptoms 
resolved on removal from the source; those with “signs of 
irritation of the lower respiratory tract” were treated with 
oxygen and intramuscular corticosteroids. 

Moulick and colleagues™ described 82 adults (21-60 
years old) who were within 20 yards of a chlorine storage 
tank leak in Bombay, India. An ambient chlorine 
concentration of 66 ppm was measured in the area 


Representative Distributions of Findings in Reported Exposures to Chlorine Gas 





SYMPTOM/SIGN MRVOS et al”? FLETA et al?’ 
Oropharyngeal irritation 6 66 
Cough 84 91 
Dyspnea 19 14 
Chest pain 5 14 
Headache — 9 
Vomiting 3 5 
Abdominal pain <1 — 
Eye complaints 2 — 
Hoarseness — 14 
Loss of consciousness — 3 
Tachypnea — 20 
Shock/stupor — — 
Rhonchi/wheezing 4 — 


Rales — — 


% REPORTED OCCURRENCE 
HEDGES AND 


MOULICK et al MORRISSEY”? BOSSE” WEILL et al”? 
100 23 14 — 
100 30 52 81 
100 19 51 85 

5 17 34 — 
29 9 1 — 
24 19 8 69 
27 — 1 — 
= 36 = 80 

100 — 2 — 
= = = 62 
100 — 21 — 
30 = = = 
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2 hours after the exposure. Sixty-two patients were 
hospitalized for 2 or more days. Two patients developed 
pulmonary edema within 6 to 8 hours; 5 had hypoxemia 
requiring ventilatory support. “Late” pneumonia devel- 
oped in two patients. All 56 who underwent bronchoscopy 
had tracheobronchial mucosal congestion; 20 patients 
had hemorrhagic spots. Erosions or ulcerations were 
identified in 7 patients; the presence of these correlated 
with more severe symptoms. All patients were treated 
with oxygen, aminophylline, hydrocortisone, and ampi- 
cillin. Four of 16 patients who were observed for a year 
or more had persistent cough for 4 to 6 weeks; no residual 
symptoms or chest radiographic or pulmonary function 
abnormalities were found at the end of the follow-up. 

Hedges and Morrissey? summarized findings in 64 
patients evaluated after a leak of about 4 tons of liquid 
chlorine from storage tanks in Philadelphia. These 
patients represented about 60% of the people evaluated 
at one medical center; after triage, the others were found 
to be asymptomatic and were sent home from the waiting 
area. All six patients admitted to the hospital with 
“marked tracheobronchitis” complained of dyspnea, 
whereas this complaint was present in only 10% of those 
able to be discharged. There were no deaths or cases of 
pulmonary edema. Symptomatic patients were treated 
with humidified oxygen, a combination of bronchodila- 
tors, and antitussives. Triage and treatment recommen- 
dations for management of multiple-casualty chlorine 
exposures were made by these authors. 

Bosse’! reviewed 86 cases (24 adults) seen at 49 
medical facilities in Kentucky with poison center 
recommendation of nebulized sodium bicarbonate 
treatment for symptomatic chlorine inhalation. Sixty- 
nine patients were discharged from the emergency 
department after one to two nebulized sodium bicar- 
bonate treatments. Seven patients were treated with 
bronchodilators, and one received steroids. Seventeen 
patients were admitted to the hospital for | to 3 days. All 
improved; none developed pulmonary edema or required 
ventilatory support. Some received sodium bicarbonate; 
four were treated with inhaled bronchodilators, and one 
each received inhaled steroids and intravenous amino- 
phylline. 

Weill and colleagues’ summarized initial symptoms 
and results of pulmonary function follow-up in those 
exposed to release of up to 30 tons of liquid chlorine 
after a freight train derailment in Louisiana. Ambient 
chlorine levels in some areas 7 hours after the 
derailment were in excess of 400 ppm, and levels at 
the fringe of contamination 3 hours after the event were 
10 ppm.” Hundreds of animals in the area died; more 
than 100 people developed symptoms requiring treat- 
ment. The symptoms in the 17 admitted patients, of 75 
who were treated at one hospital, are noted in the table. 
One infant died shortly after severe exposure. Therapy at 
that time (1961) relied mainly on oxygen, postural 
drainage, atropine, penicillin, chymotrypsin, Alevaire (a 
nonionic surfactant, sodium bicarbonate, and glycerin), 
and some narcotics and expectorants. 

It is important to understand the circumstances of 
exposure when interpreting the relative prominence of 
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findings such as those listed in Table 96-3. Symptoms 
demonstrated by any one individual depend heavily on 
the circumstances of exposure and individual predisposing 
characteristics such as smoking history and atopy. 


Chronic Chlorine Exposure 


Other areas of potential concern about chlorine toxicity 
include chronic effects from low-level ambient workplace 
exposure and the potential carcinogenic or teratogenic 
effects of oral exposure to chlorinated water supplies. 
As described earlier, reversible obstructive airways 
dysfunction in workers continually exposed to chlorine 
has been demonstrated, although the effect of con- 
current cigarette smoking, atopy, and the contribution of 
acute exposures above TLV-T'WA levels (“gassing”) made 
it difficult to sort out relative contributions. In one study, 
the effects of up to 2.3 ppm chlorine inhalation by rhesus 
monkeys for 6 hours daily for 1 year were evaluated. 
Conjunctival and focal tracheal irritative changes were 
seen only at the highest exposure levels, and not in all 
animals.®° Most individuals do not suffer prolonged 
airway dysfunction after an acute exposure, although 
resolution of abnormal findings on pulmonary function 
tests can be prolonged, particularly in smokers and those 
with preexisting pulmonary function abnormalities.*'*° 

Some halogenated compounds are known to be 
mutagenic. The use of chlorine, chloramine, and chlorine 
dioxide as disinfecting and bleaching agents in 
municipal water supplies and the food industry has 
therefore generated concern about the tradeoff between 
convenience, markedly improved sanitation, and the risk 
for increased cancer incidence. Concern has focused on 
the generation of disinfection by-products known as 
trihalomethanes. These include chloroform, bromoform, 
dibromochloromethane, and bromodichloromethane. 
The water concentration of these by-products is increased 
by the higher concentration of nitrogen waste products 
in surface water and heat.8*® A small study demon- 
strated detectable chloroform in the blood of indoor 
competitive swimmers (mean, 0.89 ng/mL), which was 
not found in outdoor swimmers.®® This was associated 
with a “significantly elevated” B.-microglobulin urine 
concentration, possibly suggesting renal damage. 
Patients on long-term hemodialysis are another group 
exposed to increased concentrations of chlorine by- 
products.8” Community-based population studies have 
also suggested a statistical increase in the relative risk 
(ranging from 1.2 to 2.2) of a number of cancers in those 
populations dependent on chlorinated surface water 
when compared with ground-water users.*®*? The affected 
sites have included the bladder, kidneys, pancreas, 
stomach, and rectum; malignant melanoma has also 
been associated. These associations obviously do not 
equate with causality, particularly within the individual. 
Various confounding variables, including socioeconomic 
factors or the presence of other toxic compounds, could 
have a role. 

Similar concerns have been raised about possible 
reproductive toxicity of disinfection by-products. 
Although severe acute chlorine exposures have resulted 
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in fetal wastage in cows and decreased egg production 
in chickens,” low-level oral exposure to sodium hypo- 
chlorite in the drinking water of hens did not alter egg 
production until the chloride concentration exceeded 
40 ppm.” Chlorine treatment of both male and female 
rats with up to 5 mg/kg per day resulted in no detectable 
reproductive or fetal changes.®' It is only at exposures 
several thousand times those typically seen in humans 
that animal studies show reproductive abnormalities.” 
Despite these reassurances, there have been calls to ban 
the use of chlorine. Caution must be exercised before 
abandoning the use of a substance with at most uncer- 
tain low-level toxicity in favor of other agents that have 
not been studied as extensively.” Nonetheless, given the 
ubiquitous nature of chlorination processes, these issues 
will continue to be studied.** 
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MARTIN BELSON, MD 


At a Glance... 


m Management of ammonia and nitrogen oxide poisonings 
involves supportive care, decontamination, and disposition. 

m Supportive care includes removal from the source and rapid 
assessment of airway, breathing, and circulation; establishment 
of oxygen, the cardiac monitor, and intravenous access; 
administrations of nebulized B, agonists; and, as indicated, 
administration of endotracheal intubation and positive end- 
expiratory pressure. 

m Decontamination includes removal of all contaminated clothing 
and irrigation of skin and eyes with water, if symptomatic. If 
ammonia or nitrogen oxide is ingested, do not induce vomiting 
or give activated charcoal. 

m Disposition includes 2-hour observation in the emergency 
department for mild exposures without airway compromise; 
inpatient observation for anything more than mild symptoms; 
and intensive care unit admission for airway compromise or 
severe burns. 


AMMONIA 


Introduction and Relevant History 


Ammonia (NHs) is a highly irritating, water-soluble, 
colorless gas with a distinctive pungent odor. When 
ammonia gas (anhydrous) is dissolved in water, the 
resulting material is ammonium hydroxide (NH,OH), or 
“aqueous” ammonia. Anhydrous ammonia is easily 
compressed and forms a clear, colorless liquid under 
pressure, which makes it ideal for storage and shipping 
in pressurized containers, such as tank cars and trucks. 

Ammonia is widely used as a refrigerant, a fertilizer, 
and a household and commercial cleaning agent. 
Ammonia is also used as a solvent in the manufacture of 
textiles and leather, in pulp and paper processing, and in 
petroleum refining. Other applications include the 
synthesis of plastics, pesticides, cyanide, explosives, and 
rocket fuels. 

Aqueous ammonia with concentrations of 5% to 10% 
is used as a household cleaner or bleaching agent. 
Industrial-strength aqueous ammonia at concentrations 
greater than 25% to 30% is considered an alkaline 
corrosive. Anhydrous ammonia may burn but does not 
ignite readily; however, a pressurized container of the gas 
may explode in heat or fire. 


Epidemiology 


The widespread use of ammonia greatly increases the 
possibility of accidental or intentional release and human 
exposure to toxic concentrations. In fact, ammonia is 
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one of the most commonly spilled chemicals in the 
United States. Human exposure to ammonia may occur 
after an industrial accident, such as the rupture ofa tank, 
or after a transportation accident, which may result in 
large-scale environmental exposures to ammonia gas. 
Ammonia is one of the top five substances released in 
transit involving acute public health consequences.* 
However, most ammonia releases occur at fixed facilities 
(e.g., food manufacturing industry) rather than during 
transportation.° 

In the household, exposure may occur if an ammonia- 
containing cleaner is mixed with a chlorinecontaining 
bleach, leading to the release of chloramine fumes.*° 
According to the American Association of Poison Control 
Centers Toxic Exposure Surveillance System, 2993 
exposures to chloramine occurred in 2002, resulting in 
one death.°® 

In a 5% to 10% concentration, ammonia generally is 
considered an irritant and rarely is reported to cause 
burns when inhaled.’ However, three patients who 
attempted suicide by ingesting household ammonia 
reportedly had esophageal burns. One of these patients 
had severe corrosive injury of the upper airway and 
esophagus with aspiration pneumonia and died. The 
death was attributed to adult respiratory distress syndrome 
and renal failure.’ 

Anhydrous ammonia accounts for a significant 
percentage of chemical burns in the occupational setting. 
In one review, 34% of the chemical burns admitted to 
University of lowa hospitals were the result of ammonia 
exposure.” 


Structure and Structure—Activity 
Relationships 


Ammonia reacts with strong oxidizers, acids, and various 
heavy metals. It is corrosive to copper and galvanized 
surfaces. When ammonia is mixed inappropriately with 
sodium hypochlorite (NaOCl) bleach in an attempt to 
potentiate the chemicals’ individual cleaning powers, 
chloramine gas, an irritant with properties similar to 
those of chlorine, is formed (see text box).4 


(a) 3NaOCl + 2NH; — NH,CI + NHCI, + 3NaOH 
(b) NH,Cl + HO — HOCI + NH, 
(c) HOCI — HCI + O- 


(a) Sodium hypochlorite (bleach) plus ammonia form monochloramine and 
dichloramine. (b) Chloramine gas may decompose in water to form free 
ammonia and hypochlorous acid. (c) hypochlorous acid may combine with 
moisture to yield nascent oxygen, a potent oxidizing agent and mucous 
membrane irritant. 
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Pathophysiology 


The extent of injury after exposure to ammonia depends 
on a number of factors. According to the National 
Institute of Occupational Safety and Health (NIOSH), 
the irritating effects of exposure to ammonia are more 
dependent on concentration than length of exposure!!! 
(Table 97-1). Although ammonia’s odor threshold is low 
enough to provide adequate warning of its presence, the 
odor causes olfactory fatigue, making ammonia’s 
presence difficult to detect when exposure is prolonged. 

Anhydrous ammonia is highly water-soluble and 
rapidly produces an irritant and alkaline, corrosive effect 
on contact with mucosal membranes such as the eyes and 
upper respiratory tract. Ammonia and water combine 
to form ammonium hydroxide that dissociates to 
ammonium (NH,*) and hydroxyl (OH) ions. These ions 
cause a severe alkaline burn characterized by lique- 
faction necrosis.!*!° The reaction is exothermic and 
produces thermal as well as chemical injury.'*'* The 
deepest damage to the skin appears to occur in areas 
with the highest moisture content, such as the axilla and 
groin. Edema of all involved tissues is common, and 
laryngeal edema can be life threatening.'*° 

In the airways, desquamation of the epithelial layer of 
the upper tracheobronchial tree (tracheobronchitis) 
with membrane formation is the usual pathology.’ 
There tends to be relatively little effect on the lower 
airways because ammonia’s high solubility prevents it 
from reaching the distal airways. With very high 
concentrations of the vapors, damage to the pulmonary 
endothelial and epithelial cells leads to increased 
permeability and exudation of fluid into the alveoli, 
producing the characteristic clinical findings of acute 
lung injury (ALI).'°!7 Experimental inhalation of 
nebulized high-dose ammonia causes ALI manifested by 


Exposure Limits and Clinical Effects of 


Ammonia at Different Concentrations 





CONCENTRATION 


(ppm) EFFECTS 

5 Odor threshold, tolerance may develop to 
the odor 

25 NIOSH-REL 

35 NIOSH-STEL 

50 OSHA-PEL 

<50 Eye and upper respiratory irritant 

300 NIOSH-IDLH 

1000 Direct caustic effects on the respiratory 
tract 

2500 Death has been reported after 30 minutes 
of exposure 

30,000 Lowest concentration leading to death 


after 5 minutes of exposure in human 
references!4?2 


IDLH, immediate danger to life or health; NIOSH, National Institute for 
Occupational Safety and Health; OSHA, Occupational Safety and 
Health Administration; PEL, permissible exposure limit; REL, 
recommended exposure limit; STEL, short-term exposure limit. 
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a fall in oxygen saturation and a rise in airway pressure 
within 2 minutes of initiation.!® 

Ammonium hydroxide penetrates the eye far more 
rapidly than other alkalis. Researchers have demonstrated 
that ammonium hydroxide can significantly increase 
anterior chamber pH within 15 seconds.!9 


Toxicology 
CLINICAL MANIFESTATIONS 


The clinical manifestations of ammonia poisoning 
depend on many factors, including the ammonia’s 
physical state, the concentration and amount of ammonia, 
the depth of inhalation, the duration of exposure, and 
the route of exposure. Inhalation of ammonia gas results 
in rapid onset of irritation to the eyes, nose, throat, and 
upper respiratory tract. Prolonged exposures, or 
exposures to large amounts of ammonia, may result in 
irritation of the lower respiratory tract. Ingestion of 
aqueous ammonia results in immediate burning of the 
mouth and throat and could cause esophageal and 
gastric damage. Skin or eye contact with either ammonia 
gas or aqueous ammonia may cause serious alkaline, 
corrosive burns. Clinical manifestations of ammonia 
poisoning typically result from an acute exposure, but 
ammonia poisoning also can cause chronic, long-term 
adverse effects. 


Acute Clinical Manifestations 

After inhalation of ammonia fumes, immediate signs 
and symptoms include a burning sensation in the nose, 
throat, and eyes, followed by lacrimation, blurred vision, 
rhinorrhea, and possibly eyelid and lip edema. Headache 
and coughing also are typical early findings. Upper 
airway edema rapidly may cause airway obstruction, 
preceded by hoarseness and stridor. Lower airway 
involvement may cause chest tightness, dyspnea, bron- 
chospasm with wheezing, and hypoxia. ALI, presenting 
with rales and rhonchi if the ammonia concentration was 
great enough to have penetrated the lower airways, 
eventually may develop. Copious amounts of tracheal 
secretions, hemoptysis, and fever are not uncommon. 
Pneumonia with consolidation may be evident on 
radiographs. 1440,21 

Inhalation injury may follow a biphasic course. After 
the initial pneumonitis or ALI, a patient may experience 
relative improvement for 48 to 72 hours. Subsequently, 
there is the gradual onset of airway obstruction, and 
respiratory failure may develop. 

Physical examination of the chest during the first 
24 hours after exposure is the best predictor of sub- 
sequent hospital course.*? In a report of 14 patients 
accidentally exposed to a high concentration of ammonia, 
all patients who exhibited respiratory symptoms and had 
a normal chest examination at the time of admission 
recovered quickly, without specific therapy. Patients who 
exhibited respiratory symptoms and significant findings 
on chest examination (1.e., rales, wheezing) had a more 
protracted and relatively more complicated hospital 
course. Also, among patients with a mild to moderate 
clinical illness, radiographic findings were rather 


unremarkable. The report’s authors concluded that the 
radiographic findings appear to offer little assistance in 
assessing the immediate status of respiratory tract 
involvement, or in predicting the future clinical course 
of patients suffering acute ammonia inhalation.*° 

After ingestion of liquid ammonia, common signs and 
symptoms include severe pain in the mouth, chest, and 
abdomen, accompanied by vomiting and possibly 
followed by shock. Severe local edema of the lips and 
mouth is present; burns of the soft palate also may occur. 
Twenty-four to 72 hours later, esophageal and gastric 
perforation with mediastinitis may occur. Victims with 
perforation have severe abdominal pain and rigidity and 
may have associated respiratory complications, including 
ALI.***° Alkaline corrosive ingestions are discussed 
further in Chapter 98. Ingestion of ammonia does not 
normally result in systemic poisoning. 

Dermal exposure to ammonia liquid or gas initially 
may result in a burning sensation, followed rapidly by 
blister or vesicle formation. Injuries may vary from mild 
erythema and edema after a low concentration exposure 
to severe edema and deep penetrating burns after a 
more concentrated exposure.** Skin exposure to ammonia 
liquid that has a temperature of —33° C produces frostbite- 
type injuries, with first- to third-degree burns.!*? 


Chronic Clinical Manifestations 

Repeated exposure to ammonia gas may cause chronic 
irritation of the conjunctiva and upper respiratory 
tract.*1 The potential effect of chronic exposure to 
ammonia on pulmonary function remains controversial 
because some authors have failed to find an effect** 
whereas others have shown an _ association.2”?° The 
results of one large case-control study suggested that 
exposure to a high cumulative ammonia level (based on 
estimates only) produces a combined restrictive and 
obstructive ventilatory defect.*° 


Adverse Effects 

Although complete pulmonary recovery is the usual 
outcome, acute ammonia inhalation injury has been 
associated with chronic pulmonary conditions such as 
bronchiectasis, reactive airways dysfunction syndrome 
(RADS), and chronic obstructive pulmonary disorder.?””° 
The association between exposure to high concentrations 
of ammonia and bronchiectasis is probably best 
documented, varying from 2 months to 2 years after the 
acute episode.?”*8 The patients usually had severe 
clinical disease immediately after the exposure, with 
bacterial superinfection documented or suspected in 
most cases. 

One patient without a preexisting history of sinusitis 
or allergies exhibited chronic, relapsing sinusitis after 
being exposed acutely to gaseous ammonia.”! 

Permanent ocular damage may occur as a result of 
tissue destruction and elevations in intraocular pressure. 
Ammonium hydroxide is especially destructive to the eye 
because it penetrates far more rapidly than do other 
alkalis. Cataract formation and corneal opacification are 
common complications of severe ammonia exposure, 
particularly if the patient is not treated promptly.'” 
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Late complications from ulcerative esophagitis 
include stricture formation.?”° 


DIAGNOSIS 

Laboratory Testing 

Laboratory results generally are nonspecific and are 
not helpful after an ammonia exposure. It is important 
to obtain serial arterial blood gas values, both to monitor 
the progress of respiratory failure and because these 
patients may develop a metabolic acidosis. The serum 
ammonia level does not correlate with the degree of 
injury.” 


Differential Diagnosis 

Exposure to other acid- or base-forming irritant gases 
may result in a clinical picture similar to that of exposure 
to ammonia. Other highly water-soluble agents include 
the chloramines, hydrogen chloride (HCl), acrolein, 
formaldehyde, and sulfur dioxide/sulfuric acid (SO,/ 
H,SO,); intermediate water-soluble agents include 
chlorine (Cl,). Exposure to oxidant gases, such as oxides 
of nitrogen, and riot-control agents or lacrimators (e.g., 
capsaicin, chloroacetone) also should be considered. 


MANAGEMENT 

Supportive Measures 

Prehospital management must be started early and 
aggressively in patients suspected of having been 
exposed to ammonia. First and foremost, it is necessary 
to evacuate patients from the exposure site. An initial 
survey of the patient’s airway, breathing, and circulation 
will identify immediately any life-threatening injuries. 

For any patient with respiratory symptoms, respiratory 
support with 100% oxygen through a non-rebreathing 
face mask is indicated in the prehospital setting, 
although early intubation may be necessary. Early 
intubation should be considered whenever a patient 
develops stridor, second- or third-degree burns to the 
neck or throat, or central nervous system depression. 

In the hospital, aggressive respiratory support should 
be continued or initiated as indicated. Positive end- 
expiratory pressure ventilation may be necessary to 
maintain an adequate Po,.'*7° Inhaled B agonists are 
indicated for bronchospasm. In one study, nebulized 
3.75% sodium bicarbonate was shown to improve 
oxygenation after chlorine exposure.** Nebulized 5% 
sodium bicarbonate was shown to be safe and potentially 
beneficial in a large retrospective study,” but has not 
been studied after ammonia exposure. In one case series, 
22 patients exposed to chloramine gas were treated with 
a nebulized solution of 3.75% sodium bicarbonate with 
no significant statistical or clinical difference in 
outcome.” At this time, routine use of nebulized sodium 
bicarbonate as a neutralizing agent is not recommended 
after exposure to ammonia. 

Fluids should be restricted early, unless the patient 
clearly is dehydrated or hypotensive, because excessive 
hydration may contribute to further airway edema. 
Central venous and pulmonary capillary wedge pressure 
monitoring may be required in seriously burned 
patients. 
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Decontamination 

If the exposure involves aqueous ammonia, removal 
of contaminated clothing is imperative. Emergency 
medical service personnel should wash exposed skin 
with copious amounts of water and irrigate the eyes con- 
tinuously, if the patient is symptomatic, until definitive 
medical care is reached. Contact lenses should be 
removed before flushing the eyes to prevent the 
concentration of ammonia beneath the lenses. 

If aqueous ammonia is ingested, vomiting should not 
be induced, and charcoal should not be given because it 
does not adsorb ammonia and may obscure the view for 
endoscopy. 

In the hospital, it is important to determine whether 
decontamination of any remaining ammonia from the 
patient’s eyes or skin is warranted to prevent further 
absorption and to protect the health care staff. Irrigation 
of the eyes should continue until the patient is more 
comfortable and until a conjunctivae sac pH below 8.5 is 
achieved. !4 Irrigation of affected skin should continue 
for at least 15 to 20 minutes. 

After the initial skin washing, irrigation with water 
should be continued at regular intervals for 24 hours. 
The use of greasy ointments is discouraged for at least 
24 hours because they may promote increased 
penetration of anhydrous ammonia.'* Nonviable skin 
should be débrided early, and wounds should be dressed 
with topical antibiotics. Alkaline corrosive injury to the 
skin is discussed further in Chapter 98. 


Laboratory Monitoring 

Serial arterial blood gas measurements and radi- 
ographs and continuous pulse oximetry may be indicated 
depending on the severity of illness. 


Other Medical and Diagnostic Interventions 

There is no specific antidote for poisoning from 
ammonia exposure. Use of systemic corticosteroids for 
inhalation injury is controversial, although many case 
reports include their use. In experimental studies, 
methylprednisolone was not shown to protect the lung 
from the acute physiologic consequences of inhalation 
injury,** and budesonide inhalation had no effect on 
ammonia-induced lung injury.’® Prophylactic systemic 
antibiotics are not recommended. If mediastinitis 
develops, antibiotics are recommended.'*?,”? 

After the eyes have been adequately irrigated, slit- 
lamp evaluation with fluoroscein stain should be 
performed to evaluate for corneal burns. Immediate 
consultation with an ophthalmologist is essential for an 
abnormal slit-lamp examination. Use of ophthalmic 
antibiotics for corneal damage is recommended. A 
mydriatic agent (e.g., Atropine) and cycloplegic agent 
(e.g., Cyclogyl) can decrease the patient’s discomfort 
and generally are recommended.'? Ophthalmic corti- 
costeroids frequently are recommended for use shortly 
after alkaline injury, but no controlled trials are available 
to support this recommendation. Alkaline corrosive injury 
to the eye is discussed further in Chapters 15 and 98. 

If an aqueous ammonia solution of 10% or greater has 
been ingested, or there are symptoms of corrosive injury 
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(e.g., drooling), flexible endoscopy is warranted to 
evaluate for serious esophageal or gastric injury. A chest 
film should be obtained to look for mediastinal air, 
which suggests esophageal perforation. The use of 
corticosteroids has been proven ineffective in alkaline 
corrosive ingestions and may be harmful to patients with 
serious infection.” 

Bronchoscopy can be both a diagnostic and thera- 
peutic aid by assisting with the removal of sloughed 
tissues. 


Disposition 

Patients with mild exposures, who have no evidence 
of airway compromise, may be discharged from the 
emergency department after 2 hours of observation, with 
instructions to seek medical attention if late symptoms 
present.” Any patient who has developed anything more 
than minor symptoms should be admitted for inpatient 
observation. Any patient with airway compromise or 
severe burns should be admitted to an intensive care 
unit. Because of the potential for chronic respiratory 
effects, hospitalized patients require outpatient 
follow-up. 


NITROGEN OXIDES 


Introduction and Relevant History 


Nitrogen oxides are a series of oxidized nitrogenous 
compounds that are irritant gases with relatively low 
water solubility (Table 97-2). These compounds occur 
together in dynamic equilibrium. For example, below 
21° C, NO, exists as a liquid in the form of N,O,; how- 
ever, higher temperatures favor the formation of NO».°° 

Toxic gas inhalation involving nitrogen oxides has 
been reported in both single cases and mass exposures 
for the past 200 years. The earliest recorded case of toxic 
inhalation of these fumes involved a French merchant 
who died after breathing concentrated nitric acid fumes 
in 1804.37 Nitrogen oxides were not recognized as the 
cause of silo filler’s disease until 1956,°* although the 
clinical entity was recognized as early as 1914.°° 

NOs, in addition to hydrogen cyanide, is produced 
in the pyrolysis of nitrocellulose, a component of radio- 
graphic film. During the Cleveland Clinic disaster of 1929, 
NO, and cyanide poisoning caused 125 casualties.37” 

Missile silos, where nitrogen tetroxide is used as a fuel 
oxidizer, have been the site of accidental exposures, 
including three Apollo-mission astronauts.*!'™ 





Nitrogen Oxides 


NO Nitric oxide (mononitrogen monoxide) 
NO, Nitrogen dioxide 
NO Nitrous oxide 


N-O, Nitrogen peroxide 

N20; Nitrogen trioxide (dinitrogen trioxide) 
N-20, Nitrogen tetroxide (dinitrogen tetroxide) 
N-05 Nitrogen pentoxide (dinitrogen pentoxide) 





During one outbreak, there were reports of 116 cases 
of nitrogen dioxide-induced respiratory illness in high 
school students attending hockey games at a Minnesota 
arena. Of those surveyed, 69% of students who were on 
or near the ice developed acute symptoms. Authorities 
blamed a defective engine in the ice-resurfacing 
machine.” 


Epidemiology 


Nitrogen oxides are formed naturally, primarily as a result 
of bacterial metabolism of nitrogenous compounds. 
Combustion of fossil fuels (e.g., motor vehicle exhaust) 
is the chief human-made source of nitrogen oxides. 

Common nonoccupational exposures to nitrogen 
oxides include kerosene heaters, gas appliances,“ 
cigarette smoke, ice-skating rinks,“ and ambient air 
pollution. Common occupational exposures include 
electric arc welding, manufacture of explosives, dyes 
and lacquers,’” nitric acid production, firefighting, and 
agriculture. NO, is produced during the decomposition 
of grain that has high nitrite content (i.e., corn) stored 
in silos. Inhalation of NO, generated from this source is 
responsible for silo filler’s disease.4!*““9 The decom- 
position process begins shortly after putting crops into a 
silo and continues for at least 10 days. Dangerous 
amounts of gas may remain in the silo for a month if the 
silo is not opened.*® One case report involved a man who 
was exposed to NO, 6 weeks after silage was stored.” 

Because NO is useful as a vasodilator to treat such 
conditions as pulmonary hypertension and acute lung 
injury, health care workers in intensive care could be 
exposed to both NO and NO,.°??! 


Structure and Structure—Activity 
Relationships 


Nitrogen oxides are a series of oxidized nitrogenous 
compounds that react violently with combustible and 
reducing materials (e.g., NH3, carbon disulfide) (see 
Table 97-2). NO, is a reddish-brown gas or yellowish- 
brown liquid that reacts with water to produce nitric acid 
and nitric oxide. NO is a colorless gas that reacts with 
water to form nitric acid and rapidly is converted in air 
to NOs. 


Pathophysiology 


Because nitrogen oxides are less soluble (hydrolyze more 
slowly) than most irritant gases, they penetrate the lower 
respiratory tract (the principal site of toxicity) more 
readily. Within the lungs, slow accumulation of nitrogen 
oxides and hydration to nitric acid (HNOs) in the alveoli 
result in delayed onset of chemical pneumonitis. 
Pulmonary edema occurs when one inhales high 
concentrations of the gases.*!°? Both increased airway 
resistance and decreased diffusion capacity occur. 
Inhalation of as little as 0.3 ppm of NO, has been shown 
to potentiate induced bronchospasm in asthmatic 
individuals.” The acute increase in airway resistance that 
occurs after nitrogen dioxide exposure, even at low 
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Exposure Limits and Clinical Effects of 


Nitrogen Oxides at Different Concentrations 





CONCENTRATION NITROGEN 
(ppm) OXIDE EFFECTS 
1 NO, NIOSH-REL (15-minute STEL) 
1-1.6 NO, Lowest level associated with 
measurable impairment of 
pulmonary function 
0.04-5 NO, Odor detectable (acrid or 
bleach) 
5 NO, OSHA-PEL (ceiling limit) 
1-13 NO, Mucous membrane irritation 
20 NO, NIOSH-IDLH 
25 NO NIOSH-REL (TWA) and 
OSHA-PEL (TWA) 
50-150 NO, Mild irritant to eyes and 
upper airways 
100 NO NIOSH-IDLH 
174 NO, LD5 at 1 hr 


IDLH, immediate danger to life or health; NIOSH, National Institute for 
Occupational Safety and Health; OSHA, Occupational Safety and 
Health Administration; PEL, permissible exposure limit; REL, 
recommended exposure limit; STEL, short-term exposure limit; TWA, 
time-weighted average. 





doses, appears to be mediated by histamine release.*’ 


According to NIOSH, the toxic effects associated with 
exposure to NO, are primarily determined by peak, and 
not average, concentrations of exposure**”? (Table 97-3). 

The toxicity of the oxides of nitrogen may result from 
the initiation of lipid peroxidation and oxidation of 
cellular proteins, which leads to the generation of free 
radicals.” These free radicals damage the pulmonary 
epithelial cells, most notably type I alveolar and ciliated 
cells, principally at the juncture of the terminal airways 
and the gas exchange tissues.°°°’ Antioxidants, such as 
ascorbic acid, that act as a free radical scavenger help 
protect human endothelial cells exposed to NOs». This 
implies an important role for free radicals in the 
toxicology of these agents.°°°>»9 

NO, whose affinity for hemoglobin is 1000 times 
greater than that of carbon monoxide, may be absorbed 
from the lung and bound to hemoglobin. As a result, 
hemoglobin is oxidized to nitrosylhemoglobin (NOHb) 
and subsequently to methhemoglobin.*® Some absorbed 
NO, participates in other reactions, including nitro- 
sation of amines to form nitrosamines, a reaction that 
may play a role in gastrointestinal cancers. 


Toxicology 
CLINICAL MANIFESTATIONS 


The clinical presentation and progression of the disease 
depend on the concentration and duration of exposure, 
the patient’s activity level, and perhaps the patient’s 
predisposition to lung disease. Clinical presentation 
generally is divided into three clinical stages: acute, 
delayed, and subacute.®’ These stages may be observed in 
sequence or alone. 
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Acute Phase 

Because of the poor water solubility of nitrogen oxides, 
upper respiratory irritation may not be evident after 
exposure to very low levels. With more concentrated 
exposures, upper respiratory symptoms such as burning 
eyes, sore throat, and cough may occur. Nonspecific signs 
and symptoms may include nausea, vomiting, headache, 
dizziness, a “choking sensation,” and weakness. Bron- 
chospasm may be present with wheezing and dyspnea. 
Radiographic findings soon after exposure may be 
normal and do not rule out the subsequent development 
of ALI. Many of the effects are self-limited if exposure 
has been only mild and brief. Symptoms may persist for 
1 to 2 weeks, and complete recovery usually follows. 


Delayed Phase 

A symptom-free interval of 3 to 24 hours typically 
follows the acute phase. This asymptomatic phase, in 
turn, is followed by the development of chemical 
pneumonitis or ALI, characterized by dyspnea, 
tachypnea, hemoptysis, bronchospasm, rales, and 
hypoxia. Hypotension (direct effect of nitrate- or nitrite- 
induced vasodilation) is not common. Methemoglo- 
binemia may occur in this stage, and levels have been 
reported from 2% to 44%.°° 

Radiographic findings generally begin with perihilar 
infiltrates and progress to ALI. In one study of 34 
patients, 40% of the patients who developed ALI died.*’ 
Those who survived developed long-term complications, 
experienced a subacute phase, or recovered completely. 


Subacute Phase 

This phase, in which the patient develops bronchiolitis 
obliterans, usually appears 2 to 4 weeks after the delayed 
phase. It also may occur in the absence of a prior episode 
of ALI, about 10 to 30 days after the initial exposure. The 
patient becomes acutely ill with fever and chills, cough, 
dyspnea, rales, wheezing, and hypoxia. At this point, the 
chest radiographic findings again may resemble those 
characteristic of ALI or may show multiple discrete 
nodules (miliary pattern).°° Pulmonary function testing 
reveals both obstructive and restrictive defects. This stage 
may prove fatal.374248 


Chronic Clinical Manifestations 

In animals, long-term exposure to nitrogen oxides has 
caused emphysema, immunosuppression,” and increased 
incidence of pulmonary adenomas.®! There have been 
reports of coal miners developing emphysema with 
long-term exposure to NO». There is little evidence to 
implicate NO, directly as a pulmonary carcinogen in 
humans, but it could modify and influence the carcino- 
genic process in the lung.” One report of the mortality 
experience in a large cohort, from 1977 to 1992, found 
an association between mean ambient NO, concen- 
trations and lung cancer in women.” 

Because various indoor and outdoor sources release 
nitrogen oxides, the general public may experience 
persistent, low-level exposure to these compounds. 
Although epidemiologic studies have not identified an 
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independent effect of long-term exposure to ambient 
NOs, researchers hypothesize that several chronic health 
problems may occur as a result of this low-grade 
exposure, including increased incidence and severity of 
respiratory tract infections, reduced lung function, and 
increased symptoms in patients with asthma and chronic 
obstructive pulmonary disease. 


Adverse Effects 

Persistent respiratory disease, including symptoms of 
chronic bronchitis and spirometric evidence of obstructive 
or restrictive disease, has been documented after acute 
exposure to nitrogen oxides.*!” In one study of 23 cases, 
of the 5 cases that progressed beyond the acute phase, all 
had some persistent pulmonary dysfunction several years 
later.“ In another study, 6 cases of RADS were diagnosed 
among 234 patients exposed to dinitrogen tetroxide. 

It is difficult to predict who will have long-term com- 
plications from a single acute exposure, and meaningful 
numbers from studies are essentially nonexistent. 
Generally, a patient whose illness does not progress beyond 
the acute phase will not have subsequent problems, and 
patients who have pulmonary edema or whose illness 
evolves to bronchiolitis obliterans seem to have a high 
probability of developing long-term complications. 

With regard to nonrespiratory symptoms, in one 
report 6 of 24 victims of a missile-silo accident developed 
chronic headaches and other subjective neuropsychiatric 
complaints after the accident.” 


DIAGNOSIS 

Laboratory Testing 

Serial arterial blood gas measurements and radio- 
graphs, methemoglobin levels, and continuous pulse 
oximetry may be indicated, depending on the degree of 
the patients’ illness. Patients with bronchiolitis obliterans 
may have a neutrophilic leukocytosis and an elevated 
sedimentation rate. 


Differential Diagnosis 

A latency period of several hours, followed by signs 
and symptoms consistent with ALI, is suggestive of this 
exposure. The differential diagnosis should include 
allergic lung disease due to molds (farmer’s lung due to 
hypersensitivity reaction), asthma, pneumonia, miliary 
tuberculosis, viral influenza, carbon monoxide exposure, 
myocardial infarction, or ALI following exposure to 
other toxic products of combustion or respiratory 
irritants with low water solubility (e.g., phosgene). 


MANAGEMENT 

Supportive Measures 

Treatment depends on a patient’s phase of clinical 
illness and the symptomatic presentation. Oxygen and 
intubation with positive-pressure ventilation, as needed, 
are considered the mainstays of treatment.?’ Use of 
the minimum concentration of oxygen has been recom- 
mended to maintain arterial oxygenation because 
hyperoxia may exacerbate the oxidant injury induced by 


NO,.°° Inhaled bronchodilators are recommended for 
bronchospasm. 

Because these patients are prone to infection, frequent 
sputum cultures should be obtained and antibiotics 
started when indicated. 


Decontamination 

Wet clothing should be removed, and any exposed 
skin flushed with water. Exposed eyes should be irrigated 
with copious amounts of water or saline. 


Other Medical and Diagnostic Interventions 

There is no specific antidote for nitrogen oxide 
poisoning. Methemoglobinemia should be treated with 
oxygen and methylene blue (1-2 mg/kg intravenously). 
Corticosteroids have been shown in many case reports to 
be beneficial, in both the treatment and prevention of 
ALI and bronchiolitis obliterans.3®4142:48,49,70 Many 
researchers report dramatic improvement in symptoms 
after use of corticosteroids and recurrence of the 
symptoms when the corticosteroids are abruptly stopped; 
the symptoms then respond to reinstitution of the 
corticosteroids.®414248 High-dose corticosteroids have 
been recommended for a 6- to 8-week course, and tapered 
gradually to prevent relapses.*"*° 


Disposition 

In all instances in which significant exposure may 
have occurred, affected patients should be observed for 
at least 24 to 48 hours after exposure, even if they are 
asymptomatic and exhibiting a normal chest radiograph. 
In-hospital observation for 6 hours is recommended for 
patients with potential or mild nitrogen oxide exposure. 
If a patient is asymptomatic after that time and has rapid 
access to medical care, he or she may be discharged for 
close follow-up. 
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At a Glance... 


m = Alkalis and acids can injure either the esophagus or the 
stomach. 

m The potential for tissue injury is dependent on the duration of 
contact and on the concentration, volume, and pH of the 
product. 

m Noone symptom or group of symptoms can reliably predict the 
degree of esophageal injury after a corrosive ingestion. 

m Upper gastrointestinal endoscopy is the only diagnostic test 
available that reliably detects the degree of esophageal injury. 

m Patients who are asymptomatic after a corrosive ingestion can 
be safely discharged without the need for endoscopy. 

m Corticosteroid therapy remains highly controversial. Cortico- 
steroids may be beneficial for endoscopy-diagnosed second- 
degree burns. 

© The risk for esophageal stricture is greatest after circumferential 
second- and third-degree burns. 

m There is a long latency period between corrosive ingestion and 
esophageal or gastric carcinoma. 


INTRODUCTION AND RELEVANT 
HISTORY 


Corrosives are a group of chemicals that have the 
capacity to cause tissue injury on contact with multiple 
organ systems, most commonly the gastrointestinal, 
respiratory, ophthalmologic, and dermatologic systems. 
Examples of agents capable of causing chemical burn 
injuries include alkalis (e.g., NaOH, KOH), acids (e.g., 
HCl, H,SO,), and certain antiseptics, such as phenol, 


formaldehyde, iodine, and concentrated hydrogen 
peroxide. Hydrofluoric acid (HF), a relatively weak acid, 
is particularly known for its ability to cause necrotizing 
injury and life-threatening systemic toxicity as a result of 
the fluoride moiety chelating endogenous calcium (see 
Chapter 90). For the purpose of this chapter, the term 
corrosive (a term sometimes used interchangeably with 
caustic) refers to any of these agents capable of causing 
tissue injury on contact. The term lye refers to specific 
alkali, typically sodium hydroxide or potassium hydroxide. 

Corrosives are widely available to the public, primarily 
as household cleaners (Table 98-1). More than 60,000 
corrosive exposures were reported to poison centers in 
the United States in 2002.' The focus of this chapter is on 
alkalis and acids and their toxic effect on the previously 
mentioned systems, with special attention to the 
gastrointestinal tract. 

Before 1950, strong lyes (concentration > 50%) made 
up most caustic ingestions in the United States. Not 
uncommonly, ingestions of strong lyes led to respiratory 
compromise, severe esophageal burns, perforation of 
the esophagus and stomach, mediastinitis, late stricture, 
and sometimes death. 

Over the years, three legislative acts were passed by 
Congress to help reduce the occurrence of corrosive 
injuries in the United States, particularly in children. 
The first was the Federal Caustic Poison Act of 1927, 
which for the first time mandated that concentrated lye 
and acid-containing products clearly display a “poison” 
label. The second was the Federal Hazardous 
Substances Act of 1960, which imposed mandatory 
standards for labeling of hazardous materials. Finally, in 
1970, Congress enacted the Poison Prevention Pack- 





Sampling of Currently Manufactured Household Cleaning Products That Contain Caustic Chemicals 


APPLICATION PRODUCT 


Drain cleaner, liquid 
Drain Out Extra (Iron Out) 
Liquid-Plumr (Clorox) 


Maximum Strength Drain Opener (Enforcer) 


Drain cleaner, crystals Crystal Drain Opener (Rohyme) 
Crystal, Drain Out (Iron Out) 
Drano Pipe Cleaner (Johnson) 
Oven cleaner 
Rust remover Rust Stain Remover (Whink) 

Rust Stripper (Certified) 

Naval Jelly Rust Remover (Loctite) 


Toilet bowl cleaner 


Swimming pool cleaner 


Heavy Duty Liquid Drain Opener (Share) 


Easy-Off Heavy Duty Oven Cleaner (Rickitt Benckiser) 


Instant Power Toilet Bowl Cleaner (Scotch) 
Bowl and Porcelain Cleaner (Cleanline) 
Muriatic Acid, Aqua Chem (Recreational Water) 


CHEMICAL 


H,SO, 93% 

KOH 30% 

NaOH 0.5%-2%, NaOCI 10% 
KOH 5%-15% 

NaOH 74% 

NaOH 55% 

NaOH 54% 

NaOH < 5% 

HF 2.5%-3% 

NaOH 50%-75% 
Phosphoric Acid 25%-30% 
HCI 26% 

HCI < 10% 

HCI 31% 
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aging Act.’ This legislation resulted in the mandatory 
packaging of corrosive agents in child-resistant 
containers if the concentration of the active agent was 
either greater than 10% or 2% by weight of free 
chemical. 

Despite these legislative efforts, highly concentrated 
caustic products remain on the market, although they 
are typically less available as household products than 
in the past. Such products continue to be used in 
commercial industries, on farms, and as swimming pool 
cleansers. Household products that contain caustic 
chemicals include drain cleaners, toilet bowl cleaners, 
and general purpose anticorrosive cleaners. Although 
low lye (<10%) or no lye (enzymatic) drain cleaners 
have replaced some of the more highly concentrated 
caustic products, household liquid drain cleaners with 
high concentrations of alkali (30% KOH) or acid (93% 
H.SO,) may still be purchased in neighborhood 
hardware stores (e.g., Home Depot) in 2004 (see Table 
98-1). Commercial industries and farms often use 
concentrated corrosives as chemical reagents and as 
cleansers.’ Dairy farms use pipeline cleaners that contain 
liquid NaOH and KOH in concentrations of 8% to 25%. 

Ingestion of crystal lye may be particularly prob- 
lematic and result in severe burns because of the 
opportunity for prolonged tissue contact. Fortunately, 
most crystal lye ingestions are limited by immediate oral 
pain. The ingestion of granular automatic dishwashing 
detergents has been associated with devastating injuries.* 
Crystal drain cleaners have lye concentration as high as 
74% NaOH and may cause proximal esophageal injury. 
Some liquid dishwashing detergents and laundry 
detergents have a pH greater than 12, but because the 
titratable base content is significantly lower, there is less 
risk for injury after ingestion. 

Ingestion of liquid household bleach containing 
dilute (5.25%) sodium hypochlorite (NaOCl) rarely 
causes significant injury. Industrial-strength bleach may 
contain significantly higher concentrations of sodium 
hypochlorite, leading to esophageal necrosis. Toilet bowl 
cleaners contain hydrochloric acid as high as 26% HCl. 
General purpose anticorrosive cleaners, such as 31% 
muriatic acid (HCl), are sold in gallon containers for 
home use and as swimming pool cleaners. 

Sodium hydroxide is also found as a constituent of 
hair perm relaxers. Excessive topical use of these relaxers 
may occasionally cause facial and oral burns, as well as 
esophageal burns and airway compromise, if ingested, 
although most exposures do not cause significant 
injuries.” The alkali powder in airbags has caused ocular 
burns. Perfumes accidentally sprayed into the eyes can 
cause burns.’ Cement is alkaline and causes topical 
burns, typically on the knees.’ 

More than 70 different pills may cause damage when 
they come in contact with the esophageal mucosa for 
prolonged periods.’ Patients who take medications in 
the supine position or take pills without water are at 
higher risk. Pills most likely to adhere are doxycycline, 
tetracycline, potassium chloride, and aspirin. Ingestion 
of potassium chloride pills has caused perforation into 
the aorta, left atrium, and bronchial artery.? 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


STRUCTURE AND STRUCTURE-ACTIVITY 
RELATIONSHIPS 


Pathophysiology 


The type of agent, formulation of the product, con- 
centration of solution, volume, viscosity, pH, dura- 
tion of contact, and presence or absence of food in the 
stomach are all factors that influence the extent of injury 
from a caustic exposure. The titratable alkaline reserve 
of an alkali or acid may be particularly correlative with 
the likelihood of burn injury.'? Regarding alkalis, it has 
been suggested that the critical pH that causes 
esophageal ulceration is 12.5.'! Corrosives may cause 
injury to any exposed tissue, including skin, mucous 
membranes, eyes, gastrointestinal tract, and lungs. 


Alkalis 


Alkalis, such as sodium hydroxide and potassium hydrox- 
ide, directly damage tissue by producing saponification 
of the fatty acids within cell membranes, resulting in the 
loss of membrane integrity. In addition, the reaction 
of hydroxide ions with collagen may cause protein 
disruption and considerable edema. The end result is 
liquefaction necrosis and a softening of the tissues. 
Unfortunately, the process of liquefaction necrosis allows 
for further penetrance of the alkali into the tissue and 
further injury. 

The depth of the necrosis is dependent on the 
concentration of the lye.'* Strong caustics cause their 
damage quickly. In one study, contact of the esophageal 
tissue with sodium hydroxide at 22.5% for only 10 
seconds resulted in a full-thickness burn.'* In another 
study, a solution of 30% sodium hydroxide in contact 
with tissue for 1 second resulted in a full-thickness 
burn.'° 


Acids 


Acids, such as hydrochloric acid and sulfuric acid, 
dissociate on contact with water to release hydrogen 
ions. Contact of acids with tissue causes tissue destruc- 
tion. Unlike alkalis, a coagulum or eschar may develop 
after acid contact, in some cases limiting the further 
spread of the acid and depth of necrosis. However, 
subsequent sloughing of the coagulum may still occur, 
extending the tissue injury sometimes in a delayed 
manner. Full-thickness burns resulting in perforation 
may result. 

Historically, acid-induced injury to the gastrointestinal 
tract was summarized in the phrase “lick the esophagus, 
bite the pyloric antrum.”!° However, reports indicate that 
acid ingestion may result in both esophageal and gastric 
injury.'® Gastric injury is more likely to occur in the 
pylorus and antrum. This may be because of the 
preferential flow of liquids rapidly from the esophagus 
along the lesser curvature of the stomach to the pylorus 
rather than into the fundus and body, where solids tend 
to collect. Duodenal injury may also occur, but this is 
appears to be less common than gastric injury, possibly 


because of pylorospasm induced by the acid or the 
neutralization of the acid by duodenal contents. 

In the past, it was thought that ingestion of strong 
acids was more likely to cause gastric necrosis and that 
ingestion of strong lyes was more likely to cause 
esophageal injury. In fact, it appears that acids cause a 
similar incidence of esophageal and gastric injury and 
may also cause laryngeal burns. Alkalis may cause gastric 
necrosis and perforation and small intestine injury, as 
well as esophageal injury.!”!® Perforation from either 
acids or alkalis may result in extensive necrosis of 
abdominal viscera. 


Time Course and Natural History 


Typically, the damage from corrosives occurs in four 
stages. Initially, necrosis occurs with invasion by bacteria 
and polymorphonuclear leukocytes. Subsequently, 
vascular thrombosis occurs, increasing the damage. Over 
the next 2 to 5 days, superficial layers of injured tissues 
begin to slough. After the caustic exposure, the tensile 
strength of the healing tissue may be quite low for up to 
3 weeks. In some cases, this loss of tissue integrity greatly 
increases the chance of delayed perforation and is the 
main reason patients remain at risk for deterioration for 
up to 14 days or longer after exposure. The formation 
of granulation tissue, collagen deposition, and re- 
epithelization signals the tissue recovery process and 
generally occurs between 1 week and several months 
after the exposure. Unfortunately, the wound healing 
itself may herald a constrictive phase, ultimately causing 
esophageal stricture formation because of scar 
contraction—a process that may occur over a period of 
weeks to years. 


Morphology 


Caustic injuries are categorized as first-, second-, and 
third-degree burns, similar to thermal burns, based on 
their appearance at endoscopy (Table 98-2). The initial 
depth of injury found on esophagoscopy correlates with 
the risk for stricture formation. First-degree (grade 1) 
burns consist of edema and hyperemia. In these cases, 


Classification of Corrosive Burns to the GI 





GRADE OF INJURY FINDINGS 


Normal examination 


1 Erythema, hyperemia 

2a Superficial ulceration, erosions, whitish 
membranes 

2b As for grade 2a, plus deep discrete or 
circumferential ulcerations 

3 Multiple deep ulcerations, areas of 
necrosis 


From Zargar SA, Kochlar R, Nagi B, et al: Ingestion of corrosive acids. 
Spectrum of injury to upper gastrointestinal tract and natural history. 
Gastroenterology 1989;97:702. 
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the depth of involvement would be similar to a sunburn. 
Blisters do not occur, and strictures would not result 
from these superficial burns. Ulcers, whitish membranes, 
exudates, friability, and hemorrhage characterize 
second-degree (grade 2) burns. These partial-thickness 
burns are further subdivided into grade 2a—non- 
circumferential—and grade 2b—circumferential—burn 
injuries. Although overall about 15% to 20% of grade 2 
esophageal burns develop strictures, 75% of grade 2b 
burns develop strictures.'? Third-degree injuries involve 
the full thickness of the mucosa, often with necrosis. 
These injures are most likely to perforate. Of those who 
survive the acute injury, 90% develop strictures. 


Special Populations 
PEDIATRIC PATIENTS 


Corrosive injury to the esophagus remains a serious 
health problem in children. Nearly 80% of reported 
caustic ingestions occur in children. At least 85% of 
reported ingestions are unintentional.*? More than 
125,000 ingestions of household cleaning products in 
2002 occurred in children younger than 6 years, second 
only to cosmetics and personal care products in 
frequency.! Storage of corrosives in inappropriate 
containers, such as sports drink bottles, soda cans and 
bottles, and jars, contributes to unintentional ingestion. 
Although contact with the oral mucosa usually causes 
severe pain and vomiting that theoretically limits further 
damage, a small ingestion may be sufficient to result in 
serious morbidity and mortality. Given the long-term 
complications of stricture and esophageal and gastric 
carcinoma, prevention of exposure to these toxic agents 
is of paramount importance. 


PSYCHIATRIC PATIENTS 

Although unintentional ingestion of small amounts of 
a caustic agent may still cause devastating injuries, 
intentional ingestion among adolescents and adults 
accounts for a higher percentage of significant injuries. 
Among suicidal patients who ingest caustic agents, more 
than half have a history of psychiatric illness.*! Many of 
these deliberate ingestions of caustic chemicals occur 
among individuals who are confined in psychiatric hos- 
pitals or prisons. This occurs because of the availa- 
bility of a variety of cleansers in these facilities (and 
the lack of availability of pharmaceuticals and other toxic 
agents). Because some psychiatric patients have been 
known to attempt to mask their symptoms after caustic 
ingestion, a high suspicion of possibly corrosive injury 
should be considered in this population. 


TOXICOLOGY 


Clinical Manifestations 


The acute and chronic (long-term) complications 
resulting from caustic ingestion may be devastating. 
Initially during the first few hours and days after the 
caustic exposure, the development of airway edema 
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leading to a compromised airway and esophageal or 
gastric perforation is the most emergent issue. Over the 
long term, the ingestion of caustics may lead to 
esophageal or gastric strictures requiring repetitive 
dilatory procedures and in some cases esophageal bypass 
and colonic interposition. Patients with significant acute 
injuries are at significantly increased risk for esophageal 
carcinoma, a most unfortunate long-term sequela. 


Acute Presentation 


Small ingestions of a concentrated caustic can be as 
problematic as larger ingestions. More than 40% of 
patients reporting to have “only taken a lick” have 
esophageal burns.** Some of the most common com- 
plaints are oral pain (41%), abdominal pain (34%), 
vomiting (19%), and drooling (19%).*° Other clinical 
features may include crying, dysphagia, odynophagia, 
hematemesis, wheezing, coughing, stridor, dysphonia, 
chest pain, and respiratory distress. Pain, crying, 
excessive salivation, and dysphagia tend to be associated 
with lesions of the buccal mucosa but do not accurately 
predict lesions elsewhere. Spontaneous vomiting is 
associated with a higher incidence of more severe 
esophageal injury. Visible burns to the face, lips, and oral 
cavity may be seen and appear as white or gray patches 
with an erythematous border. 

Laryngeal edema often occurs over a matter of 
minutes to hours, requiring rapid intubation. Peritoneal 
signs suggest hollow viscus perforation or contiguous 
extension of the burn injury to adjoining visceral areas. 
Systemic toxicity, hypovolemic shock, and hemodynamic 
instability manifested as hypotension, tachycardia, fever, 
and acidosis may occur in these cases and are ominous 
findings. Emergency surgical intervention may be 
required in these cases. 

Correlating clinical symptoms with the severity of 
esophageal burns can prove very difficult because 
different studies have presented conflicting data over the 
years.'”*95 Although there is a tendency to use the 
results of the oropharyngeal examination to predict 
more distal injury, such a strategy is not reliable. Oral 
burns on admission predicted burns of the esophagus 
with a sensitivity of 52.9% and specificity of 51%.** 
Prolonged drooling and dysphagia (12-24 hr) were 
much more predictive of significant lesions, with 100% 
sensitivity and 90% specificity. Vomiting and stridor 
also appear more predictive than oropharyngeal burns 
in predicting burn injury. 

Although acid ingestions are much less common than 
alkali ingestions in the United States, significant acid 
ingestions may also cause extensive tissue injury and 
result in a higher mortality rate than alkali ingestions. 
Massive upper gastrointestinal bleeding and aspiration 
pneumonia may also occur.**° Systemic effects from 
acid ingestions include metabolic acidosis, disseminated 
intravascular coagulation, hyponatremia, and hypotension. 
The more fulminant course of some acid ingestions may 
be due to systemic absorption of the acid resulting in 
metabolic acidosis (which may also be the result of 
extensive tissue necrosis), hemolysis, and renal failure. 
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In Russia, concentrated acetic acid ingestions account 
for 64% of caustic ingestions.”’ 

Patients with pill-associated caustic injury may present 
with less acute symptoms. They may not clearly relate 
their current symptoms to the pill ingestion, although 
they often recall a transient feeling of “something stuck.” 
Most present with severe retrosternal pain. Dysphagia 
is not common. The pain lasts 3 days to a few weeks. 
Occasionally, more severe cases present with hemateme- 
sis, weight loss, or fever. Endoscopy generally reveals a 
sharply demarcated superficial ulcer. Deep ulcerations 
or even penetration may occur particularly with 
potassium tablets. 


Long-Term Complications 


Long-term consequences can be more damaging than 
the acute injury. The two major long-term concerns after 
alkali ingestion are the risk for stricture and esophageal 
carcinoma. Patients with significant esophageal burns, 
particularly those that are circumferential, develop 
esophageal stricture. Eighty percent of strictures first 
become apparent in 2 to 8 weeks. Symptoms include 
dysphagia and food impactions. Strictures that become 
symptomatic early are generally more severe. 

The risk for stricture can be predicted based on the 
degree of burn visualized at endoscopy. First-degree 
burns do not progress to stricture. Second-degree burns 
may progress to stricture in at least 15% to 20% of cases. 
Third-degree burns carry the worst prognosis for 
stricture, with a risk for at least 90%.!%-*? 

The latent period between corrosive ingestion and the 
development of squamous cell esophageal carcinoma 
may be as long as 40 to 50 years. Hence, adults with 
significant childhood exposures need lifelong surveil- 
lance. Patients have at least a 1000- to 3000-fold 
increased risk for esophageal cancer after corrosive 
ingestion.“ A recent long-term study showed that 1.8% 
of patients who ingested caustic soda developed 
esophageal cancer.” Nearly 3% of esophageal cancer 
patients have a history of caustic ingestion.*® 

Sequelae of acid ingestion include esophageal stricture, 
pyloric and antral stenosis, duodenal atonicity, gastric 
metaplasia, and carcinoma. The risk for carcinoma after 
caustic acid ingestion is unknown. 


DIAGNOSIS 


Laboratory Testing 


No specific laboratory tests are available that predict 
severity of poisoning after corrosive ingestion. General 
laboratory studies should include a complete blood 
count, serum electrolytes, blood type and screen, renal 
and liver function tests, and coagulation studies. An 
arterial blood gas measurement should be obtained if 
there is ongoing stridor or evidence of hemodynamic 
compromise. Arterial blood gas determination may be 
particularly useful after significant acid ingestions given 
the propensity for severe acid—base disturbances in these 


cases. A recent study suggested that pH less than 7.22 
was correlative with severe injury requiring surgical 
intervention.°° A white blood cell count greater than 
20,000/mL may be predictive of death after caustic 
ingestion when combined with other parameters such as 
age, ingestion of strong acid, presence of deep gastric 
ulcers, or gastric necrosis.*! In intentional overdoses, 
co-ingestants should be considered and a comprehen- 
sive urine drug screen obtained. However, the caus- 
tic chemical itself will not be detected on a urine drug 
screen. 


Other Diagnostic Testing 


In symptomatic patients, a chest x-ray and abdominal flat 
plate should be obtained to look for evidence of 
peritoneal and mediastinal air denoting perforation or 
pleural effusion, suggesting esophageal leak. It is 
important to note that the depth of esophageal burns 
cannot be predicted based on signs or symptoms. 
Noninvasive techniques, such as chest and abdominal 
x-rays, water-soluble contrast swallow, or computed 
tomography (CT) with contrast can suggest or detect 
perforation but do not provide sufficient information to 
gauge depth of burn injury.” 

The test of choice for proper staging of burn severity 
is upper gastrointestinal endoscopy. Not only can 
endoscopy define the extent of disease after acute 
ingestion, but also it can document healing after 
ingestion. Endoscopy results will divide patients into four 
groups: no esophageal/gastric injury, gastric injury, 
linear burns of the esophagus, and circumferential 
burns. Those with gastric injury are at risk for pyloric 
ulceration and later gastric outlet obstruction. Linear 
burns of the esophagus often heal well; circumferential 
burns are likely to lead to stricture. 

Much attention has been devoted to finding a single 
clinical feature or group of signs and symptoms that can 
reliably predict esophageal injury, and therefore which 
patients should go on to endoscopy. Studies to date have 
produced conflicting results. What is clear is that patients 
who are asymptomatic on presentation and are able to 
drink liquids without any discomfort can be assumed to 
have no significant esophagogastric injury and may be 
managed conservatively without the need for endos- 
copy.” As stated previously, the absence of external visible 
signs of exposure cannot be equated with absence of 
esophageal lesions.*°**°° In general, the greater the 
number of presenting signs and symptoms, the higher 
the like-lihood of significant esophageal burns.**°° 
Unfortunately, there is no pathognomonic group of 
presenting signs and symptoms that can identify all 
patients with potentially serious gastrointestinal 
burns.°?*4 

Based on the studies to date, the main indication for 
endoscopy is a symptomatic patient who exhibits 
vomiting, drooling, dysphagia, odynophagia, stridor, or 
dyspnea. Endoscopy may also be warranted in less 
symptomatic cases if the ingestion is intentional. Ideally, 
endoscopy should be performed within 12 to 24 hours 
after ingestion. Endoscopy performed before 12 hours 
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may not delineate the extent of injury, and wound 
softening makes endoscopy initiated after 24 hours more 
hazardous. 

In some cases, early endoscopy may help guide the 
need for corticosteroid therapy, which, if indicated, 
should be initiated within the first 24 hours. The 
gastroenterologist may also choose to place a soft feeding 
tube or silk string in the esophagus when burns are 
present at the time of endoscopy. The string provides a 
guide for future dilation. In the past, endoscopy was 
often terminated at the most proximal burn area 
because of worry about iatrogenic perforation. Although 
this concern was applicable to rigid esophagogastroscopy 
techniques, flexible endoscopes can be carefully passed 
beyond the area of burn (unless there is a perforation), 
allowing for a more complete examination including 
evaluation of the stomach, if possible. 

Any suspicion of abdominal involvement should be 
studied by repeated abdominal CT or ultrasound.*’ 
Follow-up contrast studies are useful to evaluate for the 
presence of esophageal or gastric strictures. 


MANAGEMENT 


Supportive Measures 


Protection of the airway supersedes all other inter- 
ventions. Because oropharyngeal and laryngeal edema 
may rapidly ensue, making airway control considerably 
problematic, early endotracheal intubation is indicated 
when there is concern regarding compromise of the 
airway, especially in cases with stridor. Fiberoptic airway 
evaluation to determine the extent of injury may prove 
useful. Surgical cricothyrotomy may be required when 
the airway cannot be secured by less invasive means. 
Blind nasotracheal intubation is contraindicated. 
Intravenous access should be established and fluid 
resuscitation initiated. With significant exposures, 
vigorous fluid resuscitation may be required. It is 
essential to employ early and continuous hemodynamic 
monitoring to evaluate for evidence of shock and volume 
depletion secondary to hollow viscus perforation. 
Analgesics should be provided as clinically indicated, 
with care taken not to oversedate the patient. 

On arrival in the emergency department, the patient 
should be fully unclothed and examined for evidence of 
dermal and ocular caustic exposures. Ongoing dermal 
exposure from a caustic spill may continue to be 
injurious until the clothing is removed and copious 
irrigation has taken place. Contaminated clothing 
should be treated as hazardous waste and disposed using 
proper precautions. 


Decontamination 


Treatment often begins at the scene of the ingestion. 
Sips of water or milk can dislodge solid particles and 
dilute material residing in the stomach, but may cause 
an exothermic reaction. In alert patients who are not 
vomiting and can tolerate liquids, small volumes (1-2 
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cups) of water or milk may be considered within the first 
few minutes after ingestion. Because injuries occur 
almost immediately, later dilution is not warranted. 
Forcing fluids is never indicated because the precip- 
itation of emesis may lead to further caustic exposure. 
Experimentally, it has been shown that significant heat is 
generated by contact of the acid or alkali with the moist 
esophageal surface.” More recent studies have not 
generated significant amounts of heat.” Whether heat 
increases the injury has never been quantified, but has 
led to concerns regarding initial dilution or gastric 
lavage. Regardless of where treatment is initiated, those 
who come in contact with the patient should take proper 
precautions to protect themselves from secondary 
caustic exposure. 

Over the years, neutralization approaches to caustic 
ingestions such as treating alkali ingestion with dilute 
acetic acid (vinegar) or treating acid ingestion with 
sodium bicarbonate have been frowned on. Such 
therapy may produce gas-forming exothermic reactions, 
potentially stressing already compromised tissues. 

Gastrointestinal decontamination procedures, such as 
activated charcoal administration and gastric lavage, are 
usually not indicated. Activated charcoal would obscure 
endoscopic visualization of the mucosa and increase the 
risk for vomiting. Careful nasogastric aspiration may be 
useful in the setting of significant acid ingestions, 
however, given the ominous natural history of many of 
these ingestions and the somewhat lower risk for 
esophageal perforation. A nasogastric tube may be 
placed under fluoroscopy and used to drain the contents 
of the stomach and lavage with cold fluids. Polyvinyl 
chloride (PVC) nasogastric tubes harden with time and 
should not be used for long-term treatment.* Ipecac is 
always contraindicated. 


Other Therapy 


The initiation of corticosteroid therapy has remained 
controversial. Therapy with corticosteroids has been 
advocated to potentially limit the inflammatory response 
and prevent stricture formation. Studies to date have 
produced conflicting results on the effectiveness of these 
agents, and their use has not been validated in 
prospective clinical trials.*"*! These trials have suffered 
from methodologic errors such as a lack of randomi- 
zation, nonblinding of patients and investigators, small 
number of patients in study groups, different corti- 
costeroids used, failure to perform endoscopy in all 
patients, or retrospective study design. 

The natural history of corrosive injury can be of 
assistance in determining which patients, if any, may 
benefit. The nature of first-degree burns is such that they 
do not need to be treated with corticosteroids because 
stricture formation does not occur in these cases. 
Similarly, third-degree burns are unlikely to benefit from 
corticosteroid therapy because the extensive damage 
caused is not expected to respond to corticosteroid 
therapy.*° Furthermore, third-degree burn injuries have 
a high incidence of perforation and fistula formation, 
and steroid therapy may potentially worsen these 
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injuries. Therefore, the controversy is in regard to their 
use in second-degree burns. A 20-year prospective 
clinical trial demonstrated no benefit with cortico- 
steroids in the prevention of strictures after corrosive 
ingestion, including those patients with second-degree 
burns.*® However, power limitations of the study limit 
these conclusions. Regardless, corticosteroids continue 
to be recommended by some individuals in the treatment 
of circumferential second-degree burn injuries of the 
esophagus.*!47 

If the decision is made to treat with steroids based on 
endoscopic results, the choice of corticosteroid is largely 
left to the individual physician. The studies to date 
have included methylprednisolone, prednisolone, and 
prednisone. The recommended dose of prednisolone is 
2 mg/kg/day in children or 40 mg three times daily in 
adults for 14 to 21 days, followed by a taper. Careful 
analysis of the benefits and risks of this therapy must be 
undertaken because corticosteroids may mask symptoms 
of a deteriorating clinical condition, and increase the 
risk for other infectious conditions because of their 
immunosuppressive effects. 

Antibiotics are only indicated if there is clinical or 
endoscopic evidence of perforation or infection or if 
corticosteroid therapy is used. Prophylactic antibiotics 
can mask evidence of impending perforation. The 
antibiotics chosen should have coverage against a broad 
spectrum of oral and enteral pathogens because gram- 
positive and gram-negative pathogens and anaerobes can 
all be potentially encountered. Initial parenteral therapy 
with piperacillin-tazobactam or a_ third-generation 
cephalosporin plus clindamycin followed by oral therapy 
with a fluoroquinolone and clindamycin is one such 
regimen. Ampicillin and clindamycin have also been 
used in these cases. 


Surgical Treatment 


Immediate surgical intervention is indicated for the 
presence of free air, peritonitis, increasing and severe 
chest and abdominal pain, and hemorrhagic shock 
unresponsive to blood component therapy. Exploratory 
surgery may also be warranted in patients with suspected 
full-thickness burns. Early consultation with a gastroen- 
terologist or general surgeon is recommended in any 
critically ill patient after corrosive ingestion.*® 
Esophageal stricture begins early and remains a 
lifelong problem. Treatment with repeated bougienage 
can be started as early as 3 weeks after ingestion. 
Although no randomized trials have studied the efficacy 
of repeated dilation, it is a widely used treatment and 
in some cases may eliminate the need for surgical 
intervention.*”°? As with any esophageal dilating 
procedure, repeated trauma to the esophagus creates 
areas of weakness, increasing the chance of perforation. 
Recent animal studies and human case reports have 
suggested that esophageal stents have greater success 
long term.°'°? Colonic interposition procedures may 
be performed in some patients requiring eventual 
esophageal replacement.*°°* The development of can- 
cer in the residual esophageal stump despite replace- 


ment has been reported.” Gastric outlet obstruction may 
also require endoscopic balloon dilation or surgical 
correction.°° 


Disposition 


Asymptomatic patients can be observed in the 
emergency department and subsequently discharged 
home if they are able to ingest fluids with no discomfort. 
Parents should be informed that development of signs 
and symptoms after discharge warrants further medical 
attention. All symptomatic patients require admission to 
the intensive care unit and should remain NPO pending 
gastrointestinal consultation. Psychiatric evaluation is 
warranted for patients with intentional ingestion. 


REFERENCES 

1. Watson WA, Litovitz TL, Rogers GC, et al: 2002 annual report of 
the American Association of Poison Control Centers Toxic 
Exposure Surveillance System. Am J Emerg Med 2003;21:351. 

2. Boyd A: Chevalier Jackson: The father of American broncho- 
esophagoscopy. Ann Thorac Surg 1994;57:502. 

3. Neidich G: Ingestion of caustic alkali farm products. J Pediatr 
Gastroenterol Nutr 1993;16:75. 

4. Kynaston JA, Patrick MK, Shepherd RW, et al: The hazards of 
automatic-dishwasher detergent. Med J Aust 1989;151:5. 

5. Aronow SP, Aronow HD, Blanchard T, et al: Hair relaxers: a benign 
caustic ingestion? J Pediatr Gastroenterol Nutr 2003;36:120. 

6. Babl FE, Edelberg LH, Shannon M: Oral and airway sequelae after 
hair relaxer ingestion. Pediatr Emerg Care 2001;17:36. 

7. White JE, McClafferty K, Orton RB, et al: Ocular alkali burn 
associated with automobile air-bag activation. CMAJ 1995;153:933. 

8. Spoo J, Elsner P: Cement burns: a review 1960-2000. Contact 
Dermatitis 2001;45:68. 

9. Kikendall JW: Pill-induced esophageal injury. Gastroenterol Clin 
North Am 1991;20:835. 

10. Hoffman RH, Kamerow HN, Goldfrank LR: Comparison of 
titratable acid/alkaline reserve and pH in potentially caustic 
household products. J Toxicol Clin Toxicol 1989;27:241. 

11. Vancura EM, Clinton JE, Ruiz E, et al: Toxicity of alkaline 
solutions. Ann Emerg Med 1980;9:118. 

12. Krey H: On the treatment of corrosive lesions in the oesophagus. 
Acta Otolaryngol 1952;1:S102. 

13. Kirsh MM, Ritter F: Caustic ingestion and subsequent damage to 
the oropharyngeal and digestive passages. Ann Thorac Surg 
1976;21:74. 

14. Fisher RA, Eckhauser ML, Radivoyevitch M: Acid ingestion in an 
experimental model. Surg Gynecol Obstet 1985;161:91. 

15. Marks IN, Bank S, Werbeloff L, et al: The natural history of 
corrosive gastritis: Report of five cases. Am J Dig Dis 1963;8:509. 

16. Zargar SA, Kochhar R, Nagi B, et al: Ingestion of corrosive acids. 
Spectrum of injury to upper gastrointestinal tract and natural 
history. Gastroenterology 1989;97:702. 

17. Thompson J: Corrosive esophageal strictures. I. A study of nine 
cases of concurrent accidental caustic ingestion. Laryngoscope 
1987;97:1060. 

18. Zargar SA: Ingestion of corrosive acids. Gastroenterology 
1989;97:702. 

19. Christesen H: Prediction of complications following unintentional 
caustic ingestion in children. Is endoscopy always necessary? Acta 
Paediatr Scand 1995;84:1177. 

20. Gorman RK, Khin-Maung-Gyi MT, Klein-Schwartz W, et al: Initial 
symptoms as predictors of esophageal injury in alkaline corrosive 
ingestions Am J Emerg Med 1992;10:189. 

21. Christesen HB: Prediction of complications following caustic 
ingestion in adults. Clin Otolaryngol 1995;20:272. 

22. Anderson KR, Randolph JG: A controlled trial of corticosteroids in 
children with corrosive injury of the esophagus. N Engl J Med 
1990;323:637. 


23: 


24. 
29. 


26. 


vale 


28. 
29, 
30. 


3l. 


32. 


33. 


Oa: 


DD 


36. 


37. 


38. 


39, 


40. 


4l. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


CHAPTER 98 Corrosives 1413 





Gaudreault PP, Parent M, McGuigan M, et al: Predictability of 
esophageal injury from signs and symptoms: a study of caustic 
ingestion in 378 children. Pediatrics 1983;71:767. 

Nuutinen MU, Karvali T, Kouvalainen K: Consequences of caustic 
ingestion in children. Acta Paediatr 1994;83:1200. 

Tseng YL, Wu MH, Lin MY, et al: Massive upper gastrointestinal 
bleeding after acid-corrosive injury. World J Surg 2004;28:50. 
Tseng YL, Wu MH, Lin MY, et al: Outcome of acid ingestion 
related aspiration pneumonia. Eur J Cardiothorac Surg 
2002;21:638. 

Kirichenko AS, Wax PM: Caustic ingestions in Russia: a perpetual 
problem demanding further study. J Toxicol Clin Toxicol 
1997;35:514. 

Isolauri JM: Ingestion and carcinoma of the esophagus. Acta Chir 
Scand 1989;155:269. 

Mamede RC, de Mello Filho FV: Ingestion of caustic substances 
and its complications. Sao Paulo Med J 2001;119:10. 

Cheng YJ, Kao EL: Arterial blood gas analysis in acute caustic 
ingestion injuries. Surg Today 2003;33:483. 

Rigo GP, Camellini L, Azzolini F, et al: What is the utility of selected 
clinical and endoscopic parameters in predicting the risk of death 
after caustic ingestion? Endoscopy 2002;34:304. 

Backer CL, Hartz RS, Donaldson JS, Shields T: Computed 
tomography in patients with esophageal perforation. Chest 
1990;98:1078. 

Lamireau T, Rebouissoux L, Denis D, et al: Accidental caustic 
ingestion in children: is endoscopy always mandatory? J Pediatr 
Gastroenterol Nutr 2001;33:81. 

Crain EF, Gershel JC, Mezey AP: Caustic ingestions: symptoms as 
predictors of esophageal injury. Am J Dis Child 1984;138:863. 
Middelkamp JN, Ferguson TB, Roper CL, et al: The management 
and problems of caustic burns in children. J Thorac Cardiovasc 
Surg 1969;57:341. 

Gorman RL, Khin-Maung-Gyi MT, Klein-Schwartz W, et al: Initial 
symptoms as predictors of esophageal injury in alkaline corrosive 
ingestions. Am J Emerg Med 1992;10:189. 

Guth AP, Albanese C, Kim U: Combined duodenal and colonic 
necrosis in an unusual sequela of caustic ingestion. J Clin 
Gastroenterol 1994;19:303. 

Maull KO, Maull CD: Liquid caustic ingestions. An in vitro study of 
the effects of buffer, neutralization and dilution. Ann Emerg Med 
1988;14:1160. 

Homan CS, Singer AJ, Thomajan C, et al: Thermal characteristics 
of neutralizing therapy and water dilution for strong acid 
ingestion: an in-vivo canine model. Acad Emerg Med 1998;5:286. 
Berkovits RB, Wiburg FA, Holzki J: Caustic injury of the 
oesophagus: sixteen years experience and introduction of a new 
model oesopheageal stent. Laryngol Otol 1996;11:1041. 

Boukthir S, Fetni I, Mrad SM, et al: High doses of steroids in the 
management of caustic esophageal burns in children. Arch 
Pediatr 2004;11:13. 

Ulman I, Mutaf O: A critique of systemic steroids in the 
management of caustic esophageal burns in children. Eur J 
Pediatr Surg 1998;8:71. 

Anderson KD, Rouse TM, Randolph JG: A controlled trial of 
corticosteroids in children with corrosive injury of the esophagus. 
N Engl J Med 1990;323:637. 

Keskin E, Okur H, Koltuksuz U, et al: The effect of steroid 
treatment on corrosive oesophageal burns in children. Eur J 
Pediatr Surg 1991;1:335. 

Cakmak M, Nayci A, Renda N, et al: The effect of corticosteroids 
and pentoxifylline in caustic esophageal burns: a prospective trial 
in rats. Int Surg 1997;82:371. 

Moazam F, Talbert JL, Miller D, et al: Caustic ingestion and its 
sequelae in children. South Med J 1987;80:187. 

Howell JM, Dalsey WC, Hartsell FW, et al: Steroids for the 
treatment of corrosive esophageal injury: a statistical analysis of 
past studies. Am J Emerg Med 1992;10:421. 

Andreoni B, Farina ML, Biffi R, et al: Esophageal perforation and 
caustic injury: emergency management of caustic ingestion. Dis 
Esophagus 1997;10:95. 

Broto J, Asensio M, Jorro CS, et al: Conservative treatment of 
caustic esophageal injuries in children: 20 years of experience. 
Pediatr Surg Int 1999;15:323. 





51. 


Dz. 


DD) 


1414 ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


. Saetti R, Silvestrini M, Cutrone C, et al: Endoscopic treatment of 


upper airway and digestive tract lesions caused by caustic agents. 
Ann Otol Rhinol Laryngol 2003;112:29. 

Thompson J: Corrosive esophageal injuries. II. An investigation of 
treatment methods and histochemical analysis of esophageal 
strictures in a new animal model. Laryngoscope 1987;97:1191. 
Wiyburg FH, Urbanus NAM: Caustic esophageal lesions in 
childhood: prevention of stricture formation. J Pediatr Surg 
1989;24:171. 

Sugawa C, Lucas CE: Caustic injury of the upper gastrointestinal 
tract in adults: a clinical and endoscopic study. Surgery 
1989;106:802. 


54. 


Bassiouny IE, Bahnassy AF: Transhiatal esophagectomy and 
colonic interposition for caustic esophageal stricture. J Pediatr 


Surg 1992;27:1091. 


55. Jung HY, Kim HJ, Kim SB, et al: Esophageal cancer in an 


56. 


esophagus remaining after colonic interposition for lye stricture. 
Endoscopy 1999;31:S1. 

Tekant G, Eroglu E, Erdogan E, et al: Corrosive injury-induced 
gastric outlet obstruction: a changing spectrum of agents and 
treatment. J Pediatr Surg 2001;36:1004. 


9 9 Baby Powder, Borates, and Camphor 


YOUNG-JIN SUE, MD Æ HEIDI PINKERT, MD 


At a Glance... 


m Baby powder inhalation produces hypoxia by obstructing the 
airway and interfering with ciliary action. No systemic toxicity 
has been reported. Pulmonary manifestations range from cough 
to respiratory failure and apnea. Adult respiratory distress 
syndrome and long-term pulmonary impairment can occur. 

m Management for baby powder inhalation includes establishing 
and maintaining the vital functions. Clear the airway, administer 
100% oxygen, and give assisted ventilation and positive end- 
expiratory pressure if necessary. Obtain chest x-rays and 
monitor arterial blood gases if symptomatic. Corticosteroids 
may be useful. Admit to hospital in cases of hypoxemia or 
respiratory distress; the chest x-ray findings are sometimes 
delayed. 

m After oral or dermal absorption of boric acid, the earliest 
symptoms are gastroenteritis with blue-green vomitus and 
diarrhea. Central nervous system stimulation may occur. An 
erythematous rash may develop within 6 hours after ingestion. 
Desquamation and exfoliation (“boiled lobster” appearance) 
can occur within 2 to 5 days after exposure. Blood levels of boric 
acid do not correlate well with toxicity. 

m Management of boric acid toxicity consists of symptomatic and 
supportive care. Activated charcoal has limited utility. 
Hemodialysis may enhance elimination in severe cases. 

m Onset of CNS stimulation (seizures) may begin within 5 minutes 
after camphor ingestion. It has a distinctive odor. 

m Treat seizures with a benzodiazepine. Gastrointestinal deconta- 
mination is not advised, nor are extracorporeal measures. There 
is no specific antidote. Ingestions in children of more than 
30 mg/kg or more than 3 g in an adult need medical evaluation 
and monitoring for at least 4 hours. Symptomatic patients 
should be placed in the intensive care unit. 


BABY POWDER 


Introduction and Relevant History 


There are many formulations of baby powder, but the 
major ingredient is usually talc.’ Historically, talcum 
powder had originally been reported as an ingredient in 
paints used by cave dwellers and in glazed pottery made 
by the Chinese more than 1300 years ago. Today, talcum 
powder is a commercially mined mineral that is primarily 
composed of hydrated magnesium silicate.*°? Talcum 
powder is used in the manufacture of a myriad of products, 
including animal feed, automobiles, cables, candles, 
ceramic tiles, chewing gum, cosmetics, wastewater treat- 
ment technology, fertilizers, paints, pharmaceuticals, 
plaster, putties, tires, and baby powder. Specific purity 


guidelines have been set forth to eliminate asbestos 
contamination of cosmetic and pharmaceutical grade 
talc.°* Other common ingredients of baby powder may 
include calcium and zinc salts, petrolatum, and perfume. 
Cornstarch is a major ingredient in “talc free” baby 
powder.’ All these substances can, when inhaled, produce 
a similar aspiration pneumonitis.*° The routine use of 
nonmedicated powders in the skin care of infants can be 
hazardous and should be discouraged.°° Most exposure 
to baby powder generally occurs either through 
accidental inhalation by infants and children or through 
its routine use by women as a dusting powder in the 
perineal area.” Workers are variably exposed to talc in 
the course of mining it.”8 Oral ingestion of talc is not 
likely to be toxic; it is contained in some pills, and there 
is no evidence to suggest adverse effects from moderate 
intake.4 


Epidemiology 


Data on the toxic effects of talc inhalation originally 
came from a few case reports of unintentional massive 
exposures in infants and children.*!° Many of the 
children in the older literature died as a result of 
the exposure. According to the Annual Report of the 
American Association of Poison Control Centers Toxic 
Exposure Surveillance System (TESS), there were 6291 
powder exposures reported in 2002. Of these, 5719 
(91%) cases were in children younger than 6 years, 259 
(4.1%) were in patients between 6 and 19 years of age, 
and 301(4.8%) were in patients older than 19 years. 
There were 403 (6.4%) exposures managed in a health 
care facility. Only 81 (13%) exposures resulted in 
moderate effects, and no major morbidity or mortality 
was reported.'® Most of the children who inhale baby 
powder recover well.”'® 

A number of studies have attempted to ascertain 
whether perineal exposure to talc in women increases 
the risk for ovarian cancer.® Although the frequency and 
duration of use have also been examined, a clearcut 
relationship between perineal talc exposure and ovarian 
cancer has not been clearly established.!” 


Structure and Structure—Activity 
Relationships 


The molecular formula of hydrous magnesium silicate is 
Mg3Si4O,)(OH)>. It has a molecular weight of 96.49.18 


Pharmacology 
PATHOPHYSIOLOGY 


The physical properties of talc account for its toxicity 
when inhaled. It is insoluble in water and not biodegrad- 
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able; it thus may obstruct the airways to variable 
degrees.'* The size of talc particles, which averages less 
than 5 um,!? would allow them to reach the alveoli; this 
has indeed been confirmed on pathologic specimens.'° 
Other pathologic findings after talc inhalation consist of 
inflammatory changes in the airway and interstitium, 
bronchiolitis with bronchiolar obstruction, atelectasis, 
emphysema, and fibrosis.'°!'!* These pathologic 
findings are in accord with the observation that the 
clinical picture may resemble severe bronchiolitis.'* 


PHARMACOKINETICS 

Although widely used, baby powder has few, if any, 
indications. Its absorptive capacity is negligible com- 
pared with that of a diaper, its fragrance and friction- 
reducing effects are transient, and it is less effective than 
a cream or lotion, which cannot be inhaled. The kinetics 
of powders such as talcum has not been elucidated. 


Toxicology 


CLINICAL MANIFESTATIONS (ACUTE AND 
CHRONIC) 
Acute aspiration of baby powder or talc can cause 
coughing, dyspnea, tachypnea, sneezing, vomiting, 
cyanosis, and pulmonary edema, which may be delayed 
up to several hours.* Respiratory acidosis, bronchitis, 
bronchiolitis, pulmonary edema, atelectasis, emphysema, 
and severe bronchiolar obstruction may develop." 
Cardiorespiratory arrest may occur after severe 
aspiration.!° 

Chronic inhalation of industrial talc dusts or body talc 
produces talcosis due to talc, silica, and asbestos (talc 
pneumoconiosis) and is characterized by productive 
cough, dyspnea, rales, diminished breath sounds, limited 
chest expansion, interstitial fibrosis, and granulomas.*” 
The extent and severity of fibrosis correlates with the 
length of exposure and dust concentration. Pneumo- 
coniosis associated with obstructive and restrictive lung 
disease after chronic intentional inhalation of talcum 
powder has been reported. Chest x-ray has revealed 
a diffuse reticulonodular interstitial infiltrate with 
conglomerate masses in both mid-lung zones.”! Chronic 
talc inhalation may increase the risk for bronchogenic 
carcinoma.** Chronic abuse of talc-contaminated 
cocaine by insufflation has resulted in pulmonary talc 
granulomatosis, with chest x-ray showing diffuse bilateral 
infiltrates.*° 

Intravenous injection of talc-containing tablets or cap- 
sules produces foreign-body vascular granulomas (micro- 
emboli) at the site of intramuscular or subcutaneous 
injection and widespread arterial wall granulomas.*° 
Angiothrombotic pulmonary arterial hypertension and 
cor pulmonale may develop. Pulmonary effects include 
nonproductive cough, fever, dyspnea, and granulo- 
matosis. Subtle x-ray changes may develop showing 
symmetric hilar and perihilar interstitial infiltrations, 
which are only minimally reversible.** Pulmonary 
infiltrates have been observed in intravenous drug 
abusers”? and after therapeutic use for pleurodesis.”° 
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Diagnosis 
LABORATORY TESTING 


If the patient is symptomatic, obtain baseline complete 
blood count, electrolytes, and chest x-ray. Monitor 
arterial blood gases regularly in patients with severe 
respiratory findings. Chest x-ray may show symmetric 
hilar and perihilar infiltrates. 


OTHER DIAGNOSTIC TESTING 

Diagnosis may be established by transbronchial biopsy 
using scanning electron microscopy and energy-dispersive 
x-ray analysis to establish the presence of and identify the 
particles.'*!° Subtle pulmonary abnormalities such as 
decreased carbon monoxide diffusing capacity are an 
earlier indication of pulmonary damage rather than 
clinical or radiologic evidence. 


DIFFERENTIAL DIAGNOSIS 
The medical causes of aspiration pneumonia and 
pneumonitis are extensive and include all causes of 
respiratory distress, especially pulmonary embolism and 
cardiogenic pulmonary edema, as well as other aspiration 
syndromes (airway obstruction, lung abscess, exogenous 
liquid pneumonia, chronic interstitial fibrosis). Differ- 
entiation is largely dependent on clinical setting. 
Toxin-mediated small airway disease has developed 
after exposure to nitrogen dioxide, sulfur dioxide, 
ammonia, chlorine, phosgene, chloropicrin, trichloroeth- 
ylene, ozone, cadmium, methyl sulfate, hydrogen sulfide, 
hydrogen fluoride, zinc chloride, talcum powder, high- 
dose oxygen therapy, and free-base cocaine.” 


Management 
SUPPORTIVE MEASURES 


Begin immediately to prevent complications from acute 
inhalation exposure of large amounts in an asympto- 
matic patient. Establish and maintain the vital functions. 
Clear the airway, and administer 100% oxygen. 


DECONTAMINATION 
Decontamination procedures are not useful in treating 
talcum inhalation. 


LABORATORY MONITORING 

Monitor blood gases in symptomatic patients for the 
development of respiratory acidosis. When the PCO, rises 
above 50 mm Hg, mechanical ventilation with positive 
end-expiratory pressure (PEEP) should be instituted." 


ANTIDOTES 

N-Acety/cysteine 

There is a case report in which the administration of 
N-acetylcysteine and oxygen in a mist tent appeared to be 
helpful in improving respiratory distress.'* Aspiration of 
mucus secretions after tracheal instillation of 5 mL 
of normal saline may be preferred to Macetylcysteine 
therapy at this time. 
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Corticosteroids 

Prednisone, 1 to 2 mg/kg/day for 3 to 5 days, adult 
maximum 60 mg/day, may be administered to prevent 
inflammation and exudation of mucus secretions.!* For 
symptomatic patients, dexamethasone, 0.1 to 0.2 mg/ 
kg/day, adult maximum 10 mg.”*> Bronchodilators have 
been tried with only limited success and generally not 
used. Prophylactic antibiotics such as ampicillin may be 
indicated but are not generally recommended unless for 
cultured pathogens.!*!° 

Consider bronchoalveolar lavage with normal saline 
to remove aspirated powder. This will have limited value 
because of talc insolubility and is potentially dangerous, 
but it may remove excessive mucus secretions refractory 
to N-acetylcysteine therapy.'*!° Bronchoalveolar lavage 
has been used for the differential diagnosis of talc- 
induced lung disease.*”" 


Other 
Chest physiotherapy and postural drainage may be 
helpful. 


ELIMINATION 


Elimination is not applicable. 


DISPOSITION 

Admit the patient to the hospital in cases of hypoxemia 
or respiratory distress. The chest x-ray findings are 
sometimes delayed.*! Follow-up pulmonary function 
studies for long-term restrictive-obstructive sequelae are 
indicated in significant inhalations. 


BORIC ACID 


Introduction and Relevant History 


The Babylonians allegedly used borax more than 4000 
years ago as a flux for working gold, and there are data 
to suggest that the Egyptians used boron for mummi- 
fying, medicinal, and metallurgic purposes.** Today, 
borate-mineral concentrates are used in fertilizer, fire 
retardants, laundry bleaches, and glass and related 
vitreous applications.®** The antiseptic effects of boric 
acid were first described by Lord Lister in 1875.” At one 
time, it was mixed with honey and glycerin and sold to 
treat topical mucosal sores in children.** Historically, 
significant toxicity and fatalities occurred after chronic 
exposure to boric acid preparations. In one series, 11 
infants died when inadvertently fed a 2.5% boric acid 
solution over several days.” Because of its weak antiseptic 
properties and significant toxicity, it is no longer used in 
medicinal preparations.** A common cause of exposure 
today is related to unintentional ingestion of powdered 
boric acid used to kill cockroaches. Acute unintentional 
ingestions rarely result in significant toxicity, whereas 
chronic exposure results in more serious toxicity.°°°” 
Suicidal ingestions of large amounts (280 g in one case) 
may be fatal.’ 
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Epidemiology 


There were a total of 2724 exposures to boric acid 
reported by TESS in 2002. Of those, 1317 (48.3%) 
patients were younger than 6 years, 315 (11.5%) were 
between the ages of 6 and 19 years, and 1071 (39.3%) 
were older than 19 years. There were 481 (18%) patients 
treated in a health care facility. Eighty-three (8.8%) of 
the patients were judged to have moderate outcomes; 
5 patients suffered major morbidity, and 1 expired.” 


Structure and Structure—Activity 
Relationships 


Boric acid is an odorless, colorless compound that can 
occur in crystalline, granular, or white powder form. 
Borates and borate-mineral concentrates such as borax 
(Na,B,O, - 10 HbO) are salts or esters of boric acid. 


Pharmacology 
PATHOPHYSIOLOGY 


Autopsy findings in patients who have died as a result of 
boric acid poisoning have noted significant involvement 
of several organ systems, including the skin, gastro- 
intestinal tract, kidneys, brain, and liver.*°***!? In those 
individuals with skin eruptions, pathologic specimens 
were consistent with an exfoliative dermatitis. The gastro- 
intestinal tract demonstrates inflammatory changes, with 
congestion, edema, and mucosal exfoliation, although 
boric acid is not caustic. Renal changes have ranged 
from gross pallor to cloudy swelling and renal tubular 
degeneration. The CNS effects reported have included 
congestion and edema of the brain.”® The liver rarely has 
demonstrated clinical manifestations of boric acid 
toxicity.°°*** Pathologic findings consist of fatty change 
and congestion. 


PHARMACOKINETICS 

Absorption of boric acid occurs easily through abraded 
or excoriated skin,***!*° but absorption through intact 
skin is negligible.4°*” Oral ingestion results in rapid and 
complete absorption of boric acid from the gastro- 
intestinal tract. Distribution occurs throughout body 
water and ranges from 0.17 to 0.50 L/kg. The highest 
concentrations occur in the brain, liver, and kidneys.***°.9 
Most ingested boric acid is excreted unchanged by the 
kidneys; more than 50% of the oral dose is eliminated 
within 24 hours, and more than 90% is excreted within 
96 hours of ingestion.**** The half-life of boric acid has 
been reported to range from 5 to 21 hours.***® 


Special Populations (Pediatrics, 
Geriatrics, Liver Failure, Renal Failure, 
Pregnancy) 


A case series of oral boric acid intoxications in a newborn 
nursery was reported by Wong and colleagues that 
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indicated the ingested dose by those infants who died 
ranged between 4.5 and 15.0 g of boric acid.” Deaths 
occurred as a result of drinking formula accidentally 
prepared with a 2.5% boric acid solution. Infants who 
survived the poisoning but were symptomatic ingested 
amounts ranging from 2.0 to 4.5 g. In general, a dose of 
2 to 3 g in newborns and infants and 5 g in children is 
regarded as lethal. A significant amount of boric acid 
must be ingested for toxicity to occur because the 
solutions available with boric acid usually range in 
concentration from 2.5% to 5%. Of greater concern is 
the ingestion of boric acid powder, crystals, or granules; 
1 teaspoonful of 100% boric acid in these forms contains 
2.9 to 4.4 g The literature regarding adults describes 
four deaths due to acute boric acid or sodium borate 
ingestion since 1921.5! Based on these data and other 
case series, it has been estimated that the adult human 
median lethal dose is likely to be greater than 30 g. 
Although case series reveal a wide range for toxicity,’ 
ingestion of 15 to 20 g of boric acid is generally cited as 
the lethal dose for adults.*” 


Toxicology 


CLINICAL MANIFESTATIONS (ACUTE AND 

CHRONIC) 

Usually, symptoms develop within 4 to 6 hours. The initial 
manifestations may resemble gastroenteritis, with blue- 
green vomitus, diarrhea that may be bloody (hemor- 
rhagic gastroenteritis), and colicky abdominal pain.’®#8 
Solutions up to 5% do not cause gastrointestinal 
irritation. CNS stimulation, headache, agitation, delirium, 
hypertonia, hyperreflexia, meningeal irritation, and 
increased intracranial pressure may occur; in severe 
cases, seizures and coma may ensue.°°**?! Cardiovascular 
effects include hypotension and oliguria; anuria and 
renal failure may develop.’?5152 

An erythematous rash develops as early as 6 hours 
after ingestion in most patients, starting on the face, the 
inguinal creases, axillary creases, buttocks, and scrotum 
and then spreading to cover the entire surface, including 
the palms, soles, and oral and anal mucosa. Desqua- 
mation and exfoliation (“boiled lobster” appearance) 
can occur within 2 to 5 days after exposure. Anemia, 
abnormal liver function tests, and rarely alopecia totalis 
have been reported.°! 

Chronic boric acid poisoning occurs usually in infants 
from repeated topical application to diaper dermatitis. 
This may also be associated with renal impairment, 
hypothermia, or hyperthermia.*®** 

Reversible upper respiratory tract irritation has been 
reported with exposure to boron oxide or boric acid dust 
concentrations of less than 10 mg/ mê and borax dust 
concentrations of 1.1 mg/m? to 14.6 mg/m? and 10 to 
14 mg/m?*.°*°° Symptoms commonly included nasal 
irritation, mucous membrane dryness, dry or productive 
cough, and nose bleeds. Shortness of breath, chest pain, 
and chest tightness were reported less frequently.°*°° 
A statistically significant increased risk for phlegm 
production and chronic bronchitis in nonsmokers was 
associated with exposure to 14.6 mg/m? of borax dust.” 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


Diagnosis 


The diagnosis of boric acid poisoning requires careful 
history taking with the appropriate clinical picture. 


LABORATORY TESTING 

Although levels of boric acid do not correlate well with 
toxicity, levels in seriously poisoned patients with acute 
exposure are generally above 34 mg/dL.’ Seizures in 
one child with chronic exposure were associated with a 
serum boric acid level of 9.44 mg/ dL.** A fatal case of 
acute boric acid poisoning in an adult had a 52-hour 
level of 42 mg/dL.” Boric acid levels in Wong’s series 
of 11 fatal pediatric poisonings ranged from 40 to 
160 mg/ dL.’ Because most hospital laboratories do not 
have the capability to quickly determine serum borate 
levels, this information cannot be relied on to make the 
diagnosis of borate toxicity. Two commercial laboratories 
that are able to quantitate serum borate levels are 
National Medical Services, Inc., 2300 Stratford Ave., P.O. 
Box 433A, Willow Grove, PA, 19090, telephone 215-657- 
4900, and West Coast Analytical Services, Inc., 9840 
Alburtis Ave., Santa Fe Springs, CA 90670, telephone 
310-948-2225. The U.S. Borax and Chemical Co. 
provides a 24-hour telephone number for medical 
emergencies related to borates: 800-228-5635. 


OTHER DIAGNOSTIC TESTING 

Urinary boron concentrations can indicate total-body 
burden of boron. The normal range of urinary boron 
has been reported as 0.004 to 0.66 mg/100 mL.5” 


DIFFERENTIAL DIAGNOSIS 

The differential diagnosis of the “boiled lobster” appear- 
ance is Kawasaki disease, scarlet fever, and staphylococcal 
scalded skin syndrome.”® 


Management 
SUPPORTIVE MEASURES 


Treatment consists of symptomatic and supportive care 
and includes monitoring for the development of 
hypotension, fluid and electrolyte imbalance, seizures, 
renal failure, cardiac arrhythmias, and shock. Severe 
dehydration can occur and contribute to adverse renal 
and cardiovascular effects. Administer intravenous fluids 
to treat dehydration. Treatment of hypotension may 
include intravenous fluids, dopamine, or norepinephrine. 


DECONTAMINATION 

Syrup of ipecac is not advised for boric acid ingestion. 
Activated charcoal has limited ability to absorb boric 
acid. An in vitro study demonstrated that 30 g of charcoal 
was required to adsorb 38% of a l-g boric acid dose.°? 
The use of activated charcoal in potentially fatal 
ingestions of 5 g in a child and 20 g in an adult was 
considered impractical because 5 to 10 times the 
recommended doses of activated charcoal would be 
required to effectively adsorb the boric acid. 
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LABORATORY MONITORING 
Monitor renal function tests, cardiovascular status, and 
fluid and electrolyte balance in symptomatic patients. 


ANTIDOTES 


No antidotes are available. 


ELIMINATION 

Hemodialysis, peritoneal dialysis, and exchange trans- 
fusion may enhance elimination. Exchange transfusion 
has been advocated and successful in cases of chronic 
exposure.°?°! Hemodialysis and peritoneal dialysis have 
been advocated to increase excretion.” In comparison to 
renal elimination, the amount removed by peritoneal 
dialysis is small.°° 


DISPOSITION 

Unintentional ingestions usually result in minimal 
toxicity. A lick or a taste of a topical powder of less than 
5% may be observed at home. A teaspoonful of a 99% 
powder in a child should be evaluated in an emergency 
department. When an approximation of the amount 
ingested can be made, Table 99-1 can be used to 
determine the appropriate management. This table has 
been modified from a large series involving 784 boric 
acid ingestions.*® 


CAMPHOR 


Introduction and Relevant History 


Camphor was one of the therapeutic agents of the 19th- 
century pharmacopoeia used as an analgesic, expecto- 
rant, counterirritant, and abortifacient, as well as a 
stimulant.°* Camphor is a naturally occurring essential 
oil (volatile oil). Historically, it has been claimed that 
camphor was mentioned by Marco Polo in the 13th 
century and Camoens in 1571, who called it the “balsam 
of disease.” Camphor is highly prized by the Chinese, 
who used it for embalming purposes and to scent soap.” 
In the 1930s, Ladislav Meduna induced seizures with 
intramuscular injections of camphor to treat catatonia, a 
therapeutic predecessor to electroconvulsive therapy.” 
This continued use persisted into the 1940s. 


Triage of Boric Acid Ingestions 


BODY WEIGHT AMOUNT INGESTED MANAGEMENT 
<30 kg <200 mg/kg Observe at home. 
>200 mg/kg Emergency department 
for gastrointestinal 
decontamination and 
evaluation 
>30 kg <6 g ingested Observe at home. 
>69 Emergency department 


for gastrointestinal 
decontamination and 
evaluation 
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Most unintentional overdoses of camphor have 
occurred when it has been mistakenly administered for 
castor oil or cough syrup.” Often produced in similar 
packaging and stocked on adjacent shelves in phar- 
macies, the confusion of camphorated oil, a 20% mix- 
ture of camphor and cottonseed oil, for castor oil was 
predictable. In 1983, the U.S. Food and Drug Admin- 
istration ruled that over-the-counter products cannot 
contain camphor in excess of 11%.°° In 1994, the Ameri- 
can Academy of Pediatrics recommended the removal 
of camphor from all medicinal products.°” However, 
despite these efforts, camphor continues to be ubiquit- 
ous in over-the-counter preparations such as local anes- 
thetics, antipruritics, rubefacients, antitussives, “chest 
cold” inhalants, and some herbal products despite a lack 
of therapeutic value and the availability of safer 
alternatives. 


Epidemiology 


According to the 2002 Annual Report of the American 
Association of Poison Control Centers TESS, there were 
a total of 8817 exposures to camphor reported. Of those, 
6852 (77.7%) patients were younger than 6 years, 526 
(5.9%) were between the ages of 6 and 19 years, and 
1426 (16.2%) were older than 19 years. There were 922 
(10.5%) cases treated in a health care facility. Seventy- 
seven patients were judged to have moderate outcomes, 
9 suffered major morbidity, and 1 expired.” 


Structure and Structure—Activity 
Relationships 


Camphor is a crystalline ketone, related to the terpenes, 
that was originally steam-distilled from the bark of the 
camphor tree Cinnamomum camphora. ‘Today, it is syn- 
thetically produced from O-pinene (Cj 9H 9), a hydro- 
carbon extracted from turpentine oil.” Chemically, it is 
described as a bicyclomonoterpenoid or 1,7,7-trimethy- 
bicyclo(2,1,1)-2-heptanone.’!”? 


Pharmacology 


The mechanism of toxicity of camphor is unclear. 
Topically, camphor is a rubefacient, producing local 
hyperemia and warmth. It is thought to generate its 
perceived therapeutic benefits through the “coun- 
terirritant analgesic effect” in which moderate visceral 
pain is masked by a milder skin irritation.” Camphor’s 
intense odor and sensation of warmth on application 
contributes to the feeling of relief from pain or 
congestion that may be greater than that actually 
physiologically present. Although the biochemical basis 
by which camphor leads to CNS excitation and seizures 
is not well understood, it is thought to act directly to 
stimulate nervous tissue. In 1954, Smith and Margolis 
reported a 19-month-old child who died 5 days after the 
ingestion of an estimated 1 teaspoon of camphorated oil.™ 
They found “extensive degenerative changes” selectively 
involving the neurons of the cerebral cortex, basal 
ganglia, and hippocampus. The same investigators found 
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no neurologic pathologic lesions in mice when seizures 
were prevented by the concomitant administration of 
pentobarbital with camphor. These findings suggest that 
the neuronal damage found in camphor fatalities may 
result from seizures and anoxia rather than from a direct 
action of camphor on neurons.™ 


PATHOPHYSIOLOGY 
See Box 99-1 for the pharmacokinetics of camphor 
ingestion. 


Special Populations 


After oral ingestion, camphor has been associated with 
spontaneous abortion. It has therefore been classified by 
the Food and Drug Administration as a Pregnancy 
Category C drug.” 


Toxicology 


CLINICAL MANIFESTATIONS (ACUTE AND 

CHRONIC) 

Classically, seizures may occur suddenly and without 
warning within 5 minutes of an acute ingestion of 
camphor; these seizures may be followed by coma.” In 
Phelan’s review of 748 patients, 42% had seizures after 
ingestion of 700 to 6000 mg of camphor.” Apnea and 
visual hallucinations, confusion, tremors, and myoclonic 
jerking may occur.” Other disturbances that may precede 
the seizures include anxiety, confusion, dizziness, and 
facial fasciculations. Death is due to respiratory arrest or 
secondary to status epilepticus. 


30) Ge) Ei 


Absorption 


e Rapidly and readily absorbed through the skin and mucous 
membranes, including the gastrointestinal and respiratory tracts” 


Distribution 


e Camphor crosses the placenta.®° 

e Large volume of distribution: 1.2—4 L/kg®’ 

e Camphor is highly lipid soluble, so significant toxic substances 
accumulate in fat tissue. 

e Onset of action is 5-20 min with a peak effect within 90 min.8° 


Metabolism 


e Camphor is rapidly oxidized to campherols (2-hydroxycamphor 
and 3-hydroxycamphor) and then conjugated in the liver to the 
glucoronide form.®° 


Excretion 


e Campherol conjugated to glucuronic acid is eliminated mainly in 
the urine as an inactive compound. 

e Pulmonary excretion of camphor and its metabolites causes an 
odor on the breath.* 


Elimination Half-Life 


e A plasma elimination half-life of 93-167 min was reported in a 
volunteer given 200 mg of camphor.?” 





ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


Initial gastrointestinal symptoms usually include the 
feeling of warmth, thirst, nausea, spontaneous vomiting, 
epigastric burning, and abdominal pain. Aspiration of 
vomitus is a major complication. Urinary retention, 
anuria, and albuminuria (transient) have been described 
in some patients. 

Chronic administration of camphor can cause an altered 
mental status with elevation of the liver enzymes, which may 
mimic Reye syndrome. The liver has showed fatty 
metamorphosis with no cell necrosis, inflammation, or 
biliary stasis.”” Similar effects may occur in acute poisoning. 


ADVERSE EFFECTS 

Adverse effects associated with the topical use of any 
camphor-containing creams include dermal irritation 
when applied in excessive amounts or too vigorously. 


Diagnosis 


Because most instances of camphor intoxication occur 
after unintentional ingestion, patients usually promptly 
seek medical attention and willingly offer historical 
information relevant to the poisoning. Even in the 
absence of such historical information, however, the 
presence of camphor is readily apparent owing to its 
intense and characteristic odor, which may be detected 
on the breath, vomitus, clothes, and hair. This is further 
aided by the typical clinical picture of gastrointestinal 
distress, agitation, somnolence, and seizures. Hyper- 
thermia and tachycardia usually accompany prolonged 
agitation and seizures. No laboratory derangements 
are specifically characteristic of camphor poisoning, 
although transient liver function abnormalities have 
been reported in some cases.’*-”9 


LABORATORY TESTING 

Camphor plasma concentrations are not readily available 
and do not correlate with symptoms. However, patients 
who had camphor plasma concentrations of 1.5 ug/mL 
were asymptomatic, and those who developed seizures 
have been reported to have levels of 19.5 ug/ mL.” 


OTHER DIAGNOSTIC TESTING 

Complete blood count, electrolytes, liver function tests, 
and renal function tests should be monitored. Consider 
a chest radiograph to exclude aspiration. Obtain arterial 
blood gases if the patient is comatose or has respiratory 
symptoms. Abnormalities reported can include leukocy- 
tosis, albuminuria, and a transient rise in liver enzymes. 


DIFFERENTIAL DIAGNOSIS 

The differential diagnosis is any cause of afebrile 
seizures. The odor on the patient’s body or clothes may 
be an important clue. 


Management 
SUPPORTIVE MEASURES 


Monitor for hypotension, dysrhythmias, and respiratory 
depression. Treat respiratory depression with endotra- 
cheal intubation and ventilatory assistance as necessary. 
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Intravenous access should be obtained; fluid and pressor 
support may become necessary. Seizure precautions 
should be established. Treat seizures with intravenous 
diazepam (adult: 5-10 mg, repeat every 10-15 minutes as 
needed; child: 0.2-0.5 mg/kg [maximum, 10 mg/dose], 
repeat every 15 minutes as needed) or intravenous 
lorazepam (adult: 2-4 mg [maximum, 8 mg/dose]; child: 
0.05-0.1 mg/kg [maximum, 4 mg]). Consider pheno- 
barbital if seizures recur after diazepam. The dose 
for intravenous phenobarbital in adults and children is 
20 mg/kg at 50 to 100 mg/min. 


DECONTAMINATION 

Avoid the induction of emesis because of the potential 
for an early onset of seizures.® Activated charcoal has 
doubtful efficacy.®' Some clinicians have advised early 
emesis, gastric lavage, and activated charcoal, but these 
forms of gastrointestinal decontamination are unrea- 
sonable in view of the potential for early onset of 
symptoms and danger of aspiration. Avoid giving fats, 
oils, alcohol, or milk, which increase absorption and 
increase the risk for aspiration.®” 

For dermal exposures, remove contaminated clothing 
and wash the exposed area extremely thoroughly with 
soap and water. 

For inhalation exposures, move patient from the toxic 
environment to fresh air. Monitor for respiratory distress. 
If cough or difficulty in breathing develops, evaluate 
for hypoxia, respiratory tract irritation, bronchitis, or 
pneumonitis. 

Provide symptomatic and supportive care as needed 
(100% humidified supplemental oxygen, endotracheal 
intubation, assisted ventilation, and inhaled B-adrenergic 
agonists). 


LABORATORY MONITORING 

See previous discussion. If prolonged seizures occur, 
monitor arterial blood gases, body temperature, renal 
function, creatinine kinase, and the urine for myoglobin. 


ANTIDOTES 

There are no specific antidotes for camphor toxicity, but 
N-acetylcysteine has been reported effective in preventing 
liver damage in chronic poisoning.’ 


ELIMINATION 

Extracorporeal measures of elimination are not routinely 
used for camphor poisoning owing to the large distribution 
of camphor. There are, however, isolated case reports in 
which both lipid hemodialysis” and resin hemoperfusion™ 
have been used to lower the blood camphor concentration 
in severely poisoned patients. Lipid dialysis, however, is no 
longer recommended because of complications of the 
therapy, and resin hemoperfusion is no longer available in 
the United States.*4 


DISPOSITION 

Medical evaluation and monitoring for symptoms (CNS 
depression or seizures) with seizure precautions should 
be considered for any ingestion of camphor of more 
than 30 mg/kg in a child, more than] g in an adult, or 
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deliberate ingestion. If symptoms of intoxication are 
present, the patient should be admitted to an intensive 
care unit.’4°> Patients who are asymptomatic or who have 
only mild gastrointestinal symptoms and are asymp- 
tomatic for 4 hours after ingestion are at low risk for 
serious complications.’+*° Clinically significant camphor 
toxicity has not been reported below 30 mg/kg of 
camphor and is uncommon below 50 mg/kg of camphor 
in asymptomatic patients.’4 Patients who have developed 
either severe gastrointestinal or neurologic symptoms of 
poisoning should also be admitted regardless of the 
amount ingested. Patients should be observed in a 
monitored setting where immediate anticonvulsant 
therapy and respiratory support can be provided. Consider 
transportation by ambulance after any acute ingestion. 
Seizures may occur suddenly within minutes after ingestion 
while en route to the emergency department.™ 
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At a Glance... 


m Alcohols (hair spray, cologne) ingested by children can cause 
hypoglycemia and central nervous system (CNS) depression. 

m Oxidizers and corrosives such as thioglycolic acid and sodium 
bromate (hair waving agents) can cause severe burns and 
erosions to the skin, gastrointestinal (GI) tract, or eyes 
depending on the route of exposure. Bromate ingestion pro- 
duces GI symptoms within 30 minutes and can lead to pro- 
found, irreversible renal failure that can result in death. 

m Acetonitrile (artificial nail remover), which is metabolized to 
cyanide, can cause respiratory failure, convulsions, and death. 

m = Nitroalkane or nitroethane (artificial nail removers) can cause 
methemoglobinemia and respiratory distress. 

m Cosmetics, especially face and skin care products, cause 
approximately 10% of contact dermatitis cases. Reactions 
range from the irritant contact form of dermatitis to allergic 
contact dermatitis and contact urticaria. 

m With the exception of acetonitrile (cyanide antidote kit), man- 
agement of cosmetic toxicity primarily consists of symptomatic 
and supportive care. 

m Decontamination of skin and ocular exposures should consist of 
copious irrigation guided by bidirectional pH paper until neutral 
pH is obtained and symptoms have resolved. 


INTRODUCTION AND RELEVANT 
HISTORY 


The term cosmetics refers to a broad range of products— 
synthetic and natural—used to enhance appearance or 
improve hygiene.'* The ancient Egyptians and Romans 
used creams for beautification.’ Queen Cleopatra was 
well known for her use of cosmetics and skin creams.! In 
the late 19th century, women used belladonna alkaloids 
to dilate their pupils to make their eyes appear more 
attractive.’ Virtually all cultures have utilized a variety of 
powders, creams, and other preparations to enhance 
beauty and adorn and decorate the human body. Such 
preparations range from colorful makeup including 
henna, to hair dyes, tattoos, body paints, feathers, and 
skin piercing. Some of these applications are permanent, 
others temporary to suit a particular function. The 
cosmetic industry is a multi-billion-dollar per year 
enterprise. As society increasingly becomes preoccupied 
with youthful appearance, the demand for new products 
including topical applications has grown significantly. 
Although historically cosmetic products were developed 
from plants and herbs, most of these substances in 
contemporary society are synthetic.’ Ingredients of 
synthetic cosmetics are contributing to the increasing 
incidence of skin reactions termed cosmetic dermatitis!'*+° 
(Table 100-1). 


From a regulatory standpoint, according to the U.S. 
Food and Drug Administration (FDA) Federal Food, 
Drugs and Cosmetics Act (FDCA) of 1938, the term 
cosmetic is defined as “articles intended to be rubbed, 
sprinkled, sprayed, introduced into, or otherwise applied 
to the human body, or any part thereof, for cleansing, 
beautifying, promoting attractiveness, or altering the 
appearance without affecting the body’s structure or 
functions.”!*67 Critical to an agent being classified as a 
cosmetic is the understanding that the product will not 
be toxic when used according to labeled instructions.*® 
Cosmetics come not only under the auspices of the FDA; 
they must also follow requirements of the 1970 U.S. 
Poison Prevention Packaging Act, the Fair Packaging and 
Label Act of 1966, and the Color Additives Amendments 
to the FDCA of 1962.7 The FDA in 21 CFR 720.4 
describes 13 categories of products designated “cosmetics” 
that contain a total of 66 product types”? (Table 100-2). 
These regulations notwithstanding, the manufacturer 
is responsible for assuring the safety of cosmetics. Of 
interest, premarket approval of cosmetics is not 
required. No product can be marketed if it contains “a 
poisonous or deleterious substance, which may render it 
injurious to health” (FDCA Section 601).’ Some cos- 
metics, namely, hair-coloring preparations, are permit- 
ted to include dyes that are not on the FDA safety 
list.* The product packaging must clearly state, “Caution: 
this preparation contains ingredients that may cause skin 
irritation in certain individuals, and a preliminary test 
according to accompanying directions should first be 
made. This product must not be used for dyeing eye- 
lashes or eyebrows; to do so may cause blindness.” The 


Most Frequently Identified Ingredients 





Causing Cosmetic Dermatitis* 


NUMBER OF 
PREPARATIONS/ 


RANK CATEGORY FORMULATIONS 


1 Fragrance Ingredients 161 
2 Preservatives 149 
3 p-Phenylenediamine (PPD) 41 
4 Lanolin and derivatives 29 
5 Glyceryl thioglycolate 25 
6 Propylene glycol 25 
7 Toluene sulfonamide/formaldehyde 23 
resin 

8 Sunscreen and other UV absorbers 20 
9 Methacrylate 9 
10 Others (<3) 56 
Total 536 


“Data from Adams RM, Maibach IH: A five-year study of cosmetic 
reactions. J Am Acad Dermatol 1985;13:1062—1069. 
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ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


Cosmetic Product Categories* 


CATEGORY PRODUCT TYPE 


Baby products Shampoos 

Lotions 

Oils 

Powders 

Creams 

Other baby products 

Bath oils, tablets, salts 

Bubble bath preparations 

Bath capsules 

Other bath preparations 

Eyebrow pencil 

Eyeliner 

Eye shadow 

Eye lotion 

Eye makeup remover 

Mascara 

Other eye makeup preparations 

Fragrance preparations Perfumes, colognes, and toilet 
waters 

Powders (dusting and talcum, 
excluding aftershave talc) 

Sachets 

Other fragrance preparations 

Hair conditioners 

Hair sprays (aerosol fixatives) 

Hair straighteners 

Permanent wave solutions 

Rinses (noncoloring) 

Shampoos (noncoloring) 

Tonics, dressings, and other hair 
grooming aids 

Wave sets 

Other hair preparations 

Hair dyes and colors (all types 
require a caution statement and 
patch test) 

Hair tints 

Hair rinses (coloring) 

Hair shampoos (coloring) 

Hair color sprays (aerosol) 

Hair lighteners with color 

Hair bleaches 

Other hair coloring preparations 


Bath preparations 


Eye makeup 
preparations 


Hair preparations 
(noncoloring) 


Hair coloring 
preparations 


CATEGORY PRODUCT TYPE 


Makeup preparations 
(not for eyes) 


Blushers (all types) 

Face powders 

Foundations 

Leg and body paints 

Lipsticks 

Makeup bases 

Rouges 

Makeup fixatives 

Other makeup preparations 

Basecoats and undercoats 

Cuticle softeners 

Nail creams and lotions 

Nail polishes and enamel 

Nail polish and enamel removers 

Other manicuring preparations 

Dentrifices (aerosol, liquid, paste, 
and powder) 

Mouthwashes and breath fresheners 
(liquid and powder) 

Other oral hygiene products 

Bath soaps and detergents 

Douches 

Feminine hygiene deodorants 

Other personal cleanliness products 

Aftershave lotions 

Beard softeners 

Men’s talcum 

Preshave lotions (all types) 

Shaving cream (aerosol, brushless, 
lather) 

Shaving soap (cakes, sticks, etc) 

Other shaving preparations 

Cleansing (cold creams, cleansing 
lotions, liquids, and pads) 

Depilatories 

Face and neck (excluding shaving 
preparations) 

Body and hand (excluding shaving 
preparations) 

Foot powders and sprays 

Moisturizing 

Nighttime preparations 

Paste masks (mud packs) 

Skin fresheners 

Other skin preparations 

Suntan gels, creams, and liquids 

Indoor tanning preparations 

Other suntan preparations 


Manicuring 
preparations 


Oral hygiene products 


Personal cleanliness 


Shaving preparations 


Skin care preparations 
(creams, lotions, 
powders, and sprays) 


Suntan preparations 


“Data from Code of Federal Regulations, Title 21, Vol. 7 (21 CFR 710), Food and Drug Administration, Center for Food Safety and Applied Nutrition. 


Washington, DC, U.S. Government Printing Office, Rev. April 1, 2002. 





instructions accompanying these products must include 
directions to perform a patch test 24 hours prior to 
applying the preparation. 

In terms of product safety, producers rely heavily on 
historical safety data, structure-activity studies, and 
validated in vitro testing to demonstrate the safety of 
their products.’ 

Several resources are available to provide in-depth 
toxicity information on chemicals utilized in the pro- 
duction of cosmetics. These include the International Jour- 
nal of Toxicology, which reports evaluations by the Cos- 
metic Ingredient Review (CIR) Expert Panel of 
the Cosmetic, Toiletry and Fragrance Association (CTFA). 


The chemical ingredient can be identified in the CTFA 
Cosmetic Ingredient Dictionary, which is available 
through the Cosmetic Toiletry and Fragrance Association, 
located in Washington, DC. Cosmetic manufacturers also 
file cosmetic ingredient composition with the FDA. The 
FDA Cosmetic Information Center can be accessed via a 
toll-free number: 1 (800) 270-8869. Labeling, ingredients, 
dyes, and sun care product information are available as 
well as instructions for reporting adverse reactions. 
Historically, most categories of cosmetics are con- 
sidered to pose a very low risk of toxicity beyond dermal 
reactions.!?!°'! However, certain categories—notably, 
artificial nail removers and hair straightening products— 


contain a variety of chemicals that pose a moderate to 
severe toxicity risk.’°!*'9 Alcohol-containing products 
also pose a serious poisoning risk.! Like most toxicants, 
primary routes of exposure are ingestion and topical 
exposures, which include the skin and the eyes.*1119-20 
Caution must always be exercised to prevent children 
from becoming exposed to cosmetics. Many of these 
products pose a greater health risk in overdose or 
unintentional ingestion to children than to adults. This 
is especially true of alcohol-containing products such as 
colognes and perfumes. 


EPIDEMIOLOGY 


Cosmetics and personal care products resulted in 
224,792 calls to poison centers in 2004 according to the 
American Association of Poison Control Centers Toxic 
Exposure Surveillance System (TESS).' Of these calls, 
38,081 involved adults; the majority—185,862—involved 
children and represented the leading category (13.4%) 
of toxicant affecting children 6 years of age and younger. 
Three deaths were associated with cosmetics, including 
that of a 72-year-old man who intentionally ingested a 
large amount of aftershave and a 39-year-old and a 54- 
year-old who both ingested mouthwash. Only ethanol- 
containing products were associated with fatalities. 
Overall, this category is associated with mostly mild to 
nontoxic exposures: 69,465 (96%) were considered mild 
to none in severity, and 14,334 were referred to a health- 
care facility (HCF). Contrast this with 279,955 analgesic 
category exposures, which were responsible for 658 
deaths. 


HAIR PRODUCTS 


Hair care products include hair colors, hair lighteners, 
hair waving agents, hair straighteners, hair sprays, 
shampoos, and conditioners.'® Most of these products, 
such as the shampoos, have low or virtually no risk of 
toxicity. The hair lighteners, straighteners, and waving 
agents that contain oxidizers and potential corrosives 
pose a greater risk to health especially when misused or 
ingested.?! 


Epidemiology 


According to TESS! in 2004 there were 2347 hair 
coloring-related exposures, for which the following 
numbers of patients were sent to an HCF: 355 with no 
toxicity, 585 with mild toxicity, 135 with toxicity of 
moderate severity, 2 with major severity, and there were 
no deaths. Hair relaxing agents with sodium hydroxide 
(NaOH) accounted for 768 exposures. Of those referred 
to an HCF, 151 were relatively nontoxic, 268 were mildly 
toxic, 96 were of moderate severity, 1 was major, and 
there were no deaths. Hair relaxing agents with other 
alkaline ingredients accounted for 847 cases. Again, 
there were no deaths, and most cases were of mild to 
moderate severity. For the nonalkaline hair relaxers, 
there were 66 cases. Permanent wave solutions accoun- 
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ted for 397 cases. Of these, 68 were nontoxic, 117 mild, 
52 moderate, and 0 severe. There were no deaths. Hair 
spray accounted for 2165 calls, but there were only nine 
major exposures and the rest were predominantly 
nontoxic or mildly toxic. Of the 6175 hair shampoo calls, 
64 were moderately severe cases and 2 major. 


HAIR COLORS 

Hair color products are categorized as either permanent 
or semipermanent. Permanent hair colors contain oxidiz- 
ing agents and dye intermediates in a 1:1 concentration. 
The oxidizer interacts with a dye intermediate to cause 
color molecules to adhere to the hair shaft. The oxidizer 
is usually hydrogen peroxide (H,O,)—most commonly a 
6% solution by volume although 12% solutions are 
available. HO» oxidizes while lightening the hair. 
Usually greater than 10% HO» is associated with 
toxicity although large ingestions of 6% HO, can cause 
gastritis. Commonly used dyes include p-phenylene- 
diamine, resorcinol, and aminophenols. Para-phenylene- 
diamine (PPD) and paraaminophenol undergo oxida- 
tion to reactive imine compounds. Resorcinol reacts with 
imines to produce the final colors. 


Toxicology 

Para-phenylenediamine can cause local irritation, or 
urticaria. PPD toxicity can include angioneurotic edema 
presenting from 2 to 24 hours postexposure. A 20-year- 
old adult who ingested 40 mL of 4% solution experienced 
angioneurotic edema, hemolysis, and renal failure. 
The patient survived after 13 days of hemodialysis. 
Rhabdomyolysis, renal failure, acute tubular necrosis, 
and disseminated intravascular coagulation (DIC) can 
occur.** Aromatic nitro- and amino-compounds can 
become cyanogenic at toxic levels. These products also 
may contain soaps, water, isopropanol, ammonia, propy- 
lene glycol, and glycerin. These additional ingredients 
confer viscosity and enhance penetration. Hydrogen 
sulfide and ammonia are used to hasten the dying 
process. Ammonia can produce a pH of 9.5; scalp burns 
have resulted. 

Other chemicals in hair dyes include toluene, diamine, 
ammonium hydroxide, sodium sulfite, and sodium 
hydroxide. Semipermanent hair colors contain propy- 
lene glycol, isopropanol, fatty acids, alkanolamines, and 
dyes. Permanent hair colors contain oxidizers; semiper- 
manent hair colors do not. Some hair colors, such as 
“Grecian Formula” contain lead acetate.** These pro- 
gressive hair dyes contain less than 0.6% elemental lead 
with elemental sulfur in an alcohol vehicle. Lead forms 
insoluble oxides and the sulfides impart a darker color to 
gray hair when exposed to air. Lead hair dyes produce 
lead-coated hands with 150 to 700 mg per hand. While 
the potential for lead exposure exists, to date lead toxicity 
has not been reported as a result of this residue.!” 


Diagnosis 

The diagnosis of oxidizing agents is usually made by 
history. 

Laboratory tests may assist management in terms of 
monitoring electrolytes, blood alcohol concentration, 
and cardiac and respiratory function. 
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Management 

If ingested, oxidizing agents are toxic. However, the 
ammonia or ethanolamine present in these products is 
highly emetogenic, making it unlikely that a quantity 
sufficient to cause toxicity would be ingested.*? None- 
theless, if ingestion occurs, copious rinsing of the mouth 
is important. Symptomatic and supportive care are the 
mainstay of therapy. 

Symptomatic patients and children with large ingestions 
should be referred to an HCF. Activated charcoal may 
mask erosions if endoscopic evaluation is necessary; its 
administration is discouraged. Some suggest drinking 
milk after rinsing the mouth with water as a method to 
alleviate GI irritation. Syrup of ipecac (SOI) is not 
recommended. Beyond the fact many of these products 
are emetogenic, the potential for exacerbating gastric 
irritation and damage compared with the low potential 
for altering outcome militates against the use of SOI. 
Large-volume dilution may increase the likelihood of 
exothermic reactions. Since these products contain 
multiple ingredients, including alcohols, HOs, and other 
chemicals, management should be directed at likely 
toxicants. For example, individuals with low hepatic 
glycogen reserve and impaired gluconeogenesis due to 
an alcohol-depleting nicotinamide adenine dinucleotide 
(NAD) may be at greater risk for hypoglycemia when 
exposed to hair-coloring products containing alcohols. 
Children, malnourished patients, and chronically ill 
patients are especially susceptible. Ingestions of greater 
than 1 mL of 50% ethanol/kg can produce a blood 
alcohol concentration of 50 mg/dL or greater. Since 
these patients may develop symptoms consistent with 
hypotension or hypoglycemia, they should be referred to 
an HCF.** HO, decomposes and liberates oxygen. Large 
ingestions of HO, can be expected to cause mild-to- 
moderate gastritis. If a “Grecian Formula” product is 
ingested, it is prudent to obtain blood lead levels.?!” 

Ocular exposures require immediate and copious eye 
irrigation. If the product contains 6% H»,Os, injury usually 
is limited to burning and itching of the conjunctiva with 
no long-term sequelae if appropriate decontamination is 
initiated. Irrigation should continue for at least 15 to 20 
minutes. If discomfort persists, continue irrigation and 
consider an ophthalmology consult. Higher HO» con- 
centration exposures require immediate saline irrigation, 
ocular examination by a trained health care professional, 
and referral to an ophthalmologist. Skin exposure is 
unlikely to cause toxicity. However, some individuals may 
be hypersensitive to some of the ingredients or exhibit 
allergic reactions. A good outcome is expected with 
symptomatic and supportive care including washing the 
affected area completely with water and hypoallergenic 
soap. Antihistamines may be administered. No specific 
antidotes are available for hair-coloring products. 


Disposition 
With appropriate intervention, most patients survive 
the exposure to hair colors with good outcomes. 


Prevention 
Keeping these products out of the reach of young 
children is critical to reducing this pattern of pediatric 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


exposure and injury. Using the product only as directed 
will also reduce the risk from hair colors. 


HAIR LIGHTENERS 

Hair lighteners—often referred to as “hair bleaches’— 
are used to give hair a lighter color or as preparation for 
dye applications. In addition to the oxidizer HO» found 
in hair colors, other oxidizers are used, including ammonia 
and potassium or sodium persulfate. These agents intensify 
and speed the lightening process. Additional ingredients 
including metasilicates and detergents may be present to 
thicken, disperse, or stabilize the color. 


Toxicology 

Lightener solutions usually have a pH in the range of 
9.5 to 11.5. Alkaline agents are corrosive irritants and, 
depending on the dose and duration of exposure, can cause 
GI irritation and ocular injury. Concentrated solutions of 
persulfates are irritating to the skin and mucous 
membranes. Ammonium persulfate can cause urticaria 
and anaphylactoid reactions. Owing to the powerful and 
offensive odors (and presumably taste) of many of these 
products, unintentional ingestion is unlikely. Intentional 
ingestion can produce clinically significant toxicity 
manifested by vomiting, hematemesis, and diarrhea. 


Diagnosis 

Most exposures are readily identified by history. 

Laboratory testing should be tailored to the clinical 
situation and ingredients present in the preparation. 


Management 

Ingestion of products containing corrosive alkali 
agents should be managed in the same way as for any 
highly irritating corrosive chemical. Referral to an HCF, 
availability of endoscopic evaluation, and access to an 
intensive care unit usually are advised if the patient is 
symptomatic. Allergic or anaphylactoid reactions to hair- 
coloring agents should be managed per standard protocol, 
which includes close attention to cardiovascular/ 
respiratory function. Oxygen and antihistamines (H, 
and Ho), fluid support, and bronchodilators if the clinical 
situation warrants, are administered. Ocular exposures 
require immediate and copious saline irrigation. While 
Morgan lenses may not be necessary, testing with pH 
paper to determine the effectiveness of decontamination, 
ocular examination by a trained health care professional, 
and referral to an ophthalmologist are warranted. 


Disposition 

Hair-coloring products are generally considered low 
toxicity exposures. Appropriate intervention and minimal 
toxicity offer good long-term outcomes. 


Prevention 

Keeping these products away from children and using 
the preparations as directed are critical to reducing the 
pediatric injury pattern. 


HAIR WAVING AGENTS 
The process of hair waving involves altering the 
molecular structure of hair during the stepwise process 


of softening, followed by reshaping or curling, then 
finally hardening. Most hair waving solutions contain 
thioglycollate, which softens and straightens hair by 
breaking the sulfhydryl bonds. Other softeners in 
addition to thioglycolate and thioglycolic acid salts 
include sodium sulfite and ammonium sulfite. Hydrogen 
peroxide or sodium bromate in dilute acidic solution are 
used to halt the process as desired results are approached. 
Some permanent wave products contain 2% to 8% 
(weight/volume) mercuric chloride.’ Neutralizers in 
hair waving agents usually contain bromates. Sodium 
borate or perborate also is used (see Chapter 99). 


Diagnosis 

Most exposures are readily identified by history. 

Laboratory testing should be tailored to the clinical 
situation and ingredients of the preparation. To obtain 
blood concentration of bromate in the serum, specify 
bromate exposure. However, serum bromate levels do 
not correlate with the severity of the intoxication. 
Intervention should not be delayed in lieu of laboratory 
results. Electrolytes, ethanol levels, complete blood 
count, methemoglobin, and renal function tests should 
be obtained. 


Toxicology and Management 


Thioglycolic acids are toxic corrosives. Ingestions can 
cause irritation of the mouth and throat accompanied by 
nausea, vomiting, and possibly diarrhea. Thioglycolate 
can cause immediate-type hypersensitivity reaction. In 
large amounts, it can cause hypoglycemia and cyanosis. 
Mercuric chloride as a toxicant can cause erosive oral 
and GI effects, which, if the exposure is significant, 
may cause hemorrhage and shock. A potentially lethal 
oral dose is 10 to 50 mg/kg.“ The softening agents 
ammonium or sodium sulfite are alkaline with pH 
ranging from 7.0 to 8.5. They are GI irritants. Rinsing the 
mouth or exposed area is usually all that is necessary. 
Milk may provide symptomatic relief. Ocular exposure to 
any of these compounds requires immediate irrigation 
and possible referral to an ophthalmologist. 

Bromates are very toxic. Contact between bromate- 
containing neutralizers and the skin or eyes can cause 
erythema, burning, and edema. Copious irrigation with 
soap and water usually is sufficient intervention. Very 
concentrated solutions (2%) at doses of 1 to 2 teaspoons 
(1.5 to 3 g) can produce serious toxicity in children 
between the ages of 1 to 3 years.’ The toxic dose in 
children is estimated to be 250 to 500 mg/kg.’ A 5-g 
ingestion can potentially lead to fatality with a 10-g 
ingestion representing a lethal dose in adults.™!* 
Fortunately, few fatalities have been reported. No 
fatalities were reported in 2002 TESS. GI symptoms can 
occur within 30 minutes postingestion. Upon ingestion, 
significant gastroenteritis may result from the pro- 
duction of hydrobromic acid. Hypotension can ensue. 
The route of elimination for bromates is renal, and renal 
failure is the primary cause of death.'*'’ Renal impair- 
ment may first present as anuria or oliguria within 
24 hours. Bromate poisoning may present similarly to 
hemolytic uremic syndrome. Hemolysis and thrombocy- 
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topenias have been reported. Bromates may act as an 
oxidizing agent converting hemoglobin to methemo- 
globin, although this is infrequently reported. If 
methemoglobinemia occurs, do not use methylene blue 
because it may exacerbate bromate toxicity. Patients 
should respond to oxygen and symptomatic and sup- 
portive care. If toxicity is severe, exchange transfusion 
may be considered. Neurosensory hearing loss and 
tinnitus may occur within 24 hours. Irreversible otic and 
renal damage may occur. Central nervous system (CNS) 
depression and seizures may occur. Ocular exposure 
should be treated with copious water or saline irrigation. 
Ophthalmology referral is recommended owing to the 
significant alkalinity of bromates. 

Sodium borate breaks down into borate and peroxide 
and is less toxic than bromates.**" However, a 3- to 6-g 
ingestion is potentially lethal to children with 15 to 30 g 
being similarly lethal to adults. Skin manifestation to 
borates can lead to desquamation and erythematous rash 
commonly found over palms, soles, buttocks, and scrotum. 
This may progress to exfoliation. CNS symptoms include 
irritability, headache, and restlessness, seizures, and 
coma, depending on the exposure. GI symptoms include 
nausea, vomiting, and diarrhea. Acute tubular necrosis 
may lead to renal failure.**° 


Disposition 


This category of cosmetic poses a greater threat to health 
owing to the toxicity of bromates and borates in addition 
to the oxidizer HO». Few deaths are reported. With rapid 
symptomatic and supportive care, benign outcomes can 
be expected. 


HAIR STRAIGHTENERS 

Of all the hair care products, hair straighteners pose the 
greatest threat to health and are extremely toxic.'31%702° 
They contain 1% to 3% sodium hydroxide, ammonium 
hydroxide, potassium carbonate, or bicarbonate. Precise 
adherence to application instruction is critical when 
using these products. They are highly alkaline and pose 
a risk for liquefaction necrosis. The typical pH is 13. 
Prolonged exposure with hair and scalp may cause 
injury.* Ingestion or ocular exposure must be considered 
a medical emergency.“ 4045 


Diagnosis 

Most exposures are readily identified by history. 

Laboratory testing should be tailored to the clinical 
situation and ingredients of the preparation. No test is 
required if the ingestion is no more than a “sip.”*° 
Otherwise, complete blood count (CBC), serum elec- 
trolytes, and renal function tests should be obtained. In 
patients exhibiting respiratory symptoms, arterial blood 
gases and chest radiographs should be obtained. For 
patients with suspected perforation, abdominal radi- 
ographs should be obtained in addition to chest 
radiographs. Gastrointestinal endoscopy should be 
performed within 24 hours of a large ingestion or for 
patients who have diminished voice, stridor, drooling, or 
vomiting. 
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Toxicology and Management 

Hair straighteners are highly toxic alkaline agents that 
can cause severe burns, irritation, and erosions. They 
should be treated as aggressively as any other caustic 
exposure. Ingestion requires immediate referral to an 
HCF. Treatment should focus on airway control, keeping 
in mind that severe GI damage including strictures and 
obstructions may occur. Hemodynamic function and 
assessment of burn function are critical.™32025 Because 
the rate of GI and esophageal mucosal injury is rapid 
there is concern about using dilution as an intervention. 
Symptomatic and supportive care are critical, as is 
referral to gastroenterology and general surgery for 
evaluation. Steroids such as dexamethasone 0.1 mg/kg 
or prednisone | to 2.5 mg/kg for 3 weeks have been 
recommended for grade II burns to reduce stricture 
formation by some but are considered controversial. 
Steroids are not usually necessary for grade I burns and 
are to be avoided in grade III exposures because of the 
risk of perforation. Hypovolemia and shock, bleeding, 
tissue necrosis, metabolic acidosis, and renal failure are 
usual complications. 


Disposition 

Deliberate ingestions usually are large doses and result 
in complications or death.!?*2 Long-term sequelae 
include anatomic changes to the GI tract including 
pyloric stenosis, bleeding, stricture formation, fistula, or 
perforation. Patients who develop esophageal burns and 
stricture are at increased risk for esophageal cancer.*° 
Children with small “sip” or “taste” exposures usually 
have benign outcomes.!® 


HAIR SPRAYS 

Hair sprays are one of the least toxic categories of hair 
care product.?*!%?° When ingested, quantities and 
concentrations usually are small. There are two delivery 
formulations: liquid pump and aerosols that rely on 
propellants such as butane, propane, or isobutane. Hair 
spray products contain a solvent—usually denatured 
ethanol—and resin polymers—vinyl acetate, methyl vinyl 
ether, and acrylamides.*” The resins are delivered in the 
solvent. Ethyl alcohol can constitute up to 95% of the 
product preparation. 


Diagnosis 

Blood ethanol levels, CBC, electrolytes, and frequent 
glucose levels should be obtained in moderate- to large- 
dose ingestions of ethanol-containing products. 


Toxicology and Management 

Hair sprays are generally low toxicity products posing 
little risk when ingested in small quantities, sprayed on 
intact skin of nonsensitive individuals, or sprayed in the 
eye in a small amount. There are no specific antidotes. 
Symptomatic and supportive care is the mainstay of 
therapy. Ingestions of large volumes of ethanol-based 
hair sprays should be treated as any ethanol toxic 
exposure. Ethanol is metabolized by the enzyme alcohol 
dehydrogenase. Ethanol overdose can cause hypo- 
glycemia and CNS depression in addition to electrolyte 
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derangement. If hair spray is sprayed into the eyes, rinsing 
with clean warm water or saline is usually sufficient, and a 
benign outcome is expected. If symptoms persist, 
evaluation by an ophthalmologist is recommended. 


Disposition 

Most exposures are unintentional and thus low in dose 
with expected benign outcomes. Long-term sequelae are 
not expected. 


SHAMPOOS, CONDITIONERS, SOAPS, AND BATH 
OILS 

This category of cosmetics is of very low toxicity. Most 
shampoos are composed of anionic and nonanionic 
surfactants, perfumes, and high levels of water. They may 
contain small amounts of ethanol. Dry shampoos contain 
methanol or isopropyl alcohol. Bath salts are primarily 
inorganic salts—usually sodium chloride—which is 
nontoxic. Electrolyte derangements can occur in large 
ingestions. Soaps and bubble bath preparations are similar 
to shampoos and are generally considered nontoxic. Mild 
toxicity and GI irritation can occur in moderate ingestions. 
Bath oils are primarily composed of surfactants, 
emulsifiers, preservatives, and mineral or vegetable oils, 
which are nontoxic.**? Aspiration of bath oils like other 
oils can cause a chemical lipoid pneumonia. Some bath 
oils have essential oils as ingredients, including eucalyptus 
or pennyroyal. Pennyroyal (pulegium) is an essential oil 
found in Hedeoma pulegioides and Mentha pulegium plants as 
well as some herbal teas. Skin exposure is rarely 
problematic unless the individual is sensitive to one or 
more of the ingredients in which case a hypersensitivity 
reaction or cosmetic dermatitis may occur. !*40 


Epidemiology 

There were 6175 exposures reported to TESS of 
which 4827 involved young children.'’ There were no 
deaths, and only 2 exposures were considered major 
toxicity exposures. The majority were considered non- 
toxic or minor toxicity exposures.!% 


Kinetics 

Isopropyl alcohol is rapidly absorbed and distributed, 
with a volume of distribution of 0.6 L/kg. It is 
metabolized by alcohol dehydrogenase to acetone with a 
half-life of 2.5 to 3 hours. The toxic oral dose of 70% 
isopropyl alcohol is 0.5 to 1 mL/kg. 


Diagnosis 

Laboratory tests are unnecessary for most ingestions 
in this category. For essential oil or alcohol ingestions or 
symptomatic exposures, electrolytes, CBC, glucose 
monitoring, coagulation studies, liver and renal function 
tests, urinalysis, electrocardiogram (ECG), and aspirin 
and acetaminophen levels should be obtained. For 
patients who have ingested isopropyl alcohol, the 
following laboratory tests should be obtained: serum 
isopropyl alcohol, acetone level, serum osmolality and 
osmolar gaps, electrolytes, glucose, renal function tests, 
arterial blood gases, and oximetry. Cardiopulmonary 
function should be monitored. 


Toxicology and Management 

Shampoos, conditioners, soaps, and bath salts are 
generally considered nontoxic products. If ingested, 
shampoo is nontoxic and will most likely cause mild GI 
discomfort and nausea. Large ingestions of isopropyl 
alcohol or other alcohol-containing products should be 
managed as any potential alcohol toxicity, with special 
attention to hypoglycemia, electrolytes, and airway 
management. Isopropyl alcohol is a significant CNS 
depressant that can lead to coma or respiratory arrest. 
Large ingestions can cause myocardial suppression and 
hypotension.*° There are no antidotes. Owing to the 
rapidity of absorption and distribution, emesis is not 
likely to confer benefit and may be deleterious. Activated 
charcoal may be useful in spite of the fact that it has 
marginal adsorbing ability for alcohol; however, it is 
estimated that | g of activated charcoal can bind 1 mL of 
70% alcohol*® (see Chapter 31). 

Ocular exposures usually require only copious 
irrigation with warm water or saline. Long-term damage 
to the eye is unlikely. Symptomatic and supportive care is 
the mainstay of therapy. 

Bath oils containing essential oils such as safe, 
eucalyptus, turpentine, pine, pennyroyal, and cinnamon 
contain alcohols, esters, and ketones.” These can cause 
allergic contact dermatitis that begins within 12 hours.° 
Essential oils are mucosal irritants. Concentrated 
preparations of essential oils can cause seizures and CNS 
depression at 10 mL doses. The alcohol content can 
cause hypoglycemia, especially in children.’*?° Penny- 
royal may pose a more significant toxicity.*? Large inges- 
tions can cause GI irritation accompanied by nausea, 
vomiting, and abdominal pain. CNS effects may occur. 
When pennyroyal is an ingredient, toxicity is possible. 
The active toxic volatile is pulegone, which is metabo- 
lized to a liver and lung toxin. Toxicity may develop at a 
dose of 5 mL and death is associated with a 15-mL 
ingestion. Hepatic injury and abdominal pain along with 
altered mental status occur early in a toxic exposure. 
Hypotension and metabolic acidosis along with pro- 
tracted emesis, GI bleeding, and hematuria can occur. 
Renal failure is common in large pennyroyal ingestions. 
Although there is no specific antidote, since pennyroyal 
can deplete hepatic glutathione, use of N-acetylcysteine 
(NAC) has been suggested. The exact dosing regimen 
has not been determined.*° Symptomatic and supportive 
care is critical (see Chapter 101). 


Disposition 

With the exception of pennyroyal and other essential 
oil products, the remaining products in this category 
are considered nontoxic; outcomes are expected to be 
benign. 


COLOGNES AND PERFUMES 


As for other categories of cosmetic products, toxicity 
depends on the ingredients and their concentration in 
the formulation.'*?° Colognes and perfumes usually 
contain ethanol at concentrations ranging from 50% to 
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95% as well as oils, which can be either volatile or 
essential oils. The toxicity of these products is dependent 
on the ethanol concentration and amount ingested. Since 
skin is an intended area of application, these products 
are not expected to cause toxicity via the dermal route 
except in hypersensitive individuals. Cosmetics and 
perfumes can be irritating to the eyes but are not 
expected to cause long-term damage. 


Epidemiology 


There were 17,627 perfume and cologne exposures in 
2004 reported to PCC, of which 14,917 involved young 
children.'? There was only one death and 11 major 
toxicity cases, while the majority (7808) were considered 
nontoxic or of mild toxicity. 


Diagnosis 


Most acute exposures are readily identified by history. An 
elevated blood ethanol level and the development of 
hypoglycemia, especially in children, are important clues 
to significant toxic exposures. 

Blood ethanol levels, CBC, electrolytes, anion gap, 
and renal function tests along with frequent monitoring 
of blood glucose are recommended. Attention should be 
paid to respiratory function, seizure precaution, and 
fluid status. 


Toxicology and Management 


Depending on the concentration and amount ingested, 
especially by young children owing to their increased risk 
of hypoglycemia from ethanol as well as CNS effects, 
perfumes and colognes should be managed like toxic 
ethanol exposures. Symptomatic and supportive care is 
the mainstay of intervention. There are no specific 
antidotes. For skin irritation, soap and water should be 
sufficient. Ocular exposures require copious irrigation 
with warm water or saline. 


Disposition 


Most cologne or perfume exposures are considered low 
toxicity events, and benign outcomes are expected 


NAIL CARE PRODUCTS 


This category comprises nail polishes and nail polish 
removers. Nail polish contains hydrocarbon solvents 
such as xylene, toluene and acetone, plasticizers, resins, 
and alcohol solvents. Methanol may also be used. The 
likelihood of toxicity from ingestion is generally small 
owing to the small volume contained in nail polish 
bottles. GI irritation is the most likely result of ingestion. 
Skin irritation is rare. In the event of an ocular exposure, 
copious irrigation with warm water or saline should be 
sufficient. 

Nail polish removers are also solvents containing 
acetone or ethanol. These too are generally considered 
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low toxicity products although bottles of nail polish 
remover are larger than nail polish bottles and thus pose 
a greater ingestion risk but still of low toxicity. 

False or acrylic nails have been removed with 
acetonitrile, which is a highly toxic chemical (vinyl 
cyanide). Although these nail products have been 
reformulated by removal of acetonitrile, the potential of 
toxicity exists if older products are still available in a 
household. Artificial nail glue removers can also contain 
nitroalkane and nitroethane. 


Epidemiology 


There were 50 acrylic nail remover-related calls to 
American Association of Poison Control Centers in 
2004.'9 There were no deaths; 27 cases involved young 
children. There were 10,876 nail polish—related calls, of 
which 9,775 involved young children. The majority of 
exposures were nontoxic or of mild toxicity, and there 
were no deaths. For nail polish removers, there were 
2742 acetone preparation calls, 2114 with other ingre- 
dients and 8178 with unknown active ingredient. Most were 
nontoxic and involved children. There were no deaths. 


Kinetics 


Acetonitrile is metabolized by the cytochrome P-450 
microsomal system to several metabolites, including 
cyanohydrin, which is subsequently metabolized to 
aldehyde and cyanide.”??7 

Nitroethane is metabolized to aldehyde and nitrite. 
Nitrite is an oxidizer. Nitroethane has a half-life of 6 hours. 


Diagnosis 


The diagnosis of nail care products can usually be 
established by the history. 

For exposures of old nail products containing 
acetonitrile, arterial and venous blood gas analysis and 
serum lactate levels are useful. An increased lactic 
acidosis suggests cyanide toxicity. Cyanide levels may not 
be readily available and may not correlate with severity; 
thus treatment should be based on the clinical situation. 

For exposures of nail products containing nitroethane, 
electrolytes, renal function tests, and methemoglobin 
levels are useful to monitor. Cardiopulmonary monitoring 
maybe necessary in symptomatic patients. 

For exposures to nail products containing ethanol, 
see above and Chapter 31. For exposures to nail pro- 
ducts containing acetone, see Chapter 32. 


Toxicology and Management 


For acetone toxicity, see Chapter 32. For ethanol toxicity, 
see Chapter 31. 

The clinical manifestations of acetonitrile are similar 
to those of cyanide although they may be delayed from 
3 to 24 hours. Acetonitrile ingestion requires imme- 
diate medical attention. One swallow of acetonitrile- 
containing artificial nail glue remover can cause death 
in a toddler. The prudent clinician will be mindful that 
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acetonitrile patients may be stable on presentation but 
can develop significant delayed toxicity. Clinical symp- 
toms include respiratory distress and cyanosis. Cardio- 
vascular symptoms including hypotension may occur. 
Headache, agitation, and CNS effects including altered 
mental status, seizures, and tremor may occur. Cherry 
red skin is usually a terminal event. Nausea and vomiting 
as well as abdominal pain occur with inhalation or 
ingestion. The cyanide antidote kit should be available, 
since it contains the three agents approved for cyanide 
intoxication by the FDA: amyl nitrate, sodium nitrate, 
and sodium thiosulfate. Activated charcoal has minimal 
binding affinity for cyanide. However, 1 g is considered 
adequate to bind 100 to 500 mg.*° 

Of note, acrylic fingernails that contain N,N-dimethyl- 
ptoluidine have been reported to produce methemoglo- 
binemia.’°!® Nitroalkane and nitroethane can also cause 
methemoglobinemia. Cyanosis, tachypnea, and chocolate- 
colored lips are manifestations. Methylene blue may be 
useful therapy. 


Disposition 


With most nail products, benign outcomes are expected. 
Acetonitrile ingestions can cause death. If the patient 
survives the exposure, unless anoxic brain injury has 
occurred, the long-term outcome is expected to be 
benign.220.2728 


ORAL HYGIENE PRODUCTS AND 
DENTIFRICES 


Toothpastes, powders, liquids, and gels for cleaning 
teeth are generally considered nontoxic.***? These 
products contain calcium phosphates, abradants such as 
silica or calcium carbonate, flavoring, and coloring. 
Some may contain stannous fluoride or sodium mono- 
fluorophosphate, which are low solubility/low toxicity chemi- 
cals. Most exposures can cause GI irritation. Although 
toothpaste may contain up to 1 mg fluoride per gram 
of toothpaste, generally the low concentration of fluoride 
in these products is unlikely to produce clinically 
significant toxicity.*? Denture cleaners are similar 
products but may contain bleaching products such as 
potassium persulfate, sodium perborate, trisodium 
phosphate, and sodium carbonate. 

At-home teeth whitening products contain peroxides, 
often in the form of 18% carbamide peroxide, which is 
the equivalent of 6.5% hydrogen peroxide.” Studies 
support the safety of this product for daily use as 
directed. ‘Toxicity in a large ingestion would be referable 
to H03. 

Mouthwashes contain alcohol, flavoring, and sweeteners. 
Toxicity is proportional to alcohol content but generally 
is considered low. 


Epidemiology 


According to 2004 TESS data,!? there were 24,180 
toothpaste with fluoride exposures of which 21,890 


involved young children. There were few referrals to an 
HCF. There were no deaths and none developed major 
toxicity exposure, with the majority being mild to 
nontoxic. For toothpaste without fluoride, 1616 
exposures were reported, with 1398 involving young 
children. No deaths were reported, and few were treated 
at an HCF. Denture cleaners resulted in 1440 exposures, 
with 288 involving children. There was one death. 


Kinetics 


Fluoride absorption peaks in approximately 1 hour. 
Volume of distribution is 0 .5 to 0.7 L/kg. Fluoride is not 
protein bound. Elimination half-life is 2 to 9 hours but is 
prolonged in patients with renal failure. Doses of 3 to 
5 mg/kg elemental fluoride can cause GI symptoms 
including abdominal pain and vomiting. Death has been 
reported in a 3-year-old child who ingested 16 mg/kg 
and in adults with doses above 32 mg/kg.” 


Diagnosis 


The diagnosis of fluoride or borate intoxication is usually 
determined by obtaining a history of exposure to oral 
hygiene products. 

Specific fluoride levels may be difficult to obtain and 
should not be relied on in the acute management of an 
ingestion. Albumin, magnesium, and calcium levels; 
renal function tests; cardiovascular status; fluid status; 
and electrolytes should be obtained. For nonfluoride 
ingestions, obtain tests based on ingredients. The basic 
assessments should include renal function tests and 
electrolytes with cardiorespiratory monitoring. 


Toxicology and Management 


Sodium perborate breaks down into sodium borate and 
peroxide. These are irritating agents. Borate poisoning 
can ensue, resulting in CNS irritability, acute tubular 
necrosis, and renal dysfunction and the classical finding 
of “boiled lobster appearance.”**? As discussed above, 
peroxide ingestion is strongly irritating to the GI tract 
and can cause vomiting, diarrhea, and hematochezia. 
Symptomatic and supportive care is the mainstay of 
therapy. Activated charcoal has limited ability to absorb 
boric acid. An in vitro study demonstrated that 30 g 
of charcoal was required to adsorb 38% of a l-g boric 
acid dose. No specific antidotes are recommended.*! 
Hemodialysis, peritoneal dialysis, and exchange trans- 
fusion may enhance elimination. 

Mouthwash toxicity is directly proportional to the 
ethanol concentration. Large unintentional ingestions 
are unlikely. With large ingestions, management is con- 
sistent with treatment of ethanol overdose.** 

Products involving fluoride pose a toxicity risk related 
to both cytoxicity and metabolic effects.*” Fluoride is 
cytotoxic and binds to calcium and magnesium, which 
can lead to hypocalcemia and hypomagnesemia. Impaired 
oxidative phosphorylation and glycolysis, impaired blood 
coagulation, and myocardial irritability can result as well 
as impaired neurotransmission and possibly tetany.” 
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Disposition 


Most exposures are of low toxicity. Benign outcomes are 
expected; however, there are exceptions: a 75-year-old 
woman unintentionally applied denture powder to her 
dentures while they were still in her mouth. On 
emergency department evaluation she was found to have 
severe burns to the lips, mouth, and oropharynx with 
swelling and drooling. She required endotracheal 
intubation for respiratory distress secondary to increased 
secretions and irritation. She developed profound 
hypotension and died.!" 


FACIAL/BODY PAINTS AND MAKEUP 


Ingestions of facial makeup such as lipstick, rouge, 
mascara, blushers, and other products are considered 
nontoxic.*** These preparations are composed of water, 
waxes, and vegetable oils. Some products contain talcs. 
The primary risk of talcs is to the respiratory system, but 
owing to their small volume, this risk is negligible. If 
ingestion of makeup occurs, the small packaging size 
precludes the likelihood of toxicity.'°!!%° Of note, use 
of henna is increasing. Henna is a vegetable dye from 
dried leaves of Lawsonia intermis, which grows in Egypt, 
Tunisia, and India. Historically, henna has been used by 
Indian and Pakistani families to decorate the hands and 
feet as part of special celebrations such as weddings. 
Increasingly, henna is being adopted in Western cultures 
as a hair treatment and body makeup. The active 
ingredient is lawsone (2-hydroxy-1,4-napthoquinone). 
Contact dermatitis has not been documented unless 
henna is adulterated by other chemicals including 
purified protein derivative (PPD), which is believed to be 
causal.’ One case report suggested that a woman 
experienced an allergic reaction including wheezing and 
coryza after handling henna.°*° 

Body paints are similar to colognes and perfumes in 
that their predominant ingredients are ethanol, color 
additives, pigments, emulsifiers, and preservatives.*!''°* 
These are considered low toxicity products, with most of 
the risk associated with alcohol content.* 

Lipstick is made with waxes, water, and occasionally 
camphor. The low dose of camphor in lipstick makes 
ingestion virtually nontoxic. 


Epidemiology 


According to TESS, there were 1192 lipstick with 
camphor exposures, of which more than 90% involved 
children; most ingestions were nontoxic or of minimal 
toxicity, and there were no deaths. Of the 4467 
exposures involving lipstick without camphor, 4189 were 
in young children. Most exposures were nontoxic,!? and 
again there were no deaths. 


Kinetics 


Ethanol is readily absorbed after ingestion, peaking in 30 
to 120 minutes. Volume of distribution is 0.5 to 0.7 L/kg. 
Elimination is via hepatic oxidation following zero order 
kinetics.*# 
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Diagnosis 


Diagnosis is by history. A patient who exhibits signs and 
symptoms consistent with alcohol toxicity in whom 
pigmentation or a scent is present also suggests the 
diagnosis. 

No specific laboratory studies are associated with 
makeup. However, serum ethanol levels, electrolytes, and 
renal function tests should be obtained. Additional 
studies should be guided by clinical presentation, 
including cardiopulmonary monitoring. 


Toxicology and Management 


Alcohol content is the primary toxicant in this category. 
Since 0.7 mg/dL ethanol will produce a blood ethanol 
level of 100 mg/dL (0.1 g/dL), which is considered 
legally intoxicated, and 300 mg/dL can cause coma in 
novice drinkers, ingestions of body paints would have to 
be considerable to achieve these ethanol levels. Toxic 
cases should be managed as any alcohol exposure (see 
Chapter 31). CNS depression and hypoglycemia are the 
primary manifestations of alcohol toxicity. Alcohol is 
hepatotoxic. 


DISPOSITION 
Most exposures are of low toxicity. Benign outcomes are 
expected. 


HYGIENE PRODUCTS: DEODORANTS 
AND ANTIPERSPIRANTS 


Deodorants, like most other cosmetic products, are con- 
sidered nontoxic in spite of the fact the primary 
ingredients are alcohol, water, and a deodorizing agent. 
Antiperspirants are deodorants with a sweat-inhibiting 
agent, usually aluminum hydroxychloride.*” 

Deodorants and antiperspirants are found as sticks, 
roll-on products, and aerosols. 


Epidemiology 


As reported in 2004, there were 17,566 deodorant category 
exposures, of which 15,277 involved young children. 
There were no deaths; most exposures were nontoxic or 
minimally toxic." 


Diagnosis 


The diagnosis of acute ethanol toxicity from hygiene 
products is usually determined by obtaining a history of 
exposure to these products. 

No specific laboratory studies are associated with 
makeup. However, serum ethanol, serial glucose level, 
electrolytes, and renal function test should be obtained 
in exposures to alcohol-containing products, especially 
in children, Additional studies should be guided by 
clinical presentation, including cardiopulmonary 
monitoring. 
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Toxicology and Management 


Skin and eye irritation as well as mild GI irritation are the 
primary effects. Contact dermatitis is possible.**° Toxicity 
would be related to alcohol ingestion. However, owing to 
the small concentration and quantity contained within 
the package, toxicity is unlikely. Management depends 
on the ingredients of the product and should be guided 
by clinical presentation. Symptomatic and supportive 
care is the mainstay of treatment. Products with alcohol 
content should be managed as for other toxic alcohol 
exposures. Other than hypersensitivity, these products 
are safe as intended for dermal contact. Ocular exposures 
may cause mild and transient corneal epithelial irritation, 
but no persistent injury has been reported. These 
require copious irrigation, for at least 15 to 20 minutes, 
with benign outcome expected.®311:3% 


Disposition 


Most exposures are of low toxicity. Benign outcomes are 
expected. 


DEPILATORIES 


Unlike the majority of cosmetic products, which are con- 
sidered nontoxic or mildly toxic, depilatories (otherwise 
known as hair removers) are considered moderately 
toxic because of their sodium hydroxide (1% to 10%) or 
calcium hydroxide content. These hydroxides are 
alkaline caustics. Thioglycolate may also be present 
and is alkaline, capable of toxicity similar to sodium 
hydroxide. Depilatories also contain water and other 
ingredients not dissimilar to those in soaps or skin 
lotions. These ingredients are relatively nontoxic. 

These alkaline agents dissolve hair or damage the hair 
shaft, resulting in hair loss. 


Epidemiology 


There were 1959 depilatory related exposures reported 
to TESS, of which 541 involved young children. There 
were no deaths, and only 4 developed major toxicities.'% 


Toxicology 


Depilatories are skin irritants because of the alkaline 
ingredients. Sodium hydroxide (NaOH) is a caustic alkali 
that can cause severe burns. Fumes or mists are irritating 
to mucosa, eyes, skin, and the respiratory tract.*°° 
Ingestion of corrosives can cause burns of the esoph- 
agus as well as the oral cavity, resulting in dysphagia, 
drooling, and pain in the mouth, oropharynx, chest, or 
abdomen. The damage is dependent on the concen- 
tration and volume.**® Ocular exposure can cause 
conjunctivitis and even blindness. Skin exposure results 
in pain, erythema, blistering, and penetrating necrosis. 
Alkalies such as NaOH cause liquefaction necrosis 
with saponification such that continued penetration 


from the surface to deeper tissues occurs and results in 
significant damage.°® While there is no generally 
accepted toxic dose of depilatory owing to the wide 
variety of concentrations and volumes of solutions, the 
concentration or pH of the product is indicatory of its 
potential for damage and toxicity. The concentration of 
the base, also referred to as the titratable alkalinity, is a 
good predictor of corrosive risk.*° 


Management 


Unlike acids, which produce coagulation necrosis that 
can lead to an eschar, thereby limiting the damage 
somewhat, alkali burns can produce liquefaction necrosis. 
Exposure requires copious irrigation until a neutral pH 
is attained. Usually, this requires in excess of 20 minutes 
of irrigation with warm water or saline. Ocular 
involvement should be considered a medical emergency. 
Immediate irrigation for a minimum of 20 minutes and 
at least 1 L of warm water or saline should be initiated 
without delay. While the use of pH paper can help guide 
irrigation toward a neutral end point, extensive 
irrigation of the eye and consultation with immediate 
referral to ophthalmology are required. For skin 
exposures, the area should be washed with large volumes 
of warm water or saline (see Chapter 98). 


Disposition 


Minor, low concentration, and unintentional exposures 
generally result in minimal toxicity and benign 
outcomes. Larger exposures or ocular involvement can 
lead to scarring, blindness, or significant toxicity. 


SUMMARY 


Cosmetic products are generally considered nontoxic. 
There are ingredients, such as alcohol, peroxides, or 
other oxidizers, that when ingested in quantity can lead 
to toxicity and even death although this is generally rare. 
Some products such as hair straighteners and acrylic nail 
removal preparations contain highly toxic chemicals but 
in low dose. These nonetheless can cause significant 
symptoms. When used strictly as directed, they pose a low 
toxicity risk. With few exceptions, the management of 
toxic cosmetic exposures is symptomatic and supportive. 
Emesis is not recommended. Activated charcoal may 
confer benefit in specific situations. Antidotes are not 
readily available except for a few products. 

Most unintentional cosmetic product exposures 
involve children. Caution must be exercised in storing 
these products, just as for other chemicals, toxicants, and 
household products. 
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1 0 1 Essential Oils 


JACK MAYPOLE, MD m ALAN DAVID WOOLF, MD, MPH 


At a Glance... 


m Essential oils are a family of plant-derived hydrocarbons that 
possess (or are believed to possess) a broad range of 
therapeutic benefits. 

m Essential oils of clinical and/or toxicologic importance include 
cinnamon, eucalyptus, pennyroyal, tea tree, peppermint, and 
clove. 

m All essential oils contain concentrated amounts of volatile 
aromatic hydrocarbons, such that ingestion can result in 
aspiration which in turn results hydrocarbon pneumonitis. 

m The same principles of treatment employed after hydrocarbon 
aspiration should be used in managing a patient with essential 
oil aspiration. 


Since the early 1990s the use of herbal products by 
the general public has increased in North America, in 
parallel with the use of complementary and alternative 
medicines. Herbs that are used for medicinal purposes 
come in a variety of forms; active parts of a plant may 
include leaves, flowers, stems, roots, seeds, and/or 
berries. Herbal products may be taken internally as pills 
or powders, dissolved into tinctures or syrups, or brewed 
in teas and decoctions. Salves, ointments, shampoos, 
pessaries, suppositories, or poultices may be applied to 
wounds, the skin, scalp, or mucous membranes. 

Many plants contain the so-called essential oils 
(EOs), aromatic hydrocarbon-based oils. The highly 
concentrated, volatile EOs, which have pungent odors 
and rapidly evaporate in room air, are distilled as 
extracts, packaged, and sold unregulated to the public 
for medicinal purposes. In terms of their therapeutic 
effects, herbalists believe EOs have pharmacologic, 
physiologic, and psychological actions on the body. Box 
101-1 defines some terms useful in understanding herbal 
therapy involving EOs. The increasing accessibility and 
popularity of the therapeutic use of EOs have been 
mirrored by a rise in inadvertent poisonings, and toxicity 
associated with their use and misuse. 


THERAPEUTIC USES 


EOs from many spices and herbs have antimicrobial 
and antifungal properties, attributable in part to their 
monoterpene constituents. These properties underlie 
the ability of EOs to prevent food spoilage and treat 
health problems, although there is limited scientific 
data regarding the therapeutic benefits of EOs. The 
traditional individualized therapeutic approach conflicts 
with the scientific research demand for empiric, 
controlled studies. The distinctive aromatic nature of 


EOs also contributes to methodologic problems in 
conducting blinded randomized controlled trials. 


Antiseptic/Antimicrobial 


A growing body of evidence supports the potential 
usefulness of EOs for their antimicrobial and antiseptic 
effects. Tea tree oil (TTO), lavender, mint, sandalwood, 
and thyme have been found to possess in vitro anti- 
bacterial and antifungal activity against such organisms 
as methicillin-resistant Staphylococcus aureus, vancomycin- 
resistant Enterococcus faecium, Escherichia coli, and Candida 
albicans.'* Lavender, geranium, sandalwood, TTO, ylang 
ylang, patchouli, myrrh, and bergamot have demon- 
strated activity against both gram-positive and gram- 
negative microorganisms and C. albicans in laboratory 
studies. TTO contains terpinen-4-ol and other terpenes 
that may be responsible for its antimicrobial action. The 
mechanism is thought to be the disruption of the cell 
membrane, allowing potassium ion leakage, which leads 
to loss of chemiosmotic control and, therefore, causes 
rupture and destruction of the bacterial or fungal cell 
walls.! Terpinen-4-ol, has been demonstrated in vitro to 
suppress inflammatory mediator production by activated 
human monocytes.’ 

Such antimicrobial actions, as well as specific actions 
against Staphylococcus mutans (causing plaque and 
gingivitis) have led to the inclusion of EOs in dental 


BOX 101-1 


n" n" 


Essential oils (“volatile oils,” “ethereal oil”): Any of a class of 
highly concentrated, volatile oils composed of a mixture of complex 
hydrocarbons (usually terpenes) and other chemicals extracted from 
a plant, typically by a method of distillation. Essential oils give a 
plant its characteristic pungent or fragrant aroma and will 
evaporate quickly off skin or another surface. 

Essence: A concentrated fragrance or perfume. 

Fixed oil: A nonvolatile oil made of long-chain fatty acids (such as 
castor oil or safrole). 

Carrier oils: Essential oils are too concentrated to be applied 
directly to the skin during therapeutic use. Frequently, only a few 
drops of the essential oil are diluted into the carrier oils, such as 
safflower oil. 

Aromatherapy: The use of volatile oils via inhalation in the 
treatment of certain health problems. 

Carminative: An agent that aids in expelling gas from the 
gastrointestinal tract. 

Rubefacient: An agent that reddens the skin and causes a 
localized feeling of warmth via cutaneous vasodilation. 
Emmenagogue: An agent that influences menstruation and 
addresses problems related to menstrual flow. 

Abortifacient: An agent that induces abortion. 
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hygiene products, including mouthwash, toothpaste, 
rinses, implants, and temporary amalgams used in dental 
repairs.* TTO has purported antiseptic, antifungal, and 
antimicrobial properties when applied topically to 
mucous membranes and is used in the treatment of 
vaginal candidiasis, chronic cystitis, tinea pedis, genital 
herpes, and acne. TTO and other EOs have also been 
added to soaps, lotions, liniments, creams, and salves 
used to treat skin infections and improve wound healing. 


Psychological Effects 


EOs have been used in the management of behavior 
problems, stress reduction, relaxation therapy, and sleep 
disorders. Aromatherapy links EO odors to a healthy 
lifestyle by boosting awareness, stimulating the senses, 
and facilitating memory and learning. 


Other Uses 


EOs are used to enhance digestion, stimulate appetite, 
and lessen abdominal discomfort (e.g., inflammatory 
bowel disease or menstrual problems). EOs are used to 
manage muscle spasm or soreness after strain or injury 
and for nerve or dental pain. EOs have also been used 
for weight loss, although coriander and bergamot are 
reportedly appetite stimulants. 


GENERAL TOXICITY 


As food additives, essential oils are regulated by the Food 
and Drug Administration (FDA). A ceiling concentration 
limited to less than 300 ppm makes toxicity through 
ingestion of flavored foodstuffs unlikely, although 
allergic reactions are still possible. All EOs contain con- 
centrated amounts of volatile aromatic hydrocarbons, 
such that unintentional ingestion can result in aspiration 
and hydrocarbon pneumonia. As plant derivatives, KOs 
can cause allergic skin reactions as well, including allergic 
or irritant contact dermatitis, other skin eruptions, 
phototoxic reactions, and urticaria. Systemic anaphy- 
lactoid reactions are also possible. Occupational workers 
in settings where EQOs are present, such as aromathera- 
pists, dentists and dental hygienists, fruit pickers, beauti- 
cians, physiotherapists, and cosmeticians, are particularly 
vulnerable to such reactions.° Some EOs exhibit gen- 
otoxicity, with in vitro studies revealing chromosome aber- 
rations (e.g., sister chromatid exchanges).’ 


SPECIFIC ESSENTIAL OILS 


Cinnamon (Cinnamon cassia nees 
ex blume) 


Cinnamon is harvested from the bark of the Cinnamon 
cassia nees ex blume plant, a member of the Lauraceae 
family. Besides its use as a spice, cinnamon’s EO is 
promoted for a variety of medical conditions related to 
its properties as a stimulant, astringent, and carminative 
agent. Historically, it was used with other EOs and herbs 


ENVIRONMENTAL, INDUSTRIAL, AND HOUSEHOLD PRODUCT TOXICOLOGY 


as a treatment for chronic bronchitis. Up to 80% of the 
fresh oil is cinnamic aldehyde, which can have sensitizing 
properties. Patients who develop cinnamon sensitivity 
usually develop an allergic, potentially “systemic” der- 
matitis or urticarial lesions upon reexposure. Cinnamic 
aldehyde is metabolized to cinnamic acid and excreted 
as benzoic and hippuric acids. 

While ingestion of large amounts of cinnamon oil has 
been rarely reported, as little as 5 to 10 mL taken orally 
may cause central nervous system effects, possibly 
including seizures, and respiratory depression.®” A 7- 
year-old child who ingested about 2.5 mL/kg developed 
gastrointestinal symptoms, dizziness, lethargy, and rectal 
burning, which resolved over a 5-hour period.'° 

In sensitive patients, the use of cinnamic aldehyde- 
containing products such as toothpaste may produce 
white mucosal lesions in the mouth similar to leuko- 
plakia seen with squamous cell carcinoma—in fact, 
Squamous cell carcinoma has been associated with chronic 
oral cinnamon use.!!)!? 

Additionally, oral cheilitis, welts, erythema, ulcers, and 
vesicles may be observed. The patient may complain of 
burning pain from such lesions. The condition, known as 
stomatitits venenata and mucositis, can develop into oro- 
facial granulomatosis and must be differentiated from 
lupus, lichen planus, oral candidiasis, lichenoid mucos- 
itis, cheek biting, and malignant conditions.!*!* A 
history of chronic cinnamon exposure—noted in cases 
of occupational exposure of bakers, or in health care 
providers using cinnamon oils topically'’’8—reveals the 
correct etiology of the lesions, and abstinence from 
cinnamon results in their resolution. Immunoglobulin 
E (IgE) and radioallergosorbent tests are unhelpful 
for the diagnosis. A skin biopsy reveals characteristic 
perivascular infiltrates. 

The practice of sucking on cinnamon oil—dipped 
toothpicks or hard candy by adolescents as a recreational 
activity has been reported.'® Self-limited signs of acute 
cinnamon toxicity, including facial flushing, oral burning, 
shortness of breath, tachycardia, dizziness, and abdominal 
pain, resulted. Typically, only supportive management is 
required. 


Eucalyptus Oil (Eucalyptus globulus) 


Eucalyptus oil has been recommended for the treatment 
of upper respiratory and other viral infections, and is 
also used in a liniment for muscle aches and strains. 
The yellowish oil has a distinctive camphor-like, pungent 
odor, which lingers on the breath of a poisoned patient. 
The active ingredient in the EO is eucalyptol, made of 1, 
8-cineole plus tannins, in up to a 70% concentration. 
Hydrocyanic acid, present in lesser amounts, is also 
a contributor to the oils toxicity.!” Eucalyptus oil is 
capable of hepatic microsomal induction, and thus may 
affect the metabolism of other drugs and chemicals. It is 
rapidly absorbed and has primary neurotoxicity (seizures, 
coma). Elimination of eucalyptol may be largely via the 
pulmonary route. 

Although 80% of 42 children with eucalyptus poisoning 
remained asymptomatic in one study,'® two other case 


series have documented symptoms in 65%!" and 59% of 
victims.*° In one Australian telephone survey, eucalyptus 
oil was a leading agent associated with hospitalization for 
poisoning/ingestion among children younger than five 
years; 74% of preschoolers gained access to eucalyptus 
oil via a home vaporizer unit, most frequently placed at 
ground level.*! 

Diagnosis is evident after unintentional ingestion of 
eucalyptus oil because of its pungent odor on the breath. 
Small amounts may cause a rapid onset of nasal and 
epigastric burning, vomiting, gastrointestinal distress, 
miosis, weakness, headache, drowsiness, ataxia, or coma. 
In a review of fatalities caused by eucalyptus oil, oral 
burning, emesis, and abdominal pain were early symp- 
toms of poisoning.** Bronchospasm, bronchorrhea, hyper- 
pnea, dyspnea, and pneumonia are also associated with 
aspiration of the volatile oil.** Cyanosis, coma and 
seizures are sometimes seen, especially in infantile 
poisoning, and have been associated with respiratory 
depression and death." As little as 0.6 to 5.0 mL of 100% 
eucalyptus oil causes severe illness in children. Seizures 
and death were reported in an 8-month-old child after 
ingestion of 30 mL of the oil.” In adults, symptoms may 
occur with an ingestion of as little as 1 to 2 teaspoons of 
eucalyptus oil, although an adult died after reportedly 
ingesting only 4 mL of eucalyptus oil.*° 

Topical application of eucalyptus oil may also cause 
toxicity. A 6-year-old girl presented with rapidly progress- 
ing slurred speech, ataxia, muscle weakness, and 
unconsciousness following the widespread application of 
a eucalyptus oil-containing home remedy for urticaria.” 

Some victims of eucalyptus oil may only require close 
observation; however, in known large ingestions or when a 
poisoned patient presents early with clinical symptoms, the 
clinician may consider decontamination with activated 
charcoal, with elective intubation to protect the airway. 18-40 
Respiratory support, antiemetics, and vasopressors are 
indicated in the management of some patients. Symptoms 
may be delayed for several hours, so the suspected victim 
deserves a longer period of monitoring than usual. 


Nutmeg (Myristica fragrans) 


Nutmeg is the seed kernel of the evergreen tree Myristica 
fragrans, the outer shell of which is also the source of the 
spice mace. Originally grown in the Malucca Island of 
the South Pacific, nutmeg was transplanted to Grenada, 
Trinidad, and other “spice islands” of the Caribbean, 
where it is grown commercially today. Besides its com- 
mon culinary use as a spice, fresh nutmeg is recommended 
by herbalists as a gastrointestinal stimulant, as a car- 
minative, for the treatment of rheumatism, for neuro- 
logic complaints, and as an emmenagogue. Nutmeg was 
introduced as a spice in the 12th century, and abuse of 
the spice was recorded as early as the 1500s. It is well 
known among sailors, jail inmates, and, more recently, 
adolescents as a cheap, readily available euphoriant. 
Unfortunately, the euphoria is short lived and is 
accompanied by such an array of unpleasant side effects, 
including severe headache and vomiting, that, after the 
first experiment, repetitive abuse is unlikely. 
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The oil of the nutmeg spice contains a mix of aromatic 
allylbenzenes, including the active principal, myristacin, as 
well as other complex hydrocarbons, including alamecin, 
borneol, safrole, isoeugenol, geraniol, and eugenol. 
Myristicin has been characterized as causing both 
hallucinogenic as well as amphetamine-like symptoms. 
It can be metabolized endogenously to 5-methoxy-—3, 4- 
methylenedioxyamphetamine, which may be the proxi- 
mal mediator of some of its toxic effects. Alamecin may 
also be metabolized to a hallucinogenic agent. These 
compounds have been described as having LSD-like and 
monoamine oxidase inhibitor properties as well. 

Fresh nutmeg contains much higher concentrations 
of the EO than the dried, powdered spice. An estimated 
one to three whole nutmegs can cause moderate toxicity 
when ingested, which translates to 5 to 15 g of the freshly 
ground spice.” A dose of 18 g of fresh ground nutmeg 
has been associated with obtundation in a patient; such 
very large doses (14 to 21 g, or 280 to 420 mg/kg) may 
be associated with liver failure and death.?®?7 

Usually, ingestion of 10 to 50 g of fresh nutmeg 
produces clinical intoxication. Prominent nausea, 
vomiting, headache, and chest and abdominal pain are 
invariably an early part of the clinical picture and limit 
the abuse potential of the EO. Patients may experience a 
sense of impending doom, which precedes uncon- 
trollable retching. Flushed skin, decreased salivation, 
tachycardia, and slightly elevated blood pressure may 
remind the clinician of the anticholinergic syndrome. 
But these patients differ from those with an anti- 
cholinergic syndrome in that they present early on with 
pinpoint rather than dilated pupils and a depressed body 
temperature rather than fever. Patients may develop 
other neurologic symptoms besides hallucinations, 
including agitation, tremors, lethargy, confusion, delirium, 
or psychosis. The hallucinations are said to be visual and 
auditory, with distortions in color, time, and space. 
Symptoms may persist for up to 2 to 3 days. 

Many cases of nutmeg abuse have been described, but 
only one fatal case of poisoning has been reported. 
Myristicin (4 ug/mL) and flunitrazepam (0.072 ug/mL) 
were detected in the postmortem serum of a 55-year-old 
woman.”’ From 1996 to 1998, seven poisonings with nut- 
meg were recorded by the Erfurt Poison Information Cen- 
tre. Even where higher doses (20 to 80 g of powder) had 
been ingested, a life-threatening situation was never 
observed. In one of these cases, a myristicin blood level 
of 2 pg/mL was measured 8 hours after ingestion of 2 to 
3 tablespoons of nutmeg powder (approximately 14 to 
21 g, or 280 to 420 mg/kg).?” Management of nutmeg 
poisoning includes oral decontamination with activated 
charcoal, supportive care including antiemetics, and, 
where necessary, sedation with a benzodiazepine medica- 
tion. Reduction of visual and auditory stimuli is also 
helpful in calming the agitated patient. 


Pennyroyal (Squaw Mint) Oil (Hedeoma 
pulegiodes) 


Pennyroyal oil is distilled from Hedeoma pulegiodes or 
Mentha pulegium and may be prescribed for a variety of 
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medical conditions, including for toothache, as a flea 
and tick repellent, for chronic bronchitis or asthma, as 
an anti-inflammatory agent, or for genitourinary 
complaints. Use of pennyroyal oil as an emmenagogue 
or as an abortifacient has been described in young 
women.” Yerba buena, an herbal tea made from mint 
leaves, is popular in Latino and other cultures as an 
indigenous cure for infantile abdominal pain and colic. 
However, when pennyroyal oil—containing mint is used, 
life-threatening poisoning among treated infants has 
been reported.*’ 

Studies of pennyroyal oil in mice have established its 
ability to cause hepatic and pulmonary necrosis at doses 
of 400 mg/kg.” The active chemical in pennyroyal is 
pulegone, an aromatic ketone that undergoes bioacti- 
vation to menthofuran, a cyclohexanone. Both of these 
compounds, as well as other reactive intermediates 
derived from the metabolism of pulegone, can bind 
to subcellular proteins and cause cellular damage.’!-54 
Pulegone and menthofuran also deplete cellular 
glutathione levels and make hepatocytes vulnerable to 
attack by oxidizing radicals.** Menthofuran can be 
detected by gas chromatography in the urine, blood, and 
other tissues of a poisoned patient. 

Gastrointestinal symptoms, delirium, and seizures are 
noted at doses of pennyroyal oil as low as 3.5 mL, with 
cases of centilobular hepatitis following ingestion of 
30 mL or more. Signs of poisoning are apparent soon 
after ingestion and may include a burning in the throat, 
nausea, vomiting, dizziness, abdominal pain, gastroin- 
testinal bleeding, and hematuria.” 6 Chemical hepatitis 
is usually detectable within 24 hours of ingestion. Later 
the patient will manifest liver dysfunction with secondary 
complications including coagulopathy, renal failure, 
seizure, and death.” One young woman who ingested 
30 mL of pennyroyal oil to induce an abortion quickly 
developed a rash and repeated retching, followed by 
severe hepatorenal failure, disseminated intravascular 
coagulation, metabolic acidosis, pneumonia, and death 
7 days later.°° Autopsy confirmed the presence of 
pulmonary consolidation and widespread hepatic necrosis. 
A second case report of pennyroyal-induced death in a 
24-year-old woman noted a variety of pathologic findings 
at autopsy, including hemolysis, renal tubular necrosis, 
pulmonary consolidation, and cerebral edema.** 

Management of the affected patient includes oral 
decontamination by lavage if performed soon after 
ingestion and administration of activated charcoal, 
although charcoal’s efficacy is unproven. The similarity 
of the pathogenesis of pennyroyal-induced centrilobular 
hepatic necrosis to that produced by acetaminophen 
suggests a prominent role for Mactylcysteine (NAC) as 
an antidote. Indeed, NAC was given to a child who had 
ingested life-threatening amounts of pennyroyal oil and 
the patient did not subsequently develop hepatitis.*° 
Recent investigations of pulegone toxicity of a mouse 
model suggest some mitigation of liver damage when 
combination pretreatment with cytochrome CYP1A2 
inhibitors (cimetidine and disulfuram) prevents formation 
of the toxic furan metabolite, although the clinical utility 
of such inhibitors has not been established.°° 
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Tea Tree Oil (Melaleuca alternifolia) 


TTO extract is derived from oil of the Melaleuca 
alternifolia tree, indigenous to Australia. Distillation of 
the leaves yields a pale, colorless oil that is approximately 
50% terpenes and 6% to 8% cineol, with a variety of 
other compounds. Active ingredients include terpinen- 
4-ol, found also in eucalyptus oil. There are no clear data 
in humans to indicate a dose range associated with acute 
toxicity. TTO ingestion has also been reported in dogs 
and cats, with the primary symptoms appearing to be 
depression, weakness, incoordination, and muscle 
tremors. Acute oral toxicity in rats occurs at doses of 1.9 
to 2.6 mL/kg.” 

TTO shows promise as an effective treatment for a 
number of microorganisms commonly associated with 
otitis externa and otitis media, but its possible ototoxicity 
may discourage such uses. The ototoxicity of tea tree 
oil was examined in the guinea pig by measuring the 
thresholds of the compound auditory nerve action 
potential (CAP) to tone bursts before and after 
instillation of TTO into the middle ear. After 30 minutes 
of instillation, 100% TTO caused a partial CAP threshold 
elevation at 20 kHz, although a 2% concentration did 
not cause any significant lasting threshold change.” 

Contact dermatitis and/or systemic hypersensitivity 
reactions have been seen after topical administration of 
TTO, although the incidence of such reactions is 
thought to be infrequent.*” Topical administration has 
been associated with the formation of blisters and sores, 
as well as flare-ups in individuals with a history of 
eczema. Australian TTO has been used as a veterinary 
antiseptic for many years and, more recently, this 
indication has been extended into human use. There 
have been many reports of allergic contact dermatitis 
and other dermal toxicity reactions, but TTO has never 
been implicated in immediate systemic hypersensitivity. 
A 38-year-old man experienced immediate flushing, 
pruritus, throat constriction, and lightheadedness after 
topical application of Australian TTO. The patient had a 
positive wheal and flare reaction on intradermal testing 
with TTO. No specific IgG or IgE was detected.“ 

Confusion, obtundation, coma, and a neutrophil leuko- 
cytosis have been associated with ingestion of TTO. Toxi- 
city of the individual components of the oil has not been 
clearly established, but it is thought that terpenin- 
4-ol and other terpenes are responsible for its toxic 
effects. Symptoms may also include a strong mint-like 
aromatic odor to the breath.“ A 23-month-old boy 
demonstrated mental status changes and ataxia after 
ingesting less than 10 mL of a TTO preparation. His 
symptoms lasted for approximately 5 hours.* Ingestion 
of half a cup of neat TTO by an adult caused coma that 
lasted about 48 hours.*® Management of TTO poisoning 
consists of supportive care. 


Peppermint/Mentha (Mentha piperit) 


There are a wide variety of Mentha species of mint, all of 
which contain various amounts of the chemicals menthol 
and menthone. In two separate analyses, more than 30 
other chemicals were identified from different mint 


species, including pinene, limonene, menthofuran, 
pulegone, eugenol, menthyl acetate, diosphenol, and 
others.*** Peppermint is not only an herbal remedy 
for abdominal pain and other discomforts, but also a 
ubiquitous flavoring in everything from gum to 
toothpaste. Peppermint is used as a breath freshener, 
decongestant, and antitussive. It is an intestinal anti- 
spasmodic, aiding in dyspepsia, flatulence, and colic 
and has been administered to patients to decrease 
symptoms in irritable bowel syndrome, inflammatory 
bowel disease, and biliary tract disorders. Menthol is 
used in shaving creams, mouthwash, lip balm, and many 
other personal hygiene products. 

The actions of peppermint oil on the gut are 
complex. Some have found that it relaxes smooth muscle 
via effects on calcium channel receptors, whereas others 
have found that it stimulates intestinal smooth muscle 
and can cause cramps and the urge to defecate and 
urinate.*° EOs from two different Mentha species pro- 
duced central nervous system depression and hypother- 
mia when fed to rats. Seizures, ataxia, and respiratory 
depression were seen in rats after acute menthol dosing 
(median lethal dose [LD;o] 2.5 g/kg).4” Chronic dosing 
at 40 to 100 mg/kg/day in rats over a 3-month period 
produced cystic lesions in the cerebellum and a 
progressive nephropathy.*® 

The clinical toxicity of peppermint includes a 
dermatitis associated with hypersensitivity to menthol. 
Chronic urticaria, “hot flashes,” and gastrointestinal irri- 
tation are common in susceptible individuals. Diagnosis 
is possible by challenging the allergic individual with 
mint; besides eliciting the symptoms, a characteristic 
basopenia is observed in the blood count after provoca- 
tive testing. Because a wide variety of everyday foods and 
household products contain mint flavoring, strict 
surveillance to avoid offending foodstuffs is difficult. 

Acute Mentha reactions in humans can also include 
neurologic changes such as tremor, ataxia, drowsiness, 
or even coma. In one instance, menthol drops were 
mistakenly instilled into the nose of a 2-month-old infant, 
who subsequently developed dyspnea, unconsciousness, 
hyperextension of the extremities, and a metabolic acidosis. 

A variety of other toxic effects are occasionally seen. 
Peppermint may precipitate hemolysis and jaundice in 
newborns with glucose-6-phosphate dehydrogenase 
deficiency,* and it was implicated in the development of 
pneumonia in an infant exposed to aerosolized 
peppermint.°° Peppermint oil is also an irritant of the 
eyes and skin. It can cause burns of the skin or oral cavity 
and gingival and pharyngeal edema. It can cause 
gastrointestinal symptoms, perianal burning, cramps, and 
diarrhea. Myalgia and bradycardia have been reported. 
Management of peppermint poisoning consists of sup- 
portive care and may include activated charcoal for 
recent ingestions. 


Clove Oil (Clove Plant) 


Eugenol, a phenol, is the ingredient that makes up more 
than 90% of clove oil. Other ingredients of clove oil 
include caryophillin and vanillin. Clove oil is used widely 
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as a fragrance or to flavor a variety of products, includ- 
ing foods, candles and incense, soaps, and toothpastes. 
Eugenol’s disinfectant and analgesic properties have led 
to its use to treat dental pain and gingivitis, and it is 
commonly used during dental procedures and cleaning. 
According to Poisindex, the clinical effects of eugenol in 
clove oil resemble those of phenol, but are not as severe.”! 
Clove oil may manifest its toxicity via direct injury to 
tissues, as seen when instilled directly into the trachea of 
rats, where eugenol caused interstitial hemorrhage, acute 
emphysema, and acute pulmonary edema.”” 

Toxicity of clove oil must be extrapolated from animal 
studies due to a lack of data defining specific toxic doses 
in humans. Dogs given oral doses of 0.25 g/kg of 
eugenol manifest with vomiting, weakness, lethargy, and 
ataxia.°® In rat studies, eugenol was shown to cause coma 
and death within 24 hours with doses of 0.5 g/kg. The 
LD;o of eugenol has been determined to be 1.8 mL/kg 
(1.93 g/kg), with evidence of cardiovascular collapse.** 
The relatively low LD; (11 mg/kg) of clove oil admin- 
istered via the pulmonary route suggests the danger if 
clove oil is aspirated.” 

In humans, a case of ingestion of oil of cloves by 
a young child was reported, which resulted in coma, 
seizures, a coagulopathy, and acute liver damage.** A 
reported case of accidental oral administration of clove 
oil resulted in central nervous system depression, urinary 
abnormalities, and large anion-gap acidosis.” 

Topical exposure to clove oil can cause irritation to 
the skin, eyes, and oral mucosa. Clove oil splashed into 
the eye may cause acute pain, blepharospasm, lac- 
rimation, and conjunctival edema, with loss of corneal 
epithelium.*° It has been responsible for cases of contact 
dermatitis, stomatitis, and systemic allergic reactions. 
Orally, the initial stinging and irritation noted after 
topical exposure may progress to permanent local 
anesthesia and anhidrosis if contact is prolonged.*’ 

Clove oil is also used in “bidi” cigarettes, an Indian 
product, which has been popularly used as a tobacco 
substitute. Clove cigarettes (approximately 40% dried 
clove and 60% tobacco) may also cause toxicity. 
Principally, bidi cigarettes are imported from Asia, and 
are available throughout the United States and Canada. 
Respiratory and systemic side effects of bidi cigarettes 
are numerous, and they include nausea, vomiting, dysp- 
nea, bronchospasm, pulmonary edema, hemoptysis, and 
epistaxis. Side effects may be due to the direct effects of 
eugenol, including eugenol-induced anesthesia of the 
mucous membranes. In turn, this permits deeper 
inhalation of smoke and may result in greater tissue 
irritation and injury.°® 

Management of ingestion of clove oil may begin with 
dilution with water or milk prior to gastric evacuation. 
Concern for aspiration makes emesis undesirable, but 
activated charcoal may be indicated although direct 
evidence of its efficacy is lacking.°! Topical exposures to 
the eye or mucous membranes should be addressed with 
vigorous and lengthy irrigation. Mild to moderate 
allergic reactions, including anaphylaxis, may be treated 
with antihistamines with or without inhaled B agonists, 
corticosteroids, or epinephrine. 
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MANAGEMENT OF POISONING BY 
ESSENTIAL OILS 


Exposure of the eyes or skin to undiluted EOs will likely 
cause pain and irritative reactions. Treatment of skin 
exposures should include immediate thorough washing 
with soap and water. Skin eruptions may necessitate 
steroid-containing creams or other local therapy. 
Generalized allergic rashes, urticaria, or anaphylaxis 
may require the use of oral or parenteral antihistamines, 
subcutaneous epinephrine, intravenous steroids, and 
other anti-inflammatory and resuscitative measures. 

Eye exposures may cause pain, erythema, photopho- 
bia, lacrimation, blepharospasm, and even corneal 
clouding and more serious burns. Exposed eyes should 
be flushed with a cool stream of water or an eye wash 
solution for at least 15 to 20 minutes. Patients with lingering 
photophobia, conjunctival injection and irritation, or other 
symptoms despite initial dilution efforts will require 
ophthalmologic consultation and management. 

Ingestion of EOs can lead to allergic symptoms or, 
depending on the specific EO, other toxic effects in 
target organ systems (Table 101-1). Patient assessment 
includes obtaining a careful history and performing a 
thorough physical examination, during which it should 
be determined whether a splash event for aspiration has 
also occurred. Gastric emptying using ipecac may 
increase the risk for aspiration during vomiting and is 
not recommended. Oral administration of activated 
charcoal, with care to avoid inducing emesis extending 
to elective endotracheal intubation to protect the airway, 
may be helpful if the patient presents to medical care in 
a timely fashion, although its value in improving patient 
outcome after EO ingestion is uncertain. 

EOs contain aromatic or branched hydrocarbons with 
high volatility and low viscosity. ‘Toxic effects of many EO 
also include central nervous system depression and a 
depressed gag reflex. These properties place the patient 
at high risk for aspiration. When aspirated, the effects of 
EOs are similar to those of hydrocarbon aspiration, with 
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possible bronchospasm, pneumonia, and pulmonary 
edema. Patients who have aspirated an EO require and 
assessment for aspiration pneumonia, including serial 
chest radiographs and white blood cell counts, both of 
which may become progressively more abnormal as time 
goes on. Patients in respiratory distress may require 
transport to a facility with intensive care capabilities and 
expertise in advanced cardiovascular and respiratory 
medical care. 

Patients in acute respiratory distress require close 
monitoring of arterial blood gases, with the administration 
of oxygen and supportive measures. In life-threatening 
aspirations, such measures may include endotracheal 
intubation and artificial ventilation. The value of steroids 
in such patients is controversial.” The use of bron- 
chodilators may be necessary for patients who exhibit 
bronchospasm; antibiotics may be needed for patients 
who develop secondary pulmonary infections. High- 
frequency oscillatory ventilation and extracorporeal 
membrane oxygenation might be considered in patients 
with severe, life-threatening pulmonary failure due to 
aspiration unresponsive to conventional measures, but 
are still considered experimental measures.°” 

Other complications of oral EO poisoning include 
allergic reactions whose treatment is described above 
and EO-specific toxicities such as hepatitis or central 
nervous system depression. Treatment of hepatitis or 
coma requires frequent monitoring of the patient’s status, 
with supportive measures as indicated. Hemodialysis may 
be indicated for patients in acute renal failure, but has 
not been shown to enhance elimination of a clinically 
significant amount of an EO. Ingestion of pennyroyal oil 
may require early consideration of administration of the 
antidote, NAC, to prevent hepatic injury. 


RESOURCES 


Box 101-2 provides information on Internet resources 
for herbs, dietary supplements, and essential oils. 





PURPORTED 


ESSENTIAL OIL BOTANICAL NAME INDICATIONS 


Chamomile Chamaemelum nobile Eczema, asthma 


Absinthe Malaria, 
antihelminthic 


Anti-parasitic agent 


Artemisia species 


American wormseed, 
Jerusalem oak 


Chenopodium 


Cinnamomum 
zeylanicum 


Cinnamon Flavoring, stimulant, 


carminative 


TOXIC INGREDIENTS 


Ascaridole, cymene, 


Cinnamic aldehyde 


SYMPTOMS/TOXIC EFFECTS 


Tiglic oil Somnolence, gastrointestinal upset, 
allergic reactions, bronchospasm, 
increased bleeding time, uterine 
stimulant 

Thujone GI upset, seizures, coma, psychosis, 


memory loss 

Nausea, vomiting, abdominal pain, 
dizziness, parethesias, seizures, coma, 
impaired vision, optic atrophy, 
hepatitis 

Hypersensitivity reactions, dermatitis, 
stomatitis, nausea, vomiting, 
abdominal pain, facial flushing, 
dizziness, oral lesions, skin burning 
sensation 


camphor, limonene 
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Selected Essential Oils and Their Toxicities—cont’'d 





PURPORTED 
ESSENTIAL OIL BOTANICAL NAME INDICATIONS TOXIC INGREDIENTS SYMPTOMS/TOXIC EFFECTS 
Clove Eugenia species Toothache, flavoring, Eugenol, caryophillin, Oral and skin irritation, allergic reactions, 
disinfectant as used vanillin nausea, vomiting, respiratory 
in dental procedures symptoms, hepatic necrosis, lethargy, 
ataxia, seizures 
Eucalyptus Melaleuca alternifolia Antitussive 1,8 cineole Vomiting, abdominal pain, 
(eucalyptol), bronchospasm, bronchorrhea, 
hydrocyanic acid pneumonitis, respiratory depression, 
dizziness, headaches, ataxia, 
obtundation, coma, seizures 
Hyssop Hyssopus officinalis Nervous exhaustion, Pinocamphone Seizures, hypertension 
grief, emmenagogue 
Juniper Juniperus communis Arthritis, antibacterial, Terpinen-4-ol Uterine spasm, tachycardia, dermatitis 
carminative, diuretic 
Lavender Lavandula species Many dysfunctions, Cintronellal, others Allergies 


including sedative, 
anxiolytic, antimicrobial 


Lemon grass Melissa oficinalis, Flavoring, sedative, Citral Dermatitis 
lemon balm, sweet antidepressant 
balm 
Myrrh Comiphora molmol Anti-inflammatory, Sesquiterpenes Tachycardia, dermatitis, abortifacient 
GI upset, asthma 
Nutmeg Myristica fragrans Toothache, GI upset, Myristacin Nausea, vomiting, abdominal pain, 
halitosis diarrhea, hallucinations, coma 
Pennyroyal Hedeoma pulegiodies Abortifacient Pulegone Nausea, vomiting, abdominal pain, 


hepatitis, centrilobular hepatic 
necrosis, kidney failure, pneumonia 


Peppermint Mentha species Antispasmodic, Menthol, menthone Hypersensitivity reactions, ataxia, 
carminative, used myalgia 
in irritable bowel 
syndrome 

Pine Pinus species Disinfectant Monoterpene, CNS effects, respiratory failure 


aromatic pine oil, 
other hydrocarbons 


Rose Rosa species Aphrodisiac, anxiety Hydrocarbons Aspiration pneumonia, nephrotoxic 
Sandalwood Santalum album Flavor, anxiety Santalol CNS effects, mucous membrane irritant, 
GI upset, kidney pain 

Sassafras Sassafras albidum Pediculosis capitis, Safrole, pinene, Vomiting, dizziness, stupor, shock, 
abortifacient camphor hepatocarcinoma 

Tea tree Melaleuca alternifolia Antibacterial Terpinen-4-ol Stupor, ataxia, sores 

Yarrow Achillea millefolium — Anti-inflammatory, Sesquiterpene Allergy, antispermatogen 
antispasmodic lactones, 


polyacetylenes, 
simple coumarins, 
flavonoids 














IYAFA INTERNET RESOURCES ON HERBS, DIETARY SUPPLEMENTS, AND ESSENTIAL OILS- 

















www.mcp.edu/herbal: Longwood Herbal Task Force Monographs ods.od.nih.gov/showpage.aspx?pageid=48: The International 
and clinician and patient information sheets on over 80 selected Bibliographic Information on Dietary Supplements database 

herbs and dietary supplements. provides access to bibliographic citations and abstracts from 
www.holistickids.org: Website providing overview of published international scientific literature on dietary supplements. 
complementary and alternative medicine use in children, including It is maintained by the Office of Dietary Supplements (ODS). 

herbs and dietary supplements. www.mskcc.org: Information on natriceuticals and complementary 
www.micromedex.com/products/poisindex/: Subscription-based and alternative medicine (CAM) for oncologists and health care 
database with documents providing data on clinical effects, professionals, including a clinical summary for each agent and 
range of toxicity, and treatment protocols for toxic details about constituents, adverse effects, interactions, and 
exposure. potential benefits or problems. 

www.naturalstandard.com: Subscription-based website providing www.mdanderson.org: University of Texas, Houston, M.D. 
peer-reviewed monographs on herbs, dietary supplements, and Anderson Cancer Center overview of integrative therapies, including 
complementary and alternative medicine. resources on herbs and dietary supplements. 
www.herbalgram.org: Established in 1988, the American www.fda.org: Source for updates from the Food and Drug 
Botanical Council is an independent and not-for-profit member- Administration concerning possible interactions between commonly 
based organization providing science-based and traditional used herbs and drugs or new information concerning adverse 


information on herbal medicine. effects of commonly used herbal preparations or dietary supplements. 
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1 0 2 Soaps, Detergents, and Bleaches 
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At a Glance... 


m Household cleaning products generally have a low level of 
toxicity. 

m Toxicity is more often due to local effects than systemic effects. 

m Personal care soaps, hand dishwashing detergents, household 
laundry detergents, and household bleaches may be irritants. 

m Automatic dishwashing detergents and cationic disinfectants 
can be corrosive. 

m Ocular tissues and respiratory mucosa tend to be more sensitive 
than gastrointestinal mucosa or skin to exposures by household 
products. 

m Inhalation or aspiration of household products may warrant 
medical attention. 

m Powdered products may cause mechanical irritation as well as 
chemical irritation, especially to the eye. 


Exposures to household cleaning products account for a 
large proportion of calls to poison control centers in the 
United States. The 2003 Annual Report of the American 
Association of Poison Control Centers (AAPCC) reports 
that cleaning products, as a category, rank second (to 
analgesics) in number of exposures to humans of all ages 
(9.4% of exposures), second (to cosmetics and personal 
care products) in number of exposures to children 
younger than 6 years (9.7% of exposures), and third (to 
analgesics and sedative-hypnotics and antipsychotics) in 
number of exposures to adults older than 19 years (8.9% 
of exposures). Of these exposures to cleaning products, 
only 0.011% resulted in the death of the exposed 
individual.! As categorized by the AAPCC, household 
cleaning products include, but are not limited to, 
bleaches, soaps, detergents, ammonia, disinfectants, 
glass cleaners, acids, and alkalis. This chapter examines 
the toxicologic aspects of bleaches, soaps, and deter- 
gents. Tables 102-1 and 102-2 summarize the AAPCC 
2003 Annual Report’s age-related and outcome data for 
these types of cleaning products. 


SOAPS AND DETERGENTS 


A soap is defined as the salt of a fatty acid (most often the 
sodium or potassium salt) and is one of the simplest and 
earliest examples of a household cleaning agent. Soaps 
belong to the broader category of substances called 
surface-active agents, or surfactants. Surfactant molecules 
contain both polar and nonpolar regions, which 
effectively decreases the surface tension of water. This 
helps water to wet surfaces more effectively and results in 
more efficient cleaning and washing. Surfactants can 


also help remove dirt, disperse soil, and emulsify oil or 
grease in the wash water.* A major limitation of soap as a 
cleaning agent is its decreased effectiveness when used in 
hard water. Hard water contains minerals such as 
calcium, magnesium, iron, or manganese that can 
combine with the fatty acids in soap and form a 
precipitate known as soap scum or film. This film does 
not rinse away easily, leaving deposits on clothing and 
surfaces. In addition, because some of the soap is 
removed from the wash water in this precipitate, the 
amount of soap available for cleaning is reduced. The 
development of detergents that perform well under a 
variety of conditions has reduced this problem.’ 

Like soaps, detergents are surfactants, but are more 
variable in structure and function. Detergent surfactants 
fall into one of four categories corresponding to the 
electrical charge on the polar portion of the molecule: 
nonionic, anionic, cationic, and amphoteric. Box 102-1 
lists common examples of each type of surfactant. 
Household detergents usually contain nonionic or anionic 
surfactants, or a combination of the two. Cationic and 
amphoteric surfactants are used to a lesser extent in 
household detergents.* Soaps are anionic surfactants 
and, therefore, could be considered a subtype of 
detergents. In its common usage, the term detergent 
encompasses cleaning products that contain detergent 
surfactants as well as additional ingredients that enhance 
the cleaning efficacy of the surfactants. This usage is 
employed for the remainder of this chapter, with 
detergent surfactants being referred to as surfactants. 

In addition to surfactants, many detergent products 
contain alkaline builders that enhance or maintain the 
cleaning efficacy of the surfactants. The primary 
function of builders is to reduce water hardness by 
inactivating hardness minerals. Builders can also supply 
and maintain alkalinity, prevent redeposition of soil 
during washing, and emulsify oily and greasy soils. 
Common builders found in household detergents 
include complex phosphates, sodium carbonate, sodium 
silicate, and sodium metasilicate.? Due to concern that 
began building in the late 1960s over the contribution of 
phosphates to eutrophication of lakes, phosphates are 
now banned in most states in the United States. For 
manufacturing convenience and cost-effectiveness, the 
detergent industry phased out the use of phosphates in 
domestic laundry detergents by 1996.4 

A few detergent products contain small amounts of 
enzymes such as proteases, amylases, lipases, and cel- 
lulases that catalyze the breakdown of organic stains. 
This improves detergent performance and reduces 
required wash temperature and cycle time.’ Detergents 
may also contain whiteners, colorants, softeners, fragrances, 
and bleaches.? Concentrations of these additives are 
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Age-Related Statistics for Selected Household Products 
AGE (yr) 
NO. OF EXPOSURES <6 6-19 >19 UNACCOUNTED 
Personal Care Soaps DOOD cn teen tema! 17,2053 vaieom 13,473 cn 1275 aa OS aaa D aS 
Percentage 78.05% 7.38% 14.28% 0.29% 
Hand Dishwashing Anionic/nonionic 5614 3609 423 1545 37 
Detergents Other/unknown BBS 2 e D e ee el a ore 
Total 7499 4732 598 2125 44 
Percentage 63.10% 7.97% 28.34% 0.59% 
Automatic Dishwasher Granular 4310 3638 117 537 18 
Detergents Liquid or gel 4690 4001 120 561 8 
Tablet 787 714 17 54 2 
Rinse agent 1394 1306 13 74 1 
Other/UNKNOWN e M cnn 827 E 158 ET 
Total 12,225 10,486 320 1384 35 
Percentage 85.78% 2.62% 11.32% 0.29% 
Laundry Detergents Granular 5448 4427 269 731 21 
Liquid 4683 3282 287 1097 17 
Soap 86 55 4 27 0 
Other/unknown nm 1 16 rere: A. 2 er ee 
Total 10,500 7975 576 1909 40 
Percentage 75,95% 5.49% 18.18% 0.38% 
Bleaches Borate 690 347 50 273 20 
Hypochlorite 54,284 20,839 5277 27,497 671 
Nonhypochlorite 703 307 62 322 12 
Other/unknown smn FOB mn 170 FG nnn 239 13 cnn 
Total 56,145 21,663 5435 28,331 716 
Percentage 38.58% 9.68% 5046% 1.28% 
Chlorine or Chloramine Gas Chloramine 642 22 57 556 7 
Chlorine a JZ D 620 A 
Total 1369 54 125 1176 14 
Percentage 3.94% 9.13% 85.90% 1.02% 


Adapted from Watson WA, Litovitz TL, Klein-Schwartz W, et al: 2003 annual report of the American Association of Poison Control Centers Toxic 


Exposure Surveillance System. Am J Emerg Med 2004;22(5):335-404. 





typically too low to result in clinically significant toxicity, 
but sensitization may occur. Medicinal soaps contain 
small amounts of antibacterial agents that do not 
contribute significant toxicity.’ 


Sources 


The term soap generally refers to personal care soaps 
such as bar soaps and liquid hand and body soaps. The 
term detergent generally refers to, but is not limited to, 
hand dishwashing detergents, automatic dishwasher 
detergents, and laundry detergents. Some liquid hand 
and body soaps also contain mild detergents. 

Personal care soaps and hand dishwashing detergents 
generally contain anionic, nonionic, or amphoteric sur- 
factants. Laundry detergents generally contain anionic 
or nonionic surfactants. Automatic dishwasher deter- 
gents generally contain nonionic surfactants because 
they are lower sudsing than anionic surfactants.*” Fabric 
softeners generally contain cationic surfactants, and 
some disinfectants contain cationic surfactants.*>” 
Builders are typically included in laundry and automatic 
dishwashing detergents and account for much of the 
toxicity related to these products.’ 


Toxicity 


The surfactants and builders contained in these 
products are the major contributors to product toxicity. 
The relative toxicity of surfactants can be graded 
according to the type of surfactant involved. Nonionic 
and amphoteric surfactants have the lowest toxicity, 
anionic surfactants have intermediate toxicity, and 
cationic surfactants have the highest toxicity.'? Nonionic, 
anionic, and amphoteric surfactants are irritating to the 
gastrointestinal (GI) mucosa and conjunctiva.!!1* 
Cationics are classified as irritants at concentrations 
below 7.5%, but can be corrosive at concentrations above 
this. Cationic surfactants can also cause systemic toxicity 
if ingested at higher doses or concentrations (see 
later) .°-!° Surfactants of any type may cause or contribute 
to dermal irritation by increasing permeability of the 
skin.'* Therefore, the surfactant itself may cause 
irritation, as well as contribute to increased sensitivity to 
other substances with which the skin may come in 
contact. 

Builders are alkaline compounds that are irritants 
at low concentrations but can be corrosive at higher 
concentrations. For example, corrosive injury can result 
from a 0.5% solution of sodium metasilicate or a 15% 
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Outcome-Related Statistics for Selected Household Products 





OUTCOME 
NO. OF EXPOSURES NONE MINOR MODERATE MAJOR DEATH UNACCOUNTED 
Personal Care Soaps Soap nl A eB cn 2732 2202 1 Oe ee Vn 2 138 
Percentage 15.82% 13.10% 0.74% 0.029% 0.01% 70.30% 
Hand Dishwashing Anionic/nonionic 5614 772 1189 73 1 1 3578 
Detergents Other/unknown ee a ee OS ee Oe ee ee oS 1265 Se 
Total 7499 1006 1552 96 1 1 4843 
Percentage 13.42% 20.70% 1.28% 0.01% 0.013% 64.58% 
Automatic Dishwasher Granular 4310 1389 626 46 1 1 2247 
Detergents Liquid or gel 4690 1450 877 53 1 1 2308 
Tablet 787 271 101 4 0 0 411 
Rinse agent 1394 319 146 14 0 0 S15 
Other/unknown 1044 250 184 o B Oe 641 
Total 12,225 3679 1884 135 3 2 6522 
Percentage 30.09% 15.41% 1.10% 0.025% 0.02% 53.35% 
Laundry Detergents Granular 5448 1262 1237 78 1 1 2869 
Liquid 4683 807 1162 97 5 0 2612 
Soap 86 21 16 4 0 0 45 
Other/unknown 283 EU TEE =) ee Oo ee Oaa Ora ee ete eet 
Total 10,500 2167 2466 187 6 1 5673 
Percentage 20.64% 23.49% 1.78% 0.057% 0.010% 54.03% 
Bleaches Borate 690 125 181 20 1 0 363 
Hypochlorite 54,284 7419 15,559 2530 60 1 28,715 
Nonhypochlorite 703 111 194 32 1 0 365 
Other/unknown 468 51 M46 oo 40 i Oman 229 
Total 56,145 7706 16,080 2622 64 1 29,672 
Percentage 13.73% 28.64% 4.67% 0.11% 0.0018% 52.85% 
Chlorine or Chloramine Chloramine 642 42 243 106 0 0 251 
Gas Chlorine [27 E. 540340 87. A. Dee 
Total 1369 96 583 243 2 1 444 
Percentage 7.01% 42.59% 17.75% 0.15% 0.073% 32.43% 


Adapted from Watson WA, Litovitz TL, Klein-Schwartz W, et al: 2003 annual report of the American Association of Poison Control Centers Toxic 
Exposure Surveillance System. Am J Emerg Med 2004;22(5):335-404. 





solution of sodium carbonate.!15-16 Sodium silicate is less 
corrosive but can produce corrosive injury at concen- 
trations of 20% to 40% or more. Complex phosphates 
are the least toxic builders; however, they can be cor- 
rosive at high concentrations with prolonged contact.!>!” 
Systemic effects related to hyperphosphatemia can result 
from substantial ingestions of phosphate-containing 
detergents.’° 

If the concentration of a builder or other possibly 
corrosive substance in a product is unknown, the product’s 
pH can be used to assess probable corrosiveness. A 
general rule is that corrosive injury becomes a risk at pH 
lower than 2 or higher than 12.!8 However, product pH 
should not be used as the sole determinant in the 
assessment of an exposed patient. In addition, it must be 
recognized that some substances with a neutral pH can 
cause tissue damage (such as quaternary ammonium 
cationic surfactants) and that the concentration and 
other physical properties of a substance also contribute 
to corrosiveness. 

Enzymes exhibit a very low level of toxicity, with 
adverse effects being limited to the development of 
hypersensitivity and irritation of the skin, eye, and other 
mucosal sites. Enzymes have also been linked to occu- 


pational asthma in employees of detergent manufac- 
turing plants; however, encapsulation of enzymes has 
decreased the inhaled dust and the associated incidence 
of asthma in the industry. If used as directed in laundry 
products, enzymes are not generally irritating." 


Manifestations 


PERSONAL CARE SOAPS AND HAND 

DISHWASHING DETERGENTS 

Personal care soaps and hand dishwashing detergents 
are of low toxicity. Ingestion may cause GI irritation with 
associated complaints of nausea, vomiting, and diar- 
rhea. There is a slight risk for aspiration of foam or 
vomitus after ingestion of these products, which can 
result in respiratory irritation, chemical pneumonitis, or 
pulmonary edema with associated coughing, gagging, 
dyspnea, or stridor.'!* Ocular exposure to these products 
is associated with irritation and mild conjunctivitis 
without damage to the corneal epithelium.* However, 
some heavy-duty personal care soaps contain abrasives 
that can cause mechanical injury to the corneal epi- 
thelium and conjunctiva. Although uncommon, some 
sensitive individuals may experience dermal irritation 
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BOX 102-1 


Anionic 

Alkyl sodium sulfates 

Alkyl sodium sulfonates 

Dioctyl sodium sulfosuccinate 

Linear alkyl benzene sulfonate (Na*) 
Sodium lauryl sulfate 

Tetrapropylene benzene sulfonate (Na*) 


Nonionic 


Alkyl ethoxylate 
Alkyl phenoxy polyethoxy ethanols 
Polyethylene glycol stearate 


Cationic 


Quaternary ammonium compounds 
Benzalkonium chloride 
Benzethonium chloride 

Pyridinium compounds 
Cetylpyridinium chloride 

Quinolinium compounds 
Dequalinium chloride 


Amphoteric 


Imidazolines 
Betaines 


Adapted from Haddad LM, Shannon MW, Winchester JF: Clinical 
Management of Poisoning and Drug Overdose, 3rd ed. Philadelphia, 
WB Saunders, 1998. 





with prolonged exposure, especially in cold, dry climates 
where the skin may already be compromised. This would 
manifest as dryness, pruritus, or erythema.* 


LAUNDRY DETERGENTS 

Laundry detergents contain builders as well as sur- 
factants, adding another dimension of toxicity. However, 
most household laundry detergents, whether liquid or 
granular, do not generally contain high enough 
concentrations of builders to be considered corrosive. 
Like soaps and hand dishwashing detergents, laundry 
detergents are irritants, and ingestion is associated with 
nausea, vomiting, and diarrhea.*”!? A small number of 
laundry detergents may contain high enough concen- 
trations of builders to cause mucosal injury on ingestion, 
which, by law, should be indicated on the label. 
Aspiration of product or vomitus may lead to respiratory 
irritation or chemical pneumonitis with associated 
symptoms discussed previously. Ocular exposure typically 
results in irritation, stinging, and erythema of the con- 
junctiva, with granular laundry detergents contributing 
greater toxicity owing to the risk for abrasive injury.* 
Whether liquid or granular, formulations containing 
sodium carbonate have been shown to have greater 
potential for ocular irritation, possibly leading to 
corrosion and opacity of the cornea.’ Dermal exposure 
may result in similar manifestations as those due to soaps 
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and hand dishwashing detergents, with a small number 
of sensitive individuals experiencing irritation, pruritus, 
and erythema, especially in cold, dry climates where the 
skin may already be compromised.’ 

In countries other than the United States, phosphates 
may be a major ingredient of laundry detergents. Despite 
their low toxicity, there is a case report of a 30-year-old 
patient in the United Kingdom developing hyper- 
phosphatemia as a result of the intentional ingestion of 
an unknown amount of a laundry detergent containing 
more than 30% phosphates. This was associated with 
hypocalcemia and hypomagnesemia due to chelation by 
the phosphate. The hypocalcemia resulted in ventilatory 
failure due to respiratory muscle spasm. Supportive 
measures were instituted, and the patient survived.*° 

A less common but potentially serious complication of 
ingestion or inhalation of powdered laundry detergents is 
respiratory distress. Case studies appearing in the 
literature describe the development of drooling, stridor, 
retractions, and respiratory distress in pediatric patients 
who ingested or inhaled non—phosphate powdered 
laundry detergents. Symptoms were often accompanied 
by erythema and edema of the vocal cords and epiglottis. 
There was no damage to the esophageal mucosa in most 
cases and only minimal damage in the remainder.' The 
irritant effect of powdered laundry detergents is of little 
clinical significance in the GI tract, but if the vocal cords 
or epiglottis are affected, erythema and edema may 
result in significant airway compromise.*"** 


AUTOMATIC DISHWASHER DETERGENTS 
Automatic dishwasher detergents are more alkaline than 
the other detergents described previously because of 
higher concentrations of alkaline builders, possibly up to 
70% to 80%. The high alkalinity is required for product 
performance, but unfortunately, increases the risk for 
corrosive injury.'’ Ingestion of even small amounts of 
granular or liquid products is associated with nausea, 
immediate vomiting, and possibly diarrhea.* Corrosive 
injury to the upper GI tract is possible, symptoms of 
which may include burns to the mouth and oropharynx, 
coughing, drooling, vomiting, chest or throat pain, 
stridor, and dysphagia.*® Endoscopy may reveal edema 
of the epiglottis and vocal cords as well as erosion of 
the esophageal mucosa. Development of strictures 
(although uncommon) may follow esophageal injury.'” It 
is important to note that the presence of oral injury does 
not necessarily correlate with the presence of esophageal 
or gastric injury.*!>!7 Additionally, it has been reported 
that a small number of asymptomatic individuals may 
have esophageal lesions revealed on endoscopy.'’ As 
with other soaps and detergents, aspiration of product 
or vomitus can result in chemical pneumonitis and 
respiratory distress. Because of the alkalinity of auto- 
matic dishwasher detergents, sequelae due to aspiration 
may be more severe, and death has been reported." 
Ocular exposure to automatic dishwasher detergents 
generally produces conjunctival irritation with the 
potential for corrosive injury. Because the tissues of the 
eye can be more sensitive to exposure than the tissue of 
the GI tract, the incidence of symptoms from ocular 


exposure is greater than that from ingestion. In a study 
of exposures to liquid automatic dishwasher detergents, 
most patients with eye exposures presented with minor 
corneal abrasions, whereas a minority of the patients 
had more severe abrasions. Because liquid automatic 
dishwasher detergents are aqueous slurries of solute, 
whether the exposure is to a liquid or granular product, 
it is difficult to determine if the ocular irritation is 
secondary to mechanical abrasion or to alkaline injury.*° 

Dermal exposure to automatic dishwasher detergents, 
like other detergents, may result in irritation, pruritus, 
erythema, and rash.* Blistering has been reported 
infrequently. Because of product alkalinity, symptoms are 
more frequent than with hand dishwashing and laundry 
detergents, yet only occur in a minority of exposures.*° 
Contact with undiluted product has been rarely 
associated with contact dermatitis.’ 


CATIONIC DETERGENTS 
Fabric softeners and some disinfectant cleaners contain 
cationic surfactants. Generally, the cationics used in 
household fabric softeners have a much lower order of 
toxicity than those in disinfectants. Fabric softeners and 
disinfectants with cationic surfactant concentrations 
below 7.5% are GI and dermal irritants, with mani- 
festations similar to exposure to hand dishwashing or 
laundry detergents.** Ocular tissues are more sensitive to 
cationic surfactants, with even one drop of a 2% solution 
having the potential to cause corrosive injury and severe 
corneal damage.* Symptoms often include irritation, 
tearing, erythema, and burning. Disinfectants with 
cationic surfactant concentrations higher than 7.5% can 
cause corrosive injury to any tissue. Symptoms associated 
with ingestion include drooling; vomiting; hematemesis; 
burning pain in the mouth, throat, and abdomen; and 
possibly oral burns. Esophageal burns may be discovered 
on endoscopy.®!® 

Because cationic surfactants are rapidly absorbed from 
the GI tract, ingestion can result in systemic symptoms 
that include hypotension, restlessness, confusion, central 
nervous system depression, renal insufficiency, circulatory 
collapse, convulsions, and coma. The mechanism of 
these toxic effects is unknown.!** Because of a structural 
similarity to curare-type skeletal muscle relaxants, 
ingestion of quaternary ammonium-type cationics has 
been associated with muscle weakness and paralysis, 
possibly preceded by transient muscle fasciculation. This 
may progress to weakness of the respiratory muscles, 
dyspnea, and asphyxial death.®!°!°*4 Death due to cir- 
culatory failure or asphyxia may occur within 1 to 2 hours 
of ingestion. Human deaths due to benzalkonium 
chloride ingestion have been seen at doses of 100 to 
400 mg/kg and at 1 to 3 g total.2* Some observations of 
cholinesterase inhibition have been demonstrated in 
vitro by several cationic surfactants. A 50% inhibition of 
red cell, but not plasma, cholinesterase was observed 
after intraperitoneal injection of cationic surfactants in 
rats; however, no symptoms were observed. It was 
therefore concluded that toxicity due to cholinesterase 
inhibition is improbable,'® especially after expected 
routes of household exposure. 
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Dermal exposure to concentrated cationic surfactants 
can cause dermal necrosis, exacerbated by occlusion of 
the skin.® Cationic surfactants have also been associated 
with occupational asthma, allergic contact dermatitis, 
and ocular hypersensitivity.” 


Management 
INGESTION 


Most sources suggest that ingestion of soaps, hand 
dishwashing detergents, and laundry detergents can be 
managed at home by dilution with milk or water. If an 
animal is exposed, water is suggested because other 
fluids may cause further GI irritation. Oral fluid intake 
should be limited to 4 oz for children and 8 oz for adults, 
so as not to distend the stomach. Other sources advocate 
no oral dilution because of a possible risk for “sudsing” 
and aspiration. GI decontamination by any means is 
unnecessary, with spontaneous vomiting often occurring 
nonetheless. If vomiting or diarrhea is excessive, fluid 
and electrolytes should be replaced and monitored as 
necessary, possibly in a health care facility. Any patient 
who experiences spontaneous vomiting should be moni- 
tored for 6 to 8 hours for signs of aspiration of 
product or vomitus. Manifestations, including coughing, 
gagging, dyspnea, or stridor, warrant an emergency 
department visit for chest radiograph and supportive care. 
Management of ingestion or inhalation of powdered 
laundry detergent must also include careful monitor- 
ing of respiratory function. In cases of respiratory com- 
plications, the onset of symptoms may occur between 
2 and 12 hours after exposure. Development of symptoms 
necessitates an immediate emergency department visit 
for supportive care and evaluation.*! If a large con- 
centration of a phosphate-containing laundry detergent 
is ingested, electrolyte levels should be monitored 
for 4 to 6 hours (including phosphorus, calcium, 
magnesium) and treated appropriately. Phosphate 
binders such as Sevelamer may be a better treatment 
than calcium supplementation because of the risk for 
precipitation of calcium phosphate crystals in soft 
tissues.”° 

Ingestions of automatic dishwasher detergents should 
be managed based on the properties of the particular 
detergent and on the individual’s symptoms. GI decon- 
tamination is unwarranted in any exposure to automatic 
dishwasher detergents and could be harmful with 
corrosive ingestions. For detergents with pH lower than 
12, which are less likely to cause corrosive injury, patient 
symptoms can guide treatment. If the exposed individual 
is asymptomatic, dilution at home with 4 to 8 oz of water 
or milk should suffice initially. The individual should 
then be observed for an additional 6 to 8 hours for 
symptoms of oral or esophageal injury. Symptom mani- 
festation warrants emergency department care for 
corrosive injury (see Chapter 98). If the exposed 
individual is symptomatic at the outset, immediate 
evaluation for corrosive injury should be sought. 
Dilution with a small amount of water or milk (2—4 oz) 
may be beneficial in rinsing the product from the 
affected area. If detergent pH is higher than 12 and the 
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patient is symptomatic, emergency care for corrosive 
injury should be sought. Again, dilution with 2 to 4 oz of 
water or milk may be helpful in rinsing the product from 
the affected area. Animals exposed to automatic 
dishwasher detergent may not have the ability to display 
symptoms of corrosive injury nor vocalize their dis- 
comfort. Therefore, all ingestions of automatic dish- 
washer detergents in animals should be evaluated by a 
veterinarian for corrosive esophageal injury. 

Ingestions of cationic detergents should be managed 
based on the concentration of the cationic compound in 
the product and the individuals symptoms. Small 
ingestions of products with concentrations below 7.5% 
can be managed similarly to hand dishwashing and 
laundry detergents. Ingestions of concentrated cationic 
detergents (>7.5%) should be managed as corrosive 
exposures. If a very large amount of a dilute product 
or more than a few swallows of a concentrated product 
has been ingested (fatal dose estimated to be 1 to 3 g), 
the individual should be observed in a health care facility 
for symptoms of systemic toxicity for an additional 2 to 4 
hours with supportive care as necessary. 


OCULAR EXPOSURE 

Eye exposures to soaps and hand dishwashing detergents 
should be managed by gently irrigating the eye on-site 
with lukewarm water or saline continuously for 15 
minutes. On the rare occasion that ocular irritation lasts 
longer than 2 to 3 hours after irrigation, or the exposure 
was to a product containing an abrasive, emergency 
department care is warranted, including a slit-lamp 
examination with fluorescein dye. 

Ocular exposures to laundry detergents and very 
dilute cationic surfactants (<2%) should be irrigated as 
described previously. However, greater discretion is 
warranted in these cases, with immediate medical 
evaluation necessary if irritation persists for more than 
l to 2 hours after irrigation. It should be kept in mind 
that the presence of alkaline builders in laundry 
detergents or an exposure to granular detergent can be 
associated with an increased risk for corrosive or 
mechanical injury to the eye. Eye exposure to any laundry 
detergent with pH > 12 or to any cationic surfactant with 
a concentration of 2% or greater should be managed as 
a Corrosive. 

Because ocular exposure to automatic dishwasher 
detergents is associated with a high incidence of corneal 
abrasions as well as corrosive injury to the eye, all 
exposed patients should have an emergency department 
evaluation after thorough on-site irrigation for 20 
minutes with lukewarm water or saline.*° 


DERMAL EXPOSURE 

Management of dermal exposure to any of the above 
products should begin with irrigation of the exposed 
area for 5 to 10 minutes with lukewarm water. Exposed 
clothing should be removed to prevent further contami- 
nation. In the rare instances of irritation by noncorrosive 
products, application of cold packs, vitamin E lotions, or 
aloe vera gels or lotions may reduce discomfort. If 
irritation is due to a drying effect of the product, 
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moisturizing creams may be applied. Dermal exposure to 
potentially corrosive products can be managed similarly, 
although oil-based creams or ointments should be 
avoided. If skin becomes blistered or broken, or begins 
bleeding or oozing, the care of a physician should be 
sought. At the discretion of the physician, treatment may 
include topical corticosteroids in the early stages, topical 
antibiotics, and wet-to-dry dressings. The rare case of 
contact dermatitis is best referred to a dermatologist. 


BLEACHES 


The predominant types of bleach on the market are 
one of two types: chlorine-releasing aqueous solutions 
of sodium hypochlorite, or oxygen-releasing powders 
containing sodium percarbonate/sodium carbonate or 
sodium perborate/sodium carbonate.? Because the 
hypochlorite ion in chlorine bleach is unstable in acidic 
solutions, chlorine bleaches generally contain a small 
percentage of sodium hydroxide.'* Some chlorine 
bleach may also contain a very small percentage of 
cationic surfactants that slightly increases product 
viscosity. 


Sources 


Chlorine bleaches are the most common and familiar 
bleaching agents for household use. Traditional house- 
hold laundry bleach generally contains 4% to 6% sodium 
hypochlorite (most commonly, 5.25%) and up to 0.5% 
sodium hydroxide. The newer “ultra” or “advanced” 
household bleaches generally contain 5% to 10% 
sodium hypochlorite and 0.5% to 2% sodium hydroxide. 
Some hard surface cleaners contain 1% to 4% sodium 
hypochlorite in combination with surfactants.*° Oxygen 
bleaches are all-fabric bleaches that generally contain 
5% to 15% sodium percarbonate, sodium perborate, or 
both, plus up to 75% sodium carbonate. The newer 
“oxy”-type stain removers contain as much as 89% 
sodium percarbonate, with the remainder being sodium 
carbonate. Some of these stain removers may also 
contain up to 5% sodium metasilicate. Sodium percar- 
bonate is more commonly used than sodium perborate 
in oxygen bleaches because sodium perborate does not 
dissolve as readily at cooler wash temperatures. 


Toxicity 


Although there has been much controversy in the 
literature during the past 40 years regarding the 
corrosiveness of chlorine bleaches, it is generally agreed 
that household chlorine bleach is a mild to moderate 
mucosal irritant.!'?7?5 The deleterious effects of bleach 
are related to both the sodium hypochlorite concen- 
tration and the pH (or hydroxyl ion concentration). 
When a sodium hypochlorite solution is ingested, the 
acidic environment of the stomach transforms the 
sodium hypochlorite to hypochlorous acid and chlorine 
gas. At the levels produced from household bleach, 
hypochlorous acid and chlorine gas are both irritants to 


mucous membranes. Sodium hypochlorite solutions of 
less than 10% are mild to moderate mucosal irritants, 
whereas solutions of greater than 10% are considered 
corrosive.*°?” Sodium hydroxide concentrations of less 
than 2% are considered irritants, whereas concentrations 
of greater than 2% may be corrosive.*”? Household bleach 
solutions generally do not exceed 10% sodium hypo- 
chlorite or 2% sodium hydroxide. Most household 
bleaches have a pH between 11 and 12, also supporting 
a lack of corrosiveness. Some sources state the critical pH 
for corrosive injury from bleaches is 12.5.?7°° It must be 
noted that bleaches manufactured in countries outside 
the United States or bleaches manufactured with inade- 
quate production controls may have higher sodium hypo- 
chlorite concentrations and higher sodium hydroxide 
concentrations.®©?/ 

The extent of irritation from household chlorine bleach 
depends on the volume ingested, the concentration, 
viscosity, and duration of contact. Corrosive injury rarely 
results and is often due to ingestion of a very large 
quantity (>5 mL/kg) or a concentrated solution 
(>10%).'°'!2, Dermal exposure may result in mild to 
moderate irritation, whereas ocular exposure can cause 
moderate irritation with superficial damage to the 
corneal epithelium at concentrations of 5.25% sodium 
hypochlorite or greater.**°” 

If chlorine bleach is mixed with certain other 
household cleaning products, toxicity may result from 
inhalation of gaseous by-products. For example, if 
chlorine bleach is mixed with a strong acid, chlorine gas 
evolves. If chlorine bleach is mixed with ammonia, 
chloramine gas evolves. Both gases can be very irritating 
to the nasal and oral mucosa, respiratory tract, and 
ocular surfaces. When chlorine gas comes in contact with 
moist tissue, it is transformed to hydrochloric acid and 
nascent oxygen. When chloramine gas contacts moist 
tissue, it is transformed into hydrochloric acid, gaseous 
ammonia, and nascent oxygen. The oxygen radicals 
generated are strong oxidizing agents that, along with 
the acids and ammonia, can cause corrosive effects and 
cellular injury.*!*? 

Very little experimental data exist regarding the 
toxicity of the powdered all-fabric oxygen bleaches and 
oxygen stain fighters. The bleaching system in these 
products is commonly sodium percarbonate or sodium 
perborate, with stabilization and alkalinity contributed 
by sodium carbonate. A review of several manufacturers’ 
material safety data sheets reveals that sodium percar- 
bonate and sodium perborate powders are generally 
classified as mild to moderate mucosal, dermal, and 
respiratory irritants, and as moderate to severe eye 
irritants. 

On contact with moisture, sodium percarbonate breaks 
down into hydrogen peroxide and sodium carbonate, 
whereas sodium perborate breaks down into hydrogen 
peroxide and sodium borate. The concentration of these 
by-products in the traditional all-fabric bleaches is 
generally of a level that may cause mucosal irritation on 
ingestion, although borates could cause systemic toxicity. 
(Borates are discussed in Chapter 99.) However, some of 
these all-fabric bleaches contain more than 70% sodium 


CHAPTER 102 Soaps, Detergents, and Bleaches 


1449 





carbonate, which has been reported to be corrosive in 
solutions of 15% or more.'® The concentration of by- 
products from the oxygen stain removers could 
theoretically be high enough to cause corrosive injury, 
but as of yet, this effect has not been reported. It would 
likely depend on the quantity of moisture available in the 
exposed area. In addition, some of these products 
contain up to 5% sodium metasilicate, which may be 
corrosive in solutions of 0.5% or more.'*!° Further 
research and experience in this area are needed. 


Manifestations 
CHLORINE BLEACH 


Ingestion of small amounts of household chlorine bleach 
is generally associated with nausea, vomiting, abdominal 
pain, diarrhea, and coughing.?°?7%34 Less common 
symptoms include dyspnea, drooling, temporary dys- 
phagia, skin burns, and oral burns.2’ Most investigations 
in the literature show no evidence of esophageal injury, 
but a minority show self-limiting erythema and exudates, 
still without mucosal ulceration. If corrosive injury is 
present, symptoms may include vomiting, drooling, chest 
or throat pain, and dysphagia. Progression to stricture 
has been reported, but is very rare, as are fatalities. Such 
outcomes are generally due to large intentional 
ingestions or to co-ingestants.!*7°7%°.9° Large ingestions 
of chlorine bleach have also been shown to lead to 
hyperchloremic acidosis and hypernatremia. The 
conversion in the stomach of sodium hypochlorite to 
hypochlorous acid and chlorine contributes to the 
hyperchloremic acidosis, whereas fluid loss and sodium 
overload (from the sodium salt of hypochlorite) 
contribute to the hypernatremia.*+*” 

Aspiration of bleach or bleach-containing vomitus can 
rarely lead to respiratory complications such as airway 
edema and pneumonitis manifested as wheezing, 
tachypnea, stridor, and retractions. These symptoms may 
be present without concomitant esophageal injury. It is 
speculated that respiratory epithelium may be more 
sensitive to household bleach than pharyngeal and 
esophageal mucosa.!*”8 This is similar to the inhalation 
of powdered laundry detergents discussed previously. 

Ocular exposure to chlorine bleach can be associated 
with a burning sensation, tearing, erythema, injection, 
photophobia, and blepharospasm. If thorough irrigation 
is performed immediately, sequelae are limited to 
superficial loss of corneal epithelium, slight corneal 
epithelial haze, and conjunctival edema, all of which 
subside within 48 hours. If the bleach is left on the eye 
for a longer period time, tissue necrosis may spread 
through the entire thickness of the corneal epithelium, 
possibly leading to irreversible damage and infection.°” 
Dermal exposure to chlorine bleach may infrequently 
cause irritation, erythema, and pruritus. Allergic contact 
dermatitis has been rarely reported.*°** 


CHLORINE BLEACH MIXED WITH OTHER 

PRODUCTS 

Exposure to chlorine or chloramine gas can cause 
irritation and cellular injury to the moist surfaces of the 





C 1450 


nasal passages, oral and respiratory mucosa, and eyes. 
The extent of injury depends on the concentration of 
gas, duration of exposure, and preexisting cardiopul- 
monary disease. With home exposure, it is very difficult 
to determine the amount or concentration of gas in the 
immediate area. Acute mild exposures to chlorine or 
chloramine gas are generally limited to the upper 
respiratory tract and may manifest as coughing, dyspnea, 
stridor, hoarseness, and sore throat. Other common 
symptoms include chest pain, dizziness, vomiting, ocular 
irritation, and nasal irritation. Severe exposure can 
progress to tracheobronchitis, pneumonitis, pulmonary 
edema, pneumomediastinum, and, ultimately, respir- 
atory failure.*!* This is rare in the household setting, but 
may occur as a result of continued exposure long after 
initiation of respiratory and ocular irritation. Residual 
interstitial infiltrates, dyspnea on exertion, and reduced 
vital capacity have been reported after prolonged 
exposure.*? Death occurs very rarely and may be 
more common in individuals with previous respiratory 
illness or dysfunction.*? 


OXYGEN BLEACHES 

Ingestion of the powdered all-fabric oxygen bleaches and 
oxygen stain removers may result in nausea, vomiting, 
and diarrhea. Because these products are powders, 
mucosal contact time may be prolonged, which could 
result in epithelial damage to the mouth and esophagus.* 
Ocular exposure to these products can produce 
moderate irritation and erythema with the possibility of 
severe irreversible eye damage with prolonged con- 
tact. The granular nature of the products may also 
contribute to abrasive injury. Dermal exposure to the dry 
product may be mildly irritating, with exposure to the 
wet product possibly producing mild to moderate 
irritation, erythema, and dryness. Allergic contact 
dermatitis has not been reported. Inhalation of dust 
from the products may cause mild respiratory irritation 
with associated coughing and dyspnea.*)* 


Management 
INGESTION 


Management of chlorine bleach ingestion is dependent 
on the properties of the specific product and on the 
individual’s symptoms. Ingestion of regular household 
bleach (4% to 6% sodium hypochlorite) can initially be 
managed at home by dilution with milk or water. If an 
animal is exposed, water should be used because other 
fluids may cause further GI irritation. Oral fluid intake 
should be limited to 4 oz for children and 8 oz for adults, 
so as not to distend the stomach. GI decontamination by 
any means is unnecessary, with spontaneous vomiting 
often occurring nonetheless. If vomiting or diarrhea is 
excessive, fluid and electrolytes should be replaced and 
monitored as necessary, possibly in a health care facility. 
Observation should continue at home for the next 
8 hours for symptoms of esophageal damage or of 
aspiration. Symptoms such as drooling, dysphagia, chest 
or throat pain, and vomiting warrant emergency 
department investigation for corrosive injury. Symptoms 
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such as wheezing, tachypnea, stridor, and retractions 
warrant a chest x-ray and respiratory supportive care. 
Animals exposed to chlorine may not have the ability to 
display symptoms of corrosive injury nor vocalize their 
discomfort. Therefore, all ingestions of chlorine bleach 
in animals should be evaluated by a veterinarian for 
corrosive esophageal injury. 

Ingestion of “ultra” or “advanced” bleach may require 
more diligent monitoring owing to the higher concen- 
trations of sodium hypochlorite and sodium hydroxide, 
as well as the possibility of increased contact time with 
mucosal surfaces because of increased product viscosity. 
However, management still begins in the home and 
follows the same steps described previously. All ingestions 
of a large amount of chlorine bleach (>5 mL/kg), 
regardless of whether they are regular or ultra 
preparations, should be managed in a health care facility 
because of the possibility of systemic effects and a greater 
chance of local tissue injury. Management should 
include supportive care, investigation for corrosive 
injury, and 4 to 6 hours of monitoring of arterial blood 
gases, serum pH, and serum electrolytes, with appropriate 
treatment. 

Despite the uncertainty over the true toxicity of 
powdered oxygen bleach products, it is suggested that 
ingestions be managed similarly to those of chlorine 
bleach, as described previously, with diligent monitoring 
for symptoms of esophageal injury. 


OCULAR EXPOSURE 

Eye exposures to regular household bleach should be 
managed by immediately irrigating the eye on-site with 
lukewarm water or saline continuously for 15 minutes. If 
irrigation cannot be performed immediately or if irri- 
tation persists immediately after irrigation, emergency 
department care is warranted, including a slit-lamp 
examination with fluorescein dye. Eye exposure is to an 
ultra or advanced chlorine bleach or powdered oxygen 
bleach-stain remover should be irrigated for 20 minutes 
on-site, followed by an emergency department eval- 
uation for corneal injury. If exposure to chlorine or 
chloramine gas causes significant ocular irritation, eye 
irrigation should be performed for 20 minutes, followed 
by slit-lamp examination if irritation persists for 1 to 
2 hours after exposure. 


DERMAL EXPOSURE 

Management of dermal exposure to any of the bleaches 
should begin with irrigation of the exposed area for 5 to 
10 minutes with lukewarm water. Exposed clothing 
should be removed to prevent further contamination. 
Occlusive creams or ointments should be avoided in the 
early stages. If skin becomes blistered or broken, or 
begins bleeding or oozing, the care of a physician should 
be sought. The rare case of contact dermatitis to 
chlorine bleach is best referred to a dermatologist. 


INHALATION 

Inhalation of chlorine or chloramine gas can often be 
managed on-site or at home with fresh air, cool oral 
liquids, and inhaled steam. Most patients with exposure 


to chlorine or chloramine gas will have resolution of 
symptoms within 6 hours of exposure. If symptoms 
worsen at any time or persist for longer than 6 hours, 
emergency supportive care is warranted.*? Patients with 
preexisting respiratory conditions may be more sensitive 
to exposure, but can still be monitored at home if symp- 
toms are mild and air exchange is not compromised.*! 
Anecdotal evidence has suggested that nebulized sodium 
bicarbonate may be an effective adjunct for chlorine gas 
exposure. Prospective, randomized, controlled trials have 
not been carried out. A nonrandomized, nonblinded 
investigation of its use in chloramine gas exposure did 
not find a significant difference compared with oxygen 
alone.** Inhalation of powdered oxygen bleach can be 
managed with fresh air and cool oral fluids. If symptoms 
persist for more than 6 hours after inhalation, 
emergency supportive care should be sought. 
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m Disaster preparedness and management should be based on an 
“all-hazards approach,” leading to comprehensive, risk-based, 
and integrated responses. 

m Immediate disaster response is local. Communities must plan an 
initial response to all disasters based on available resources. 
Regional and national response must not be relied on primarily, 
but disaster management plans should readily integrate 
components at all levels as they come into play, emphasizing 
partnership and flexibility. 

m The disaster life cycle is composed of four elements: (1) mit- 
igation (long-term efforts to prevent or reduce the probability of 
disasters or lessen the consequences of a disaster), (2) 
preparedness (establishment of authorities and responsibilities 
for emergency actions and collection of resources to support 
them), (3) response (prompt critical actions to save lives and 
property), and (4) recovery (restoration of vital infrastructure, 
assessment of damage, and timely restoration of economic 
activity and rebuilding of the community). 

m Hazardous materials releases may be unintentional or inten- 
tional. Chemical terrorism has occurred and will likely reoccur. 

m Although most hazardous materials releases result in few or no 
casualties, disastrous exceptions, such as the releases of methyl 
isocyanate in Bhopal, of radionuclides in Chernobyl, of hydro- 
gen sulfide and natural gas in Gaogiao, and of deadly explosive 
materials in Neyshabur, remind us of their terrifying potential 
for human tragedy. 

m Although the all-hazards approach provides a base for response 
to chemical disasters, additional expertise and elements will be 
required, including hazard identification, exposure assessment, 
decontamination, and prehospital and hospital management, 
including the appropriate use of antidotes, which may be 
needed in large quantity. 

m The approach to hazardous materials emergencies is multi- 
disciplinary, requiring consultation and cooperation from all 
involved specialists. 


and Management of Hazardous Materials 


PRINCIPLES OF EMERGENCY 
MANAGEMENT 


This chapter begins with a generalized discussion of 
disaster management and then focuses on management 
aspects of a unique disaster involving hazardous materials. 
All disasters are unexpected events, require a rapid 
response to save life and property, generate more need 
than available resources can manage, and require unusual 
procedures for resolution. Disasters may be natural (e.g., 
infections, drought, hurricanes, floods, severe winter 
storms, earthquakes, wildfires), human made (e.g., 
industrial, transportation, power outage), or national 
security threats (attack, terrorism). It is important to 
remember that early disaster declaration by an appro- 
priate local, state, or federal official is an essential step 
that allows authorities to suspend regulations, allows the 
expenditure of funds for purchasing and hiring of 
elements for disaster control, grants authority to order 
evacuations, puts extensive liability protections into 
place, and creates the expectation that the government 
is primarily responsible for controlling the impact of 
the event. 

In 1979, The Federal Emergency Management 
Agency (FEMA) coined the term comprehensive emergency 
management (CEM) to reflect a change in orientation 
from preparedness for a single hazard toward an “all- 
hazards” approach to potential disasters that threaten 
life and property.! CEM strives to minimize the impact 
caused by an emergency in a locality. FEMA stresses the 
importance of disaster planning being integrated, 
comprehensive, risk based, and all-hazard in approach. 
The similarities among all types of disasters suggest 
strongly that many of the same management strategies 
will apply to all such emergencies. It is critical to 
remember that all disasters are initially a local event, so 
that all disaster management must begin at the local 
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level. Effective disaster management requires a close 
partnership between all aspects of government (local, 
county, state, regional, federal) and the private sector. 
FEMA developed the Integrated Emergency Man- 
agement System (IEMS) so as to integrate these critical 
partnerships into an all-hazards approach to emergency 
management. The IEMS as defined by FEMA focuses on 
four specific goals: 


1. Promotion of a full federal, state, local, and tribal 
government partnership with emphasis on flexi- 
bility for achieving common goals 

2. Emphasizing emergency management measures 
with known proven effectiveness 

3. Achieving more complete integration of emer- 
gency management planning into policy-making 
and operational systems 

4. Building on established emergency management 
plans, systems, and capabilities to enhance their 
applicability to the full spectrum of possible 
hazards 


FEMA has defined a four-phase disaster life cycle for 
CEM that involves mitigation, preparedness, response, 
and recovery. These four phases appear in a circular 
association such that activities in one phase overlap those 
of the previous (Fig. 103-1). 

Mitigation involves long-term efforts to prevent or 
reduce the probability of disasters or lessen the con- 
sequences of a disaster once it has occurred. Examples of 
mitigation activities include the issuance of flood 
insurance, flood hazard mapping with the prohibition of 
home building or the removal of homes within a flood 
plane, improved building safety for earthquakes or 
tornados, the opening of shelters in emergencies, and 
the relocation to temporary housing in the aftermath of 
a disaster. 

Although mitigation can improve community safety, it 
does not eliminate susceptibility for all hazards. Disasters 
evolve rapidly and are too complex for effective extem- 
porization. Localities must be prepared for disasters 
that cannot be mitigated away. Emergency management 


1. Mitigation 
2. Preparedness 
3. Response 


4. Recovery 





FIGURE 103-1 The disaster cycle. 


mandates that preparedness actions be taken before an 
emergency has occurred. Preparedness establishes the 
authorities and responsibilities for emergency actions 
and collects the resources to support them. Preparedness 
mandates that jurisdictions have a plan for response, 
trained personnel to respond, and necessary structural 
and equipment resources with which to respond. 
FEMA states that preparedness planning covers three 
objectives: 


l. Maintaining existing emergency management 
capability in readiness 

2. Preventing emergency management capabilities 
from themselves falling victim to emergencies 

3. Augmenting the jurisdiction’s emergency man- 
agement capability 


The preparedness process begins with a comprehensive 
community hazard assessment done in collaboration with 
community, state, and federal personnel. This assess- 
ment begins with the accurate identification of 
community hazards and their potential consequences 
and then compares and prioritizes these risks. This is 
the approach required of all jurisdictions and agencies 
that intend to be compliant with the National Fire 
Protection Association’s Standard on Disaster/ 
Emergency Management and Business Continuity 
Programs.” It then proceeds through a capability analysis 
that evaluates personnel and equipment needs, and 
moves to the development of an operations plan. The 
most important aspect of preparedness is the creation of 
an all-hazards emergency operations plan (EOP). 
Training and exercises are clearly defined in the EOP. 
Training allows personnel to become familiar with their 
assigned responsibilities and to acquire the skills 
necessary to perform those tasks. Exercising allows for 
the testing of plans and the evaluation of skills acquired 
by response personnel. In addition, the EOP assists in 
the rapid response that is required for effective disaster 
relief. Response activities that are time sensitive are 
clearly defined so as to be performed most efficiently. 
The EOP includes a listing by position and organization 
of what kinds of tasks are to be performed. When more 
than one organization performs a task, one should be 
given primary responsibility, and the others should be 
given a supporting role. The EOP must be attentive to 
relevant local and state laws, federal regulations, and 
mutual aid agreements. Finally, the EOP provides an 
adaptable emergency management minimum set of 
procedures that can be relied on when responding to an 
unknown disaster. Hazard-specific appendices provide 
additional critical information relevant to a particular 
hazard (e.g., hazardous materials, hurricane). 

Response is the third phase of emergency management 
and covers the period during and immediately after a 
disaster. The response phase of a disaster begins with a 
need for prompt critical actions to save lives and 
property. In addition, procedures must be initiated to 
stabilize the situation so that the locality can reorganize. 
Critical actions include emergency notification of 
emergency management personnel, warning and evacu- 
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ating or sheltering the population, keeping the popu- 
lation informed, rescuing individuals, providing medical 
treatment, maintaining the rule of law, assessing damage, 
addressing mitigation issues that arise from response 
activities, and requesting help from outside the jurisdiction. 

Recovery is the fourth and final phase of the emergency 
management cycle. It continues until all systems return 
to normal operation. Short-term recovery begins to 
restore vital utilities (e.g., power, water, sanitation, com- 
munications), transportation infrastructure, the removal 
of debris, and the assessment of damage. Once some 
stability is achieved, the jurisdiction can begin recovery 
efforts for the long term, restoring economic activity and 
rebuilding community facilities and family housing with 
attention to long-term mitigation needs. Recovery 
should incorporate mitigation as demonstrated by a 
town relocating portions of its flood-prone community 
and transforming the area into a park. 


MANAGEMENT OF HAZARDOUS 
MATERIALS INCIDENTS 


Epidemiology 


Exposure to hazardous materials is unfortunately as 
much a fact of modern life as are such things as vehicular 
crashes and infectious diseases. The term hazardous 
material is used here to mean any substance that can be 
harmful to humans, animals, or the environment when 
released in any uncontrolled manner. This chapter 
focuses on the management principles applicable to 
acute exposure to hazardous materials, including large- 
scale incidents. It does not address the issues surrounding 
chronic lower-level exposure or terrorism-related events. 
It must be clearly understood that planning and 
responding to a hazardous materials incident has many 
similarities to those needed in a terrorism-related event. 
An attack on the United States might focus on the 
release of a toxic chemical from a fixed facility or during 
transportation. Prehospital providers must think about 
the potential for terrorism in their response to all 
hazardous materials events. The potential for a sec- 
ondary device (e.g., explosive) with potential harm to 
first responders is a consideration at all hazardous mater- 
ials events. Terrorism and weapons of mass destruction are 
discussed in other chapters of this book. 

One need not live near a chemical manufacturing 
plant, heavy industry, or a chemical dump site to be at 
risk for exposure to hazardous materials. A source of 
potential exposure is the nearest road, railroad track, 
or waterway. In 2002, the U.S. Department of Trans- 
portation reported 15,399 hazardous materials inci- 
dents, with 515 that were considered serious.’ During 
2002, the Chemical Transportation Emergency Center 
(CHEMTREC) logged more than 121,809 telephone 
calls for hazardous materials emergency assistance.’ 
Most of these voluntary calls were informational: Medical 
emergencies represented only 18% of the calls. 

According to the Occupational Safety and Health 
Administration (OSHA), more than 575,000 chemicals 
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are used in the workplace. More than 1.5 billion tons of 
hazardous cargo is shipped nationwide each year by air, 
rail, sea, and land. These include flammable liquids, 
pressurized gases, explosives, poisons, and radioactive 
material. The U.S. Department of Transportation 
indicates that about 800,000 shipments of hazardous 
materials are transported each day.’ In regard to bulk rail 
shipments, the industry uses roughly 200,000 rail tank 
cars. A subset of these cars moves more than 275,000 
shipments of chlorine, anhydrous ammonia, propane 
gas, and gasoline every year. The motor carrier industry 
dedicates more than 400,000 large trucks to the 
transportation of hazardous materials. A subset of this 
fleet participates in about 18 million shipments of 
gasoline and 125,000 shipments of explosives a year. 

In 1990, the Agency for Toxic Substances and Disease 
Registry began an active, state-based Hazardous Sub- 
stances Emergency Events Surveillance (HSEES) system 
to define the public health implications of the release of 
hazardous substances. The HSEES system collected data 
from 16 states in 2001.° This most recent information 
indicates that 75% of the events occurred at fixed 
facilities, with equipment failure (38%) and operator 
error (30%) being the most common factors associated 
with the release. Of the transportation events, 85% 
occurred during ground transport (e.g., truck, van), and 
10% involved transport by rail. Fewer events involved 
water, air, pipeline, or other transportation modes. Most 
events involved the release of one substance (91%), 
whereas two substances were released in 4%. Air releases 
were involved in 42% of cases, followed by spill releases 
(40%), fires (4%), and threatened releases and explo- 
sions (0.8%). Ammonia, sulfur dioxide, and carbon mon- 
oxide were the substances most commonly released. 
Human victims were involved in 8% of the releases. Of 
the events with victims, 62% involved only one victim, 
and 79% involved one or two victims. Multiple-casualty 
events were uncommon. Of the total victims, 89% were 
injured in fixed-facility events. Employees (51%) were 
the population group most often injured, followed by 
the general public (21%), students (8%), and respond- 
ers (13%). The substances released most often were not 
the most likely to result in victims. As an example, 
chlorine was released in only 1.2% of the events, but 19% 
of the chlorine releases resulted in injury. The most 
commonly reported injuries in fixed-facility events were 
respiratory irritation (31%), headache (12%), eye irri- 
tation (11%), and gastrointestinal problems (10%). 
Transportation-related events were associated with a 
greater incidence of trauma (32%) than fixed facilities 
(2%) were. In total, 1% of all victims died. 


Hazardous Materials Events of Greatest 
Magnitude 


Hazardous materials incidents occur with great 
frequency, and keeping up with the details of releases 
from across the United States can be very challenging. 
Previous hazardous materials events must be studied 
so that history does not repeat itself and for the 
development of better prevention strategies. The U.S. 
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Chemical Safety Board is an excellent resource to 
facilitate the dissemination of objective information 
regarding larger-scale incidents. The U.S. Chemical 
Safety Board is an independent federal agency whose 
mission is to prevent industrial chemical accidents and 
save lives.” This is accomplished by investigating chemical 
incidents and hazards, determining fundamental causes 
of a release, and issuing safety recommendations to 
government agencies, industry, labor unions, trade 
associations, and other organizations. This organization 
determines the causes of accidents, but does not issue 
fines or penalties. The investigative staff includes 
chemical and mechanical engineers, industrial safety 
experts, and other specialists drawn from the private and 
public sectors. The board can be accessed at the website 
www.chemsafety.gov. 

Four world events involving the release of hazardous 
materials deserve brief overview. The events involving 
Bhopal, Chernobyl, Gaoqiao, and Neyshabur are discussed 
here. The release of sarin in Tokyo is discussed in 
Chapter 105A. 


BHOPAL 

The events in Bhopal, India, represent the largest 
modern hazardous materials incident outside of warfare 
and terrorism. On the night of December 3, 1984, a 
cloud of methyl isocyanate gas leaked from a storage 
tank at the Union Carbide plant in Bhopal, India. Methyl 
isocyanate is used in the manufacture of carbamate 
insecticides. As a liquid, it has a low boiling point and is 
heavier than air in its gaseous form. It has a strong odor 
and is irritating to the eyes, skin, and respiratory tract. It 
may be toxic both by inhalation and cutaneous exposure. 
At the time of the incident, no plans existed to alert the 
local population in the event of a disaster. Population- 
based methods for protection and evacuation did not 
exist. The plant was located in a densely populated area, 
with poorly constructed housing adjacent to the plant. 
Knowledge of the hazardous materials being used and 
the products manufactured was lacking among the 
employees, and there were no standard operating 
practices and few engineering controls. About 50,000 Ib 
of methyl isocyanate in liquid and vapor form was 
released into the atmosphere when a valve on a storage 
tank opened for about 2 hours. Light winds prevented 
rapid dispersal of the heavier-than-air cloud. The 
accident happened at night, when most of the residents 
were asleep. Because of the rapid onset of symptoms and 
the large numbers of people affected, local hospitals 
were rapidly overwhelmed. Many patients were treated in 
the hospital garden. Local citizens helped each other in 
the initial rescue attempt. No local medical authority on 
methyl isocyanate was immediately available. 

More than 200,000 people were exposed, and about 
500 people in the surrounding area were killed before 
reaching medical treatment. The total death count was 
about 2500. One hospital alone treated 25,000 patients 
in the first 24 hours. Immediate respiratory problems 
consisted of severe coughing, dyspnea, pharyngitis, and 
pulmonary edema. Severe conjunctival irritation and 
corneal ulceration developed. Gastrointestinal symptoms 


consisted of increased salivation, nausea, vomiting, 
abdominal pain, and defecation. Central nervous system 
symptoms were manifested by coma, seizures, dizziness, 
limb weakness, and tremors.’ 

Ninety-five percent of the dead and severely injured 
came from the neighborhood immediately adjacent to 
the plant. A crowded railway station situated 1 km from 
the plant had more than 100 dead: 200 people were 
unconscious, and 600 were lying about injured. Several 
studies of survivors were undertaken 3.5 months after the 
incident.? Patients in these studies were categorized 
according to their distance from the plant on the night 
of the accident. Group 1 consisted of those 0.5 to 2 km 
from the plant, and group 2 was composed of those at 
least 8 km from the plant. Both groups were matched 
socioeconomically and demographically. All of the group 
1 sample and 42% of group 2 had symptoms at the time 
of the incident. At the time of the study, 80% of group 1 
and 28% of group 2 had continued respiratory 
complaints consisting of cough, with or without sputum 
production; breathlessness; and chest pain. Fifty-seven 
percent of group l had abnormal chest radiographs, 
49% had documented restrictive defects, and 21% had 
obstructive defects. Smokers constituted 12%. It is 
unclear whether previous pulmonary disease was present 
or whether some patients had both restrictive and 
obstructive pulmonary disease. 

In a group of children categorized in the same 
manner, most symptoms occurred in the immediate area 
of the plant, although the more remote group was not 
without symptoms. Ninety-five percent of children from 
group l had immediate cough, and 74% experienced 
breathlessness.'° Three months later, 84% noted persistent 
cough, and 48% suffered from continued breathlessness. 
Abnormal radiographs were found in 66% of group 1 
children, compared with 8.1% of group 2 children. 
Pulmonary testing was performed on children older 
than 7 years. Obstructive defects were found in 28 of 33 
children. Persistent abdominal pain and anorexia were 
found in the group | children only. Group 1 children 
experienced persistent conjunctivitis, and 10% demon- 
strated visual abnormalities. No persistent eye abnor- 
malities were found in group 2. Persistent neurobehavioral 
symptoms consisted of poor memory and weakness. 
Comprehensive psychological testing was not performed. 
Some children who later developed obvious psychic 
disturbances had been classified as dead at the time of 
the accident and had been initially placed in morgues. 
Others had witnessed the deaths of parents or siblings. 

A recent study found selective growth retardation in 
boys, but not girls, who were either exposed to the 
released gases as toddlers or born to exposed parents."! 
It is theorized that methyl isocyanate is quickly degraded 
into trimethylamine, which in mice has been reported to 
produce selective growth retardation of male progeny 
mice. This is associated with a decrease in the serum 
testosterone in the mice. 


CHERNOBYL 
Late in the evening of April 25, 1986, the fourth reactor 
at Chernobyl was shut down for routine maintenance 
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and testing. This electrical generating plant is located 
130 km north of Kiev, near the current convergent 
borders of Ukraine, Belarus, and Russia. Inadequate 
safety precautions and operational errors during the 
testing resulted in a sudden increase in heat production, 
which ruptured part of the nuclear fuel. The water- 
cooled, graphite-moderated reactor did not have a 
concrete containment vessel. By 1:30 Am (April 26), hot 
fuel particles, reacting with water, had caused a steam 
explosion. Within seconds, this was followed by a second 
explosion. The explosions totally destroyed the Unit 4 
reactor core and roof of the building. By 5:00 AM, 
although more than 100 local firefighters succeeded in 
extinguishing conventional fires, a graphite moderator 
fire began and was not extinguished until May 6. This 
fire was responsible for the dispersion of radionuclides 
into the atmosphere. Seven months later, the remains of 
the destroyed reactor and building were enclosed in a 
concrete sarcophagus designed to provide some con- 
tainment of the damaged nuclear fuel and to reduce 
further releases of radioactivity until a more permanent 
containment facility could be designed and imple- 
mented. Thankfully, only 3% to 5% of the total amount 
of radiation was released. Fifty thousand people were 
evacuated from the nearby town of Pripyat after a 
delayed public announcement a day and a half after the 
release began. It is estimated that a total of 135,000 
persons were evacuated and permanently rehoused 
outside of the 30-km exclusion zone; in addition, 500,000 
mothers and children from the surrounding area were 
reportedly sent to resorts along the Black Sea, and 
another 300,000 were sent to other locations. It was 
estimated that 30 to 60 km? of topsoil and road surfaces 
would have to be removed to properly decontaminate 
the area.!*"5 

Firefighters and plant personnel suffered the highest 
radiation exposures and casualties. No members of the 
general public received sufficient radiation doses to 
induce acute radiation syndrome. Three deaths were 
immediately associated with the accident. Two hundred 
thirty-seven patients were admitted for acute radiation 
syndrome, of which 28 died. Bone marrow transplan- 
tation was performed in 13 patients, with death 
occurring in all but 2 of these patients. 

Fifty tons of radioactive dust was dispersed over 
140,000 square miles of mainly Belarus, Ukraine, and a 
part of Russia. Seventy percent of the radiation was 
deposited over Belarus. The doses to individuals outside 
of this area were small and varied depending on whether 
rainfall occurred during the passage of the radioactive 
cloud. The plume moved predominately northward and 
then over Western Europe. The initial international 
detection came from Sweden, when radiation alarms 
went off 2 days after the accident. The accident was 
announced that evening by the Soviet Union. The 
isotopes of greatest concern were iodine-131 (1) and 
cesium-137 (1°’Cs). The affected area was large because 
of the dispersion of small particles into the upper 
atmosphere and the duration of the release. Almost 
5 million people were exposed to either internal or 
external radiation. The major routes of human exposure 
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to radiation were from the ingestion of cow’s milk 
contaminated with !*'I (resulting in internal exposure), 
contact with y/B radiation from the radioactive cloud, 
and contact with !8’Cs deposited on the ground (result- 
ing in external exposure). Children who consumed fresh 
cows milk in May and June 1986 received the highest 
doses to the thyroid. 

Estimates of cancer increases were initially said to be 
“no more than 1000” and have risen in the past 10 years 
since the accident. Most of the pilots who helped to 
entomb the reactor are dead or have leukemia. More 
and more of the cleanup workers have required treat- 
ment for radiation-induced diseases. Thyroid cancer has 
increased a 100-fold in Belarus. The World Health 
Organization (WHO) predicts that one third of all the 
children from the area around Gomel who were between 
0 and 4 years of age at the time of the accident will 
develop thyroid cancer during their lifetime—a total of 
50,000 children in this group alone. The negative social 
and psychological consequences of this event have been 
profound. There was no identified increase in congenital 
anomalies, adverse pregnancy outcomes, or other 
radiation-induced disease in either the contaminated 
area or in Western Europe. The WHO established the 
International Program on the Health Effects of Cher- 
nobyl Accident to further define the long-term signifi- 
cance of this accident. 


GAOQIAO 

In December 2003, there occurred a release of natural 
gas and hydrogen sulfide at the Chuandongbei gas field 
in China. The gas field is run by the China National 
Petroleum Corporation. Although the exact cause of the 
release is unclear, it led to the evacuation of more than 
41,000 people in a 25-km* area. The mountainous 
terrain and muddy roads made it difficult for villagers to 
flee and hindered rescue work. At least 233 people died, 
and more than 10,000 people were treated for hydrogen 
sulfide toxicity. Thousands of animals died as the gas 
devastated villages and poisoned farms. 


NEYSHABUR 

In February 2004, 48 rail cars derailed and caught fire 
outside of Neyshabur, Iran. This community is an ancient 
city of 170,000 people in a farming region 400 miles east 
of the capital, Tehran. Firefighters had nearly put out the 
blaze when an explosion occurred about 5 hours after 
the derailment. The cars contained sulfur, gasoline, 
fertilizer, and cotton. The explosion killed 320 people 
and injured 460 others. Nearly 200 of the dead were 
rescue workers who were fighting the fires when the blast 
occurred. The blast was so powerful that Iranian 
seismologists recorded a quake of magnitude 3.6 at the 
time of the explosion, and the blast shattered windows 
6 miles away. 


Hazardous Materials Preparedness 


In planning for chemical, radiation, and biologic disasters, 
one must consider all the possibilities, from human error, 
to employee sabotage, to mentally ill workers, to 
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terrorism. A specific hazardous materials appendix to 
the EOP must be developed. This hazardous materials 
appendix must be updated regularly, simple to follow, 
and cost effective; must provide for resources that are 
immediately available; and should minimize manpower 
needs. This appendix should contain detailed instructions 
to follow, including emergency response operations; a 
roster of emergency assistance phone numbers; a 
description of each service’s legal authority and respon- 
sibility during an emergency; a description of the 
structure and responsibility of the designated response 
organization; a section on resource laboratories for 
analysis of chemical and patient data; and a cleanup and 
disposal equipment resource section. 

Hazardous materials planning begins with the 
Emergency Response Commission, established in each 
state under the Superfund Amendments and Reau- 
thorization Act of 1986 (SARA). This commission, 
appointed by the governor of the state, must coordinate 
with the Local Emergency Planning Committees 
(LEPCs) in their development of plans for emergency 
response to hazardous materials emergencies. It is the 
responsibility of the LEPC to develop plans to define and 
coordinate contaminated areas, to decontamination and 
triage on scene, to optimize resource and information 
management, and for the transportation to definitive 
medical care. This preplanning begins with developing a 
clear understanding of the potential toxic chemicals 
stored, transported, and used within a community. 
A community’s “right to know” is mandated by the 
Comprehensive Environmental Response, Compensation 
and Liability Act (CERCLA) amendments of 1986, 
otherwise known as SARA, Title III. Title III of SARA, the 
Emergency Planning and Community Right to Know Act, 
encourages state and local planning and provides 
planning groups with information concerning chemical 
releases and the potential chemical risks in their 
communities. A list of 402 extremely hazardous materials, 
published in the Federal Register (November 17, 1986), 
gave threshold planning quantities. If these materials 
are produced, used, or stored in quantities exceeding 
the thresholds, they become subject to the emergency 
planning requirements. Additionally, requirements were 
set for emergency notification whenever a release of 
hazardous material exceeded a reportable quantity. 

In addition to community notification, workers are 
protected by the OSHA Hazard Communication Standard, 
which states that “hazards of all chemicals produced or 
imported by chemical manufacturers or importers [must 
be] evaluated, and information concerning their hazards 
[must be] transmitted to affected employers and employ- 
ees within the manufacturing sector. This transmittal 
of information is to be accomplished by means of 
comprehensive hazard communication programs, which 
are to include container labeling and other forms of 
warning, material safety data sheets (MSDS), and 
employee training” (29 CFR 1910.1200). Workers must 
know the hazards of the chemicals with which they work 
and methods to protect themselves in the event of an 
accident or incident. There should also be some training 
in first aid and decontamination procedures at the plant. 


Ideally, a plant’s MSDS should be on file in the 
emergency department, and emergency physicians 
should be familiar with them. Additionally, patients 
should be transported from the plant to the department 
along with copies of the appropriate MSDS. 

Surveying the major pipelines in one’s area and 
knowing major road, rail, and water shipping routes in 
one’s community are critical. Prevention strategies 
should include consideration of restricted transportation 
routes and times of access to these venues. Little 
regulation exists to limit the routes and times of day that 
may be used for hazardous materials transportation. The 
District of Columbia and New York City have enacted 
bills to require shippers of certain hazardous materials to 
obtain a permit and conform to routes, times, and other 
safety conditions when traveling into or out of these 
cities. This was in response to recent terrorism concerns. 

Hazardous materials training of first responders is 
paramount.'® Rescuers must be trained in the use of 
protective equipment and in decontamination proce- 
dures to minimize contamination of citizens, medical 
personnel, vehicles, medical facilities, and the environ- 
ment. Persons using a self-contained breathing 
apparatus (SCBA) must be properly fit tested, be trained 
in their use, and understand the limitations of the 
equipment. Specifically, the time limitations of the 
supply tank and the reserve tank must be understood 
so that egress from the contaminated area can be 
accomplished before loss of supply air. Local hazardous 
materials response units with special training and 
equipment exist in many communities. These units are 
responsible for evaluation and management of scene 
hazards and decontamination before transport. With 
multiple casualties, the real possibility exists that many 
patients will present to local hospitals while still 
contaminated. All medical facilities should have plans 
to identify contaminated patients, protect personnel 
and the hospital environment, and provide for decon- 
tamination with protective equipment.'”!® Sheltered 
off-site locations for treatment should be available if a 
hospital is overwhelmed or must be evacuated. Warning 
mechanisms and a plan for early evacuation will 
minimize injuries to hospital personnel. 

Planning for the treatment of persons exposed to 
chemicals involves all levels of the health care team, from 
firefighters to hazardous materials teams to emergency 
medical services personnel to hospital providers. It is 
important to establish a unified command approach 
such that the prehospital plan seamlessly interfaces with 
that of the hospital. It is essential to ensure that exposure 
is limited to the smallest number of people possible. 
Guidelines must be established for triage, decontami- 
nation, and medical management. !’ Patients may require 
specialized care and early transportation to hospitals 
providing medical specialists in burn and trauma care, 
hyperbaric oxygen, and medical toxicology. Important 
resources may include an emergency physician, a medical 
toxicologist, a trauma surgeon, a pharmacologist, an 
industrial hygienist, an occupational medicine specialist, 
testing laboratories, and chemists. Plans must also 
include members from the mental health community, 
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media relations, and security. Large amounts of 
antidotes specific to the potential exposures must be 
available at the scene and within the hospital. 

Plans should include sources of specialized equip- 
ment that may be needed for a given hazard. Planning 
must include the provision of equipment for air sampling, 
decontamination, handling of spills (e.g., absorbent 
materials, diking equipment), and protective equipment 
for rescuers. This equipment must be strategically 
located in the community, and its location must be 
known to all responders. An adequate supply of air tanks 
and SCBAs and equipment to refill tanks with adequate- 
quality breathing air must be available. 

Planning must include concerns for the environment. 
Environmental liability resulting from critical life-saving 
actions has been a concern for first responders. Section 
107 of CERCLA addresses this issue. Section 107(d) (1), 
often known as the “Good Samaritan” provision, states: 
“No person shall be liable under this subchapter for costs 
or damages as a result of actions taken or omitted in the 
course of rendering care, assistance, or advice in 
accordance with the National Contingency Plan (NCP) 
or at the direction of an on-scene coordinator appointed 
under such plan, with respect to an incident creating a 
danger to public health or welfare or the environment as 
a result of any releases of a hazardous substance or the 
threat thereof.” This does not preclude liability for costs 
or damages as a result of negligence. In addition, section 
107(d) (2) provides that state and local governments are 
not liable under CERCLA “as a result of actions taken in 
response to an emergency created by the release or 
threatened release of a hazardous substance generated 
by or from a facility owned by another person.” In response 
to a hazardous materials event, prehospital providers 
should undertake any necessary emergency actions to 
save lives and protect the public and themselves. Once 
any imminent threats to human health are addressed, 
first responders should immediately take all reasonable 
efforts to contain the contamination and avoid or mitigate 
environmental consequences. The Environmental 
Protection Agency (EPA) will not pursue enforcement 
actions against state and local responders for the 
environmental consequences of necessary and appropriate 
emergency response actions. The EPA cannot prevent a 
private person from filing suit under CERCLA. However, 
first responders can use CERCLA’s Good Samaritan 
provision as a defense to such an action. 


Hazardous Materials Response 


In general terms, the sequence of events in a disaster is as 
follows: An accident occurs. Knowledge of it is transmitted 
to appropriate agencies; these agencies respond and 
gather more data. They may activate additional resources. 
Fire and the hazardous materials team assume charge and 
direct law enforcement to control and secure the scene. 
The scope of the problem is defined. The necessary plans 
for the solution of the problem are activated, and follow- 
up and evaluation are accomplished. 

First and foremost is notification of appropriate 
agencies, that is, police, fire department, hazardous 
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materials team, emergency medical system, local disaster 
coordinator, county and state officials, and federal 
agencies. It is beyond the scope of this chapter to 
indicate who must be notified in any given incident. This 
varies with the incident and with local and state 
regulations. Various local and state agencies may have 
jurisdiction over a particular kind of hazard. These 
interests may overlap, depending on the nature of the 
chemical, the location of a spill, and the various laws in a 
state. The fire chief and the hazardous materials team 
assume charge and usually have the police set up 
perimeters and evacuate the surrounding area, if 
necessary. If the hazardous materials release involves 
terrorism, the Federal Bureau of Investigation assumes 
charge of the scene. Crowd control and control of access 
to the site are also the responsibility of the police agency. 
A fire agency has responsibility to respond to the 
chemical or fire hazard and to initiate mitigation, 
extrication, decontamination, and first aid to casualties. 
An Emergency Medical Service (EMS) agency is 
responsible for medical decisions and treatment. Other 
agencies may have jurisdiction and authority or serve in 
an advisory capacity, such as the Agency for Toxic 
Substances and Disease Registry (ATSDR), the Centers 
for Disease Control and Prevention (CDC), the EPA, 
OSHA, FEMA, and the state health department. Local 
municipal authorities must know how to gain access to 
other sources of help, including state and federal 
agencies. At all times, it is critical for all responders to 
know who is in control. The agency that assumes control 
may change as more information concerning the exact 
nature of the hazard becomes available or during 
different phases of the entire operation, including 
cleanup. 


Identification of the Release 


Identification of the hazardous material should be 
attempted before approach to the spill. Community 
preplanning should identify the specific sites that contain 
hazardous materials. One can read the placarding on the 
truck or train car from afar (Fig. 103-2). Be aware that 
placarding may be wrong 40% of the time, and manifest 
papers may be wrong 35% of the time. Binoculars are an 
invaluable aid. The bill of lading (cargo manifest) is 
located in the cab of a truck, but it may not be accessible 
without full protective gear. The diamond-shaped placard 
on the side of a tank or rail car with the Department of 
Transportation (DOT) number on it will identify the 
specific material, and the DOT Emergency Response 
Guidebook will provide the hazard class and general 
emergency information as well as evacuation distances.*” 
Some states also have numbered placards with emer- 
gency telephone numbers to call. These telephone 
numbers are a good first resource. Follow-up continues 
by contacting the shipper and confirming materials that 
are in the container or vehicle. The various symbols 
within the diamond-shaped placard should identify the 
general class of material being shipped. The absence of 
a placard should not lead one to believe that danger is 
absent. An empty tank car is considered to be one that 
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FIGURE 103-2 Table of placards 
and applicable response guide pages. 
(From Office of Hazardous Materials 
Regulation: Emergency Response Guide- 
book. Washington, DC, Materials Trans- 
portation Bureau, U.S. Department of 
Transportation, 1980.) 
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contains less than 300 gallons of material. One should 
treat a chemical spill and injuries from an unplacarded 
vehicle with the same caution. Identification of the 
shipper may be possible by reading the markings on the 
truck or train car from a distance. The shipper may be 
contacted to assist in chemical identification and 
provision of resources. On a train, the waybill can be 
found with the conductor. Call the nearest company 
trainmaster, relay the number of the car and the location, 
and get information and handling information from the 
tracking computer. The waybill contains a standard 
transportation code (STC) number that identifies the 
specific chemical. Chemicals whose numbers begin with 
49 are classified as hazardous. The waybill contains 
specific chemical names and handling information. With 
train cars numbered from engine to caboose, one can 
thus learn what chemical the car contains. 

Packaging configuration can provide valuable infor- 
mation for hazard identification. There are three 
categories of packaging: stationary bulk storage 
containers at fixed facilities that come in a variety of sizes 
and shapes; bulk transport vehicles for truck and rail 
transportation; and labeled fiberboard boxes, drums, or 
cylinders for smaller quantities of hazardous materials. 
The shape and configuration of the container can often 
be a useful clue to the presence of hazardous materials. 

Rapid emergency information can be obtained by 
calling CHEMTREC at 800-424-9300 in an emergency 
situation and giving the name of the compound. In an 
emergency, CHEMTREC will connect emergency per- 
sonnel with the manufacturer’s and/or shipper’s 
personnel, who can advise on emergency handling. 
CHEMTREC can then advise what sort of rescue gear 
may be needed and what decontamination, if any, is 
needed at the site. Injuries that involve human exposures 
and injuries will be referred to an appropriate poison 
control center. The Agency for Toxic Substances and 
Disease Registry can be accessed at any time by calling 
404-498-0120. ATSDR can provide additional valuable 
information and also has physicians available to provide 
medical treatment recommendations. 


EXPOSURE ASSESSMENT 


The assessment of exposure risks in the hazardous 
materials scene environment requires equipment and 
methods from the field of industrial hygiene. The 
industrial hygienist can perform qualitative and 
quantitative studies both on site and in the laboratory. 
Members of the hazardous materials team perform 
exposure assessments in the setting of an acute release of 
a toxic substance. Before discussing actual monitoring 
methods, however, it would be useful to define some 
terms and review some fundamental industrial hygiene 
concepts. 

First, any chemical can be handled safely if proper 
precautions are taken. In an uncontrolled chemical 
release, hazardous environments can be approached 
with proper personal protective equipment. In most 
major incidents and in some minor incidents, this 
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includes full-body suits that are impermeable to the 
hazardous material, and a positive-pressure demand style 
of SCBA. Personnel wearing an SCBA must be fully 
trained in its use, limitations, and what to do if the 
equipment fails. These persons must be medically 
cleared for SCBA use before acceptance as part of an 
emergency response team. The SCBA must have been 
properly inspected, maintained, and cleaned at regular 
intervals. A full respirator program as required by OSHA 
(29 CFR 1910.134) must be in place. This includes 
periodic medical monitoring. 

Second, any chemical, no matter now nontoxic, can 
be hazardous if handled inappropriately. For example, a 
release of methane or nitrogen in an enclosed space can 
cause asphyxiation. Numerous reports have been 
published of attempted rescues in such “nontoxic” 
environments, in which the initial victim and the rescuers 
all died of simple asphyxiation. 

The identity of the specific agent is only one of a 
number of factors affecting the actual hazard. Other 
factors include the air concentration, potential for skin 
contact, duration of exposure, temperature of the 
material, and individual susceptibility of the exposed 
persons. 

Inhalation of air contaminants is the most frequent 
route of exposure for hazardous materials. Air con- 
taminants may be found in a variety of forms, such as 
gases, vapors (the gaseous form of a substance that is 
primarily liquid or solid at room temperature), dusts (solid 
particles entrained in air), fumes (tiny solid particles often 
formed when a metal is heated, as in welding), mists 
(liquid particles entrained in air), and smoke (carbon or 
soot particles from incomplete combustion). Fumes, 
dusts, and smokes are measured in mass units of 
contaminant per volume unit of air (e.g., milligrams per 
cubic meter or parts per million). ‘These two units can be 
easily interconverted if molecular weight, temperature, 
and altitude are known. Because fumes are minute solid 
particles, respirators designed specifically for protection 
against fumes will have no efficacy against vapors or 
gases, and vice versa. 

Once an air concentration is determined, several 
criteria exist for assessing the risk for exposure. The level 
that is immediately dangerous to life and health (IDLH) 
“represents a maximum concentration from which, in 
the event of respirator failure, one could escape within 
30 minutes without experiencing any escape-impairing 
or irreversible health effects.” ‘The IDLH level is used to 
determine the unquestionable need for a reliable 
positive-pressure demand SCBA. Standby personnel with 
full protective gear and a lifeline should be available 
when the IDLH level is exceeded. Specific IDLH values 
can be found in the National Institute for Occupational 
Safety and Health (NIOSH) Pocket Guide to Chemical 
Hazards.*! 

The most widely used criteria for assessing exposure 
levels are the threshold limit values (TLVs) for hundreds 
of common industrial chemicals, which are updated and 
published annually by the American Conference of 
Governmental Industrial Hygienists. They “represent 
conditions under which it is believed that nearly all 
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workers may be repeatedly exposed day after day without 
adverse effect.” Most TLVs are established for 8-hour 
time-weighted average exposures (TWAs). In general, 
these values protect against the effects of a lifetime of 
chronic exposure. However, short-term exposure limits 
and ceiling limits for some substances are also included 
in the TLV list. 

TLVs are designed to protect a population of healthy 
workers and are not meant to be applied to a general 
community population that may include infants, elderly 
people, and infirm people. Thus, care should be 
exercised when clinical interpretations based on TLVs 
are made at a hazardous materials scene. In addition to 
TLVs, a set of legally enforceable workplace standards, 
known as permissible exposure limits (PELs), has been 
established. 

A common fallacy is the use of odor as a measure of 
exposure. Information about odor may sometimes be 
helpful in the qualitative identification of agents or as a 
crude guide to the exposure level. Odor thresholds for a 
wide variety of materials have been published. However, 
wide variations between reference sources and consider- 
able individual variation in the ability to perceive specific 
odors may occur. For example, up to 40% of the popu- 
lation cannot detect the almond-like odor of cyanide. 
Some materials have excellent warning properties. For 
example, if the odor or irritation of ammonia is absent, 
one can be sure that there will be no toxic sequelae due 
to exposure to this agent. However, some materials, such 
as carbon monoxide, are odorless at lethal levels. Other 
agents, such as hydrogen sulfide, have a characteristic 
odor initially but induce olfactory fatigue. As a result, 
lethal exposures may result as exposed individuals perceive 
levels to be diminishing. Thus, quantitative assessments 
based on odor thresholds are quite unreliable and 
possibly dangerous. 

Air concentrations can be measured at specific 
locations, and computer models can sometimes be used 
to predict worst-case ambient concentrations at 
downwind locations. Environmental monitoring can be 
performed with direct reading instruments providing 
real-time measurements of levels, or it can be performed 
by taking air samples that can be analyzed subsequently. 
Direct reading instruments include photoionization 
detectors, portable gas chromatographs, portable infrared 
spectrophotometers, portable carbon monoxide detectors, 
flammable gas detectors, and oxygen detectors. A simple 
direct reading method for instantaneous levels is the 
colorimetric detector tube. 

In addition to monitoring the environment, it is 
important to provide medical surveillance for exposed 
victims and rescuers, both to assess potential health 
effects and to provide information about the exposure. 
Excellent documentation is essential because many of 
these incidents result in litigation. It is important to 
document subjective complaints and objective findings 
and assessments thoroughly and carefully. One should 
not document that symptoms are all due to a “toxic 
exposure” unless this is clearly the case. Describe actual 
clinical findings as they are manifest. The physician’s 
initial charting may be a deciding factor in determining 


whether someone gets their deserved compensation. It 
may also determine whether abuses of the system occur, 
which cost public and private organizations large sums of 
money. 


DIAGNOSTIC STUDIES 


The diagnostic studies for each patient will depend on 
the clinical presentation and the specific agents to which 
they have been exposed. Please refer to specific chapters 
in this textbook for the discussion of specific toxins. 


FIELD DECONTAMINATION AND TRIAGE 


In the event that the chemical is unknown, the safest way 
to rescue any victim is for rescuers to enter the area in 
fully encapsulated suits (level A) with positive-pressure 
SCBA. The exact type of level A suit is determined by the 
nature of the chemical involved. Firefighters are trained 
in use of this gear, whereas many EMS rescue teams are 
not. Under medical guidance, the firefighters begin 
decontamination and rescue of casualties and begin first 
aid. The fire department is the most qualified to assess 
the potential for fires and explosions and to advise 
medical personnel of such. 

The smallest number of rescuers possible should 
enter the contaminated area. At least two should go in 
together, employing a buddy system, to ensure each 
other’s safety. A backup person with a similar level of 
protective gear should remain at the boundary to assist 
the rescuers in the event of an accident. Hyperthermia 
and dehydration can occur quickly in the fully 
encapsulated level A suites. Adequate hydration and 
close attention to rescuer vital signs are important. 

Standard principles of triage apply in a chemical 
disaster. The sequence for field decontamination is 
illustrated by the following example: A truck transporting 
a concentrated liquid chemical turns over on a highway, 
and the tank begins to leak. A large pool of chemical is 
rapidly filling a low section of roadway, and a hazy cloud 
begins to form over the pool. The driver and 
companion, who are both injured, begin to move away 
under their own power. They begin to cough and choke, 
and then they pass out. Several bystanders enter to help 
and are overcome and lose consciousness. In the 
meantime, all the victims have chemical on their 
clothing. Without going into specific details of particular 
chemicals, how might rescue be accomplished? The first 
responders must attempt to identify the chemical from 
the placard on the truck. Especially note the logo W, 
which means USE NO WATER. The chemical may ignite, 
explode, or produce toxic fumes with water. The 
responders should notify central dispatching for fire 
department, police, and EMS backup and indicate that 
specialized resources or expertise may be required for a 
hazardous materials incident. If the placard can be read, 
the dispatcher can call CHEMTREC for specific 
handling information. Police, fire department, or EMS 
personnel should have access to the DOT Emergency 
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Response Guide: Emergency Handling of Hazardous Materials in 
Surface Transportation. Access to other guides, Poisindex, or 
a poison control center for further information should be 
available, if possible. A triage or medical station should be 
set up upwind from the site at a “safe” distance. Distances 
are listed in the DOT Emergency Response Guidebook. An area 
designated as contaminated or hot should be defined 
(Fig. 103-3). An intermediate or containment area should 
be established. Rescuers can continue decontamination 
and emergency treatment in this area. 

Cutaneous decontamination is not required for all 
patients exposed to a hazardous material. Exposure to an 
inhaled toxicant (e.g., carbon monoxide or arsine gas) 
poses little risk for skin injury, mucous membrane injury, 
or secondary contamination such that decontamination 
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is not required. Many gases and vapors (e.g., isocyanates, 
chlorine) can cause skin and mucous membrane injury 
and necessitate formal decontamination. Any liquid or 
solid material must be removed promptly. If uncertainty 
exists, then prompt decontamination is mandatory. 

The nature of the hazard and the necessary protective 
equipment must be determined before first responders 
enter an area of chemical spill (e.g., equipment for 
extrication and diking, decontamination showers, oxygen, 
protective gear, and transportation vehicles). Rescuers 
should enter the contaminated area with full protective 
gear unless the hazard assessment indicates otherwise. If 
the details of the release are uncertain, level A protective 
gear is essential. Level A suites are composed of various 
materials, and proper suit selection is important. 


FIGURE 103-3 Sequence for 
field detonation. 
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Only a minimum of first aid, such as attention to the 
cervical spine and exsanguinating hemorrhage, should 
be attempted in a highly toxic environment. Do not 
intubate or establish intravenous access in a highly toxic 
environment. Move victims from the immediate area of 
the spill. Remove all clothing. In general, wash the entire 
body, including the hair, quickly with water. Exceptions 
to this rule include contaminants that are elemental 
metals, such as sodium, which react violently with water. 
All the wash water should be contained (if possible). This 
can be done in a number of ways. Children’s plastic 
wading pools or plastic sheeting may be used with an 
earthen dam or brick border to prevent used wash water 
from entering ground water. Three fire ladders may be 
laid sideways in a triangle and tarpaulins placed over 
them to form a pool. All waste water, hoses, tarpaulins, 
pools, and so on are left inside the “hot zone” for the 
environmental cleanup team (see Fig. 103-3). In the 
event of mass decontamination, the effluent water does 
not need to be contained and can be allowed to flow into 
the sewer or other location. 

The victims may then move into the warm zone for 
further decontamination. Rescuers then discard outer 
layers of gloves, boot covers, and suits and place these 
in disposal containers. SCBAs may need to be left on 
and are the last piece of equipment removed. In the 
containment area, more thorough washing should 
take place. This may be done in a similar manner by 
setting up a hose or some type of shower. If possible, all 
waste water must be contained so as not to spread 
contamination. 

More thorough attention to injuries and advanced 
airway management can be given in this warm zone. 
With very toxic materials, rescuers still will be hampered 
in their efforts by protective suits and SCBA. 

The victims are wrapped again in clean blankets as 
they move from zone B (containment area) to zone C 
(cold zone). Rescuers discard additional protective 
clothing, and the SCBA is removed last, on entering the 
cold zone. All contaminated equipment and clothing are 
placed in bags and drums for later decontamination or 
disposal. Here, more extensive triage can take place, and 
intravenous lines and other advanced life support 
treatment can take place. Note that all movement is 
upwind from the spill. 

Because one cannot be absolutely sure that deconta- 
mination is complete in the field, one should use a 
non—advanced life support vehicle if possible. Decontam- 
ination of an advanced life support vehicle is time 
consuming and costly, and availability is extremely 
limited. To have one out of service for decontamination 
imposes a hardship on the community. 

The selection of receiving hospitals must be based on 
the number of victims and the hospital’s ability to manage 
concomitant trauma, burns, contamination, and systemic 
toxicity. All equipment and gear in vehicles and in the 
emergency department should be protected from any 
contamination by layers of plastic and blankets, if possible. 

Decisions about evacuation are based on the identi- 
fication of the chemical, information from the trans- 
porter or manufacturer, chemical characteristics, 


explosive characteristics, danger of fire, means of safe 
evacuation, and weather conditions. 


REGIONAL ASSESSMENT OF EXPOSURE 


A major hazardous spill may raise fears in the general 
population of possible long-term toxic effects. Patients 
and workers immediately exposed to the chemical 
hazard, as well as firefighters, EMS personnel, and 
police, may require ongoing medical surveillance. The 
long-term environmental impact also must be assessed. If 
a survey of the immediate area and patient population 
shows no significant hazard, then the public may be 
reassured. In the event a persistent hazard is determined 
to exist, local and national authorities may need to expand 
testing in concentric circles from the exposure site. 

The health care providers must be aware of the mass 
psychogenic component that is commonly present in 
perceived environmental exposures. Whether or not 
patients are suffering toxic effects, it is likely that they also 
will experience symptoms and signs of catecholamine 
release. Some individuals may have nonspecific symptoms, 
such as headaches, nausea, vomiting, hyperventilation, 
chest pain, and paresthesias.*° 


HOSPITAL MANAGEMENT 


Decontamination is always best performed before 
hospital arrival. A patient is never too unstable to have 
clothing removed and a brief decontamination perfor- 
med in the field. Secondary decontamination pro- 
cedures should be considered at the hospital after field 
decontamination. Initial decontamination will be re- 
quired at the hospital for those patients not evaluated at 
the scene. The Tokyo sarin gas experience indicates that 
at least 80% of hospital patients will independently 
appear at a healthcare facility, without transport by first 
responders.** 

Decontamination may occur inside the hospital in 
specially designed facilities equipped with a separate 
ventilation system that will provide adequate air flow. 
Air return from this room must never recirculate within 
the hospital and must be directly vented outside. Some 
specialized sites have floor drains leading to holding 
tanks that are easily accessed by hazardous waste 
contractors for toxicant removal. These holding tanks 
are expensive and should not preclude a hospital from 
participating in decontamination. 

An expenditure of large amounts of money is not 
necessary for the safe, efficient management of patients. 
Most hospitals decontaminate patients outside the 
emergency department. Portable curtains provide 
privacy, and warm water can be delivered outside in all 
weather. Portable decontamination stretchers allow for 
synchronous decontamination and resuscitation. Por- 
table wading pools are an inexpensive means of con- 
tainment of irrigation fluid for ambulatory patients. If a 
large-scale decontamination effort is needed, the 
effluent can be allowed to flow into the sewer. 
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Contaminated patients must always be decontaminated 
before entry into the main emergency department. All 
hospital protocols must focus on efficient rapid patient 
processing. Hospitals must not rely on fire departments 
for decontamination because they will likely be deployed 
to the site of the release. 

Cutaneous surface swipes before and after dermal 
cleansing can provide valuable information on the extent 
of contamination and efficacy of removal. Portable 
radiation detectors guide the duration and intensity of 
decontamination. Assessing the adequacy of chemical 
decontamination is more difficult in that the laboratory 
analysis takes more time. The physician will often not 
know “how clean is clean?” and will be forced to terminate 
decontamination based on less objective criteria. 

Protection of hospital personnel is of primary 
importance.*? Most health care facilities are poorly 
prepared to handle contaminated casualties. The 
medical team must always be equipped with a level of 
protection consistent with the contamination of the 
victim. Patient care must never be initiated before the 
donning of appropriated protection. There is a great 
deal of controversy regarding what level of personal 
protective equipment is appropriate for hospital 
personnel. Recent consensus opinions for health care 
facility-based personnel recommend level C personal 
protective equipment with OSHA operations-level training 
curricula modified to the health care environment.2°2’ 
Level C includes a nonencapsulating chemical-resistant 
suit and an air-purifying respirator. Hospitals may choose 
a powered air-purifying respirator (more expensive) 
because the work of breathing is much less with these 
devices, and fit testing is not required. An SCBA or air- 
supplied respirator is not required if the decontamination 
occurs outside of the hospital. Chemically resistant 
clothing and gloves are vital for the safe management 
of patients. 

Water irrigation, mild soap, and gentle washing are 
the initial approach for all toxicants except elemental 
metals (e.g., sodium, lithium). These metals explode on 
contact with water and should be removed by other 
methods before the application of water. Occasionally, 
detergents are required to remove viscous materials. The 
irrigation of contaminated wounds should take priority 
to lessen system absorption of toxicants. Care must be 
taken not to allow irrigation runoff to contaminate clean 
skin. 

A small number of dermal toxicants require special 
attention. Phenol is best removed with 200- to 400- 
molecular weight polyethylene glycol or isopropanol. 
Small amounts of water could increase dermal 
absorption of phenol. “Deluge” quantities of water are 
required when polyethylene glycol is not available. 
Limited data indicate that hexavalent chromium may be 
treated with topical ascorbic acid to allow reduction to 
the trivalent (less toxic) state. White phosphorus fumes 
or flames spontaneously on contact with air. Before 
débridement, the phosphorus should be covered with a 
moistened gauze. A Wood’s lamp allows visualization of 
phosphorus in tissues. Copper sulfate irrigation of 
wounds for phosphorus visualization can cause copper 
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Antidotes for Common Hazardous 


Materials Toxicants 





ANTIDOTE TOXIN 

Lilly cyanide antidote kit Cyanide 

Methylene blue Methemoglobin 
Atropine or pralidoxime Organophosphates, 


carbamates, nerve agents 
Hydrofluoric acid 
Carbon monoxide, cyanide, 
hydrogen sulfide 
Cesium, thallium 
Heavy metals 


Calcium 
Oxygen or hyperbaric oxygen 


Prussian blue (Radiogardase) 
Chelators (DTPA, BAL, DMSA) 





toxicity and provides little benefit over a Wood’s lamp. 
Calcium gluconate is the antidote in hydrofluoric acid 
(HF) exposures (Table 103-1). HF is a weak acid but 
causes systemic and local toxicity through its strong 
affinity for calcium and magnesium ions. Severe 
exposure to concentrated HF is associated with rapid 
hemodynamic compromise. Intravenous calcium must 
be administered early in these cases to control arrhyth- 
mias and shock. Dilute HF (<20%) typically causes 
delayed pain and tissue injury presenting as late as 
24 hours after exposure. Topical application of a 2.5% 
calcium gluconate gel and parenteral narcotics 
constitute the initial management of dermal injury. If 
this fails to relieve pain, then calcium gluconate can be 
infiltrated into the wounds at a dose of 0.5 mL/cm*. 
Hand wounds with persistent pain that do not respond to 
topical therapy are best managed with an intra-arterial 
infusion of calcium gluconate (10 mL of a 10% solution 
mixed with 40 mL of saline infused over 4 hours) until 
pain is resolved. Patients should not be discharged home 
with persistent pain. Table 103-1 provides specific 
commonly used antidotes in hazardous materials events 
that should be available to both prehospital and hospital 
health care providers. 
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1 04 Medical Management of Radiation Incidents 


RONALD E. GOANS, PHD, MD, MPH 


At a Glance... 


m Radiation incidents have historically been classified into five 
major categories: 

1. High-level external radiation exposure with late systemic 
symptoms, often neutropenia and sepsis 2 to 3 weeks 
postexposure. 

2. Low-level external exposure, with a normal physical 
examination. 

3. Local radiation injury to an extremity or other localized part of 
the body, generally with minimal systemic symptoms. 

4. Inhalation or ingestion of radioactive material accompanied 
by a normal physical examination. 

5. Hospital-related incidents, generally related to misad- 
ministration in brachytherapy, external dose, or in nuclear 
medicine studies. 

m Victims of radiation-related terrorism require prompt treatment 
of medical and surgical conditions and initial evaluation for 
radiation exposure. Since radiation-related illness requires days 
to weeks to become clinically evident, patients should be 
triaged using traditional medical and trauma criteria, medically 
stabilized initially, and then assessed for radiation injury. 

m An early estimation of the magnitude of the incident by the 
physician is crucial. 

m Cobalt 60, cesium 137, iridium 192, and strontium 90 are major 
isotopes often involved in incidents of severe external exposure. 
High-level external exposure via a lost source in the public 
domain may cause patient death through neutropenic sepsis or 
multiorgan failure. 

m Internal exposure rarely causes patient death, but significant 
regulatory issues and delayed radiation-related medical effects 
may ensue. 

m External contamination is generally more of a nuisance issue 
and can be dealt with readily by removal of clothing and prompt 
decontamination, initially with soap and water. 

m The lethal dose to 50% of an exposed population in 30 days 
(LD 50/30) in humans with only supportive treatment is 
approximately 3.5 to 4.0 Gy and may be extended to 6 to 8 Gy 
with modern critical care medicine. Rarely does a patient 
survive long-term with an acute whole body dose of 10 Gy or 
more, even with the most advanced medical care. 


INTRODUCTION AND BACKGROUND 


In the medical management of injury in a radiation 
terrorism event, it is important to remember that the 
“golden hour” is widely recognized by surgeons to be an 
hour of opportunity in which the lives of severely injured 
people may be saved if they are rapidly triaged by first 
response personnel and treated by trauma specialists. 
The presence of radiation issues must not interfere with 
rapid triage and removal of trauma victims from the field 
of injury. 


Several excellent textbooks are available!’ in radia- 
tion medicine and in health physics that expand further 
on the topics in this chapter. Radiation accident medi- 
cine is often confusing to physicians and other medical 
personnel, mainly because the subject is not part of the 
traditional medical school curriculum. Common radia- 
tion terminology and radiation units are summarized in 
Appendix A. In addition, various examples are provided 
of the use of radioactive substances in medicine and in 
industry. Appendix B describes two additional resource 
organizations useful to assist in radiation accident analy- 
sis (Radiation Emergency Assistance Center/ Training 
Site [REAC/TS] in Oak Ridge, Tennessee, and the 
Armed Forces Radiobiology Research Institute [AFRRI], 
located in Bethesda, Maryland). Several problems and 
medical case histories are also included in this chapter 
to illustrate various techniques useful in the practice of 
radiation medicine. 

Many patients involved in radiation accidents may also 
be externally contaminated with radioactive particles. 
Removing contaminated clothing promptly will eliminate 
80% to 90% of external contamination, and soap and 
water should be the first approach to removing remaining 
external contamination, particularly in exposed areas 
such as the face and hair. Irrigation of contaminated 
wounds is also readily performed using a saline jet under 
mild pressure. Ambient radiation levels from contami- 
nated wounds are rarely medically significant, and 
hospital personnel attending the patient(s) should be 
reassured that their radiation dose will be minimal. 


SOURCES OF RADIATION EXPOSURE 


The most serious exposure scenario is high-level, high- 
dose rate, acute external whole body or partial body 
gamma irradiation. The patient may manifest significant 
systemic signs and symptoms associated with the acute 
radiation syndrome (ARS). Such an exposure could 
manifest from terrorist use of an improvised nuclear device 
or low-yield weapon (IND) or from close proximity to a 
radioactive dispersal device or high-level industrial 
source (Cs 137, Co 60, Ir 192, or Sr 90). Medical 
management of patients with moderate to severe 
radiation exposure (effective whole body dose > 3 Gy) 
should emphasize treatment of radiation-induced 
neutropenia and the prevention of infection. Initial care 
is directed toward reduction of pathogen acquisition 
through reverse isolation, low-microbial-content food 
and water, selective use of gastrointestinal (GI) decon- 
tamination, and consideration of antibiotic prophylaxis 
for opportunistic bacterial, viral, or fungal infections. 
Established or suspected infection in the neutropenic 
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patient is managed in the same manner as for chemo- 
therapy patients. Antibiotic prophylaxis should be 
considered in the severely neutropenic patient and in 
afebrile patients at the highest risk for infection. 

Second, high-level local radiation injury occasionally 
arises from touching lost or covertly placed industrial 
radiation sources. These incidents often involve 
significant radiation burns to either the hands or other 
localized anatomic regions. However, the appearance of 
these lesions is usually delayed in time as noted below. 
Acute local irradiation events may occur separately or co- 
exist with the ARS. Deterministic thresholds exist as 
follows for certain ranges of localized skin radiation 
dose: 


1. 3 Gy threshold for epilation, beginning 14 to 21 days 
postaccident. 

2. 6 Gy for erythema, which may be observed transiently 
postaccident, and appears in permanent form 14 to 
21 days thereafter. The pathophysiology for erythema 
involves arteriolar constriction with capillary dilation 
and local edema. 

3. 10 to 15 Gy for dry desquamation of the skin 
secondary to irradiation of the germinal layer. Dry 
desquamation results from response of the germinal 
epidermal layer to radiation. There is diminished 
mitotic activity in cells of the basal and parabasal layers 
with thinning of the epidermis and desquamation of 
large macroscopic flakes of skin. 

4. 20 to 50 Gy for wet desquamation (partial thickness 
injury) at least 2 to 3 weeks postexposure, depending 
on dose. In moist desquamation, microscopically, one 
finds intracellular edema, coalescence of vesicles 
forming macroscopic bulla, and a wet dermal 
surface, coated by fibrin. 

5. For doses of more than 50 Gy to a localized area, 
overt radionecrosis and ulceration occurs secondary 
to endothelial cell damage and fibronoid necrosis of 
the arterioles and venules in the affected area. A 
cutaneous syndrome, arising from high-level whole 
body irradiation along with local injury, has also 
been described by various researchers.!°!! 


Third, accidents occur in either the industrial or 
government sector primarily involving inhalation or 
ingestion of radioactive material without overt systemic 
signs and symptoms. These accidents often involve 
medical misadministration of correctly prescribed radio- 
isotopes or accidents involving nuclear medicine therapy 
or brachytherapy. 


ACUTE RADIATION EXPOSURE 


The correct diagnosis of acute radiation injury may be 
made approximately 85% of the time by a traditional, 
well-designed medical history. However, physicians often 
do not include radiation injury in the differential 
diagnosis of the usual radiation prodromal symptoms 
of nausea, vomiting, and diarrhea. Analysis of the recent 


history of radiation medicine shows many cases of 
delayed diagnosis. 

In a review of four recent major radiation accidents? 
involving lost high-level gamma sources (Bangkok, 
Thailand [February, 2000]; Mit Halfa, Egypt [May, 2000]; 
Tammiku, Estonia [October, 1994]; Goiania, Brazil 
[September, 1987]!*), the average time from beginning 
of the accident until definitive diagnosis averaged 
approximately 22 days. However, in the recent nuclear 
criticality accident in Tokaimura, Japan!’ (September, 
1999), awareness of the accident was essentially immediate 
because it occurred in an industrial environment with 
many witnesses. 

Therefore, radiation accidents are recognized in a 
dichotomous fashion: either soon postaccident (industrial 
or medical setting), or 2 to 4 weeks or more postaccident 
when the patient becomes ill due to neutropenia and 
sepsis (misplaced sources found or stolen by a member 
of the public). The clinical presentation of the externally 
irradiated patient will be much different in these two 
scenarios. In addition, the patient presenting primarily 
with internal contamination will have few signs and 
symptoms and will generally have a normal physical 
examination. 

In a terrorism event, radiation dose may be estimated 
early using rapid-sort, automated biodosimetry, employing 
such parameters such as the clinical history, the time to 
emesis (TE), and lymphocyte depletion kinetics.!®* For 
TE of less than 2 hours, the effective whole body dose is at 
least 3 Gy. If TE is less than 1 hour, the whole body dose 
most probably exceeds 4 Gy. Lymphocyte depletion 
follows dose-dependent, first-order kinetics after high- 
level gamma and criticality incidents. Patient radiation 
dose can be estimated very effectively from the medical 
history, serial lymphocyte counts, and TE, and subse- 
quently confirmed with chromosome-aberration bioassay, 
the current U.S. and world gold standard. These data may 
be effectively analyzed using a computer tool developed 
at the Armed Forces Radiobiology Research Institute 
(Biodosimetry Assessment Tool [BAT]; http://www. 
afrri.usuhs.mil/). Input to BAT includes historical and 
clinical data, TE, and serial complete blood counts 
(CBCs), and the output provides a statistically weighted 
estimate of dose. It is possible therefore to determine the 
magnitude of the exposure within the first 12 to 18 hours 
postevent. The program is currently available free of 
charge for the personal computer (PC) laptop and will 
soon be available for the personal digital assistant 
(PDA).!” 

The medical management of patients with acute, 
moderate to severe radiation exposure (effective whole 
body dose greater than 3 Gy) should emphasize the 
rapid administration of colony-stimulating factors (CSF). 
All of these compounds decrease the duration of 
radiation-induced neutropenia and stimulate neutrophil 
recovery. For those patients developing febrile radiation- 
induced neutropenia, adherence to the current Infec- 
tious Diseases Society of America guidelines for high- 
risk neutropenia is recommended (IDSA; http://www. 
idsociety.org/). 
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INDUSTRIAL TOXICOLOGY OF COMMON 
RADIOISOTOPES 


Following an accidental intake of radioactive material, 
dose, toxicity, and treatment methods are dependent on 
various factors such as the identity of the radionuclide 
and its physical and chemical characteristics (physical and 
biological half-life, particle size, chemical composition, 
solubility, etc.). In the inhalation pathway, particle 
characteristics (size, chemical composition, chemical 
solubility in body fluids) are important determinants of 
dose. The fate of inhaled particles is critically dependent 
on particle physicochemical properties and the size of 
aerosol particles determines the region of the respiratory 
tract where most will be deposited. Highly insoluble 
particles may remain in the lung for long periods of 
time, and a small fraction will be transported to the 
tracheobronchial lymph nodes by pulmonary macro- 
phages. Insoluble particles may be swallowed and 
therefore excreted primarily in the feces. 

Treatment considerations for internal contamination 
of radioisotopes are very similar to traditional poison 
control measures and fall into several major categories”’: 


1. Reduce and/or inhibit absorption of the isotope in 
the GI tract. 

. Block uptake to the organ of interest. 

. Utilize isotopic dilution. 

. Alter the chemistry of the substance. 

. Displace the isotope from receptors. 

. Utilize traditional chelation techniques. 


MH OU OO DO 


The most common isotopes seen in the management 
of internal contamination will now be presented along 
with selected case histories. It is hoped that these case 
histories will give the reader some idea of the decision- 
making process involved in management of internal 
contamination cases. 


CASE HISTORY: ESTIMATING THE 
MAXIMUM CREDIBLE INHALATION 
ACCIDENT 


Two scientists at a government facility accidentally break 
the integrity of a glovebox known to contain americium 
241. Nasal swipes taken within 10 minutes postaccident 
read 10,000 dpm and 12,000 dpm alpha for the left 
and right nares, respectively. The presenting issue is to 
estimate the maximum credible accident. 

Mansfield** has given a rough rule of thumb that the 
combined activity of both nasal swipes should approxi- 
mate 5% of deep lung deposition, using the Interna- 
tional Commission on Radiological Protection (ICRP) 30 
lung model. Using this rule of thumb to estimate the 
magnitude of the incident, we have the total anterior 
nasal passage activity to be 22,000 dpm alpha = 9.9 nCi. 
The estimated lung deposition is therefore on the order 
of 200 nCi, or approximately 10 annual limits of intake 
(ALI; 1 ALI = 5 rem) for inhalation. Experience has 
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shown that this is generally a very conservative over- 
estimate, but useful for initial estimates, pending the results 
of bioassay.*° 


MEDICAL CONSIDERATIONS FOR 
SELECTED RADIONUCLIDES”? 


Tritium H) 


Dose to total body water is the critical issue in the 
management of tritium accidents. The ICRP 67 model 
for tritium?* assumes two compartments for tritiated 
water, A and B, with age-dependent biologic half-lives 
ranging from 3 to 10 days for compartment A and 8 to 40 
days for compartment B. In addition, organically bound 
tritium is treated in an age-dependent manner. For 
accident dosimetry purposes, tritium retention may be 
approximated by a single exponential with a half life of 
10 days. For reference, the ALI for tritium is 80,000 uCi. 
Medical management of tritium intake is directed toward 
increasing body water turnover by increasing oral fluid 
intake, thereby diluting the tritium and increasing excre- 
tion by physiologic mechanisms. 

An increase in oral fluids of 3 to 4 L/day reduces the 
biologic half-life of tritum by a factor of 2 to 3 and therefore 
reduces whole body dose in the same proportion. 


CASE STUDIES: TRITIUM EXPOSURE 

Six male teens at a government dormitory facility break 
an exit sign, releasing approximately 10 Ci of tritium gas. 
The highest levels of trittum are found on the public 
telephone (157,000 dpm). Urine samples are taken from 
all six teens and sent for tritium bioassay. From liquid 
scintillation counting at a national laboratory, the 
highest urine value is found to be 6.5 wCi/L in a 17-year- 
old boy. 

Using the conservative rule of thumb from ICRP 
65 that 1 uCi/L peak tritium concentration in urine 
corresponds to an integrated whole body dose of 10 
mrem,”! the maximum estimated dose is approximately 
65 mrem (0.65 mSv) whole body. Prior to receiving the 
urine bioassay results, all teens were instructed to increase 
oral hydration to 3 to 4 L/day. There were no adverse 
medical events from this tritium intake. 

Historically, trittum exposures have resulted in rela- 
tively low whole body dose, but Seelentag and Minder” 
have reported cases of two fatalities possibly related to 
high-level trittum intake in an industrial environment 
over a period of years. From these cases, they concluded 
that there is possible evidence that two people died 
secondary to radiation-induced bone marrow suppression, 
although there was also prior exposure to strontium and 
radium. 


Strontium 


Sr 90 is the predominant isotope of interest in this chem- 
ical series, and a comprehensive model for strontium 
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retention, developed by Snyder and colleagues*® that 
indicates that 73% of material in the transfer 
compartment is eliminated with a 3-day half-life, 10% 
with a 44 day half-life, and 17% with a 4000-day half-life. 
All chemical forms except SrTiO, are considered 
relatively soluble (class D in the ICRP 30 formalism). 
SrTiO, is considered insoluble (class Y). In the ICRP 76 
treatment?’ of alkaline earth distribution, an age- 
dependent biokinetic model is given, with transfer to 
soft tissue, cortical and trabecular bone volume and 
surface, two liver compartments, and the renal system. 
For most forms of strontium, except titanate, bone 
surface is the dose-limiting organ for both inhalation 
and ingestion. Because of the biologically significant rate 
of strontium transfer to the GI tract, it is also necessary 
to block intestinal absorption in those cases where intake 
is by inhalation. The following treatments are useful in 
the medical management of inhalation cases with 
strontium: 


1. Intravenous (IV) calcium gluconate 2 g in 500 mL 
over 4 to 6 hours (competes for strontinum at bone 
binding sites). 

2. Ammonium chloride (300 mg orally) to produce a 
moderate metabolic acidosis. 

3. Barium sulfate 300 g orally as soon as possible 
postaccident to block intestinal absorption. 


lodine 


The thyroid is the critical organ after intake of 
radioactive iodine. Retention in the thyroid is described 
by a three-component exponential with half-lives of 0.24 
days, 11 days, and 120 days. In the ICRP 67 model, age- 
dependent elimination rate constants are given. In this 
model, uptake to the thyroid is 30%, with 70% of intake 
routed to prompt urinary excretion. The ICRP 67 
model** for adults has a half-life of 80 days for iodine in 
the thyroid and 12 days for iodine in the rest of the body. 
For accident dosimetry, the effective half-life of iodine 
may be taken to be approximately 12 days. 

Thyroid blocking in adults is accomplished by 
administering 130 mg potassium iodide (KI) orally as 
soon as possible postaccident and one tablet daily for 7 
to 14 days. Another convenient way to administer stable 
iodide is five or six drops of saturated solution of 
KI (SSKI, 1 g/mL). In addition, potassium perchlorate 
(200 mg) may be used in patients with iodine sensitivity. 
The timing of iodine administration is as soon as possible 
postaccident, up to 6 hours. However, in a situation with 
continuing exposure, stable iodine may be 50% effective 
even 5 to 6 hours after exposure to radioiodine. 


CASE STUDY: RADIOIODINE ADMINISTRATION 

IN PREGNANCY?22-28 

A 26-year-old female nurse presents with clinical hyper- 
thyroidism.**** During the laboratory analysis, a T, level 
is found to be 19.5 ug/dL (normal 5 to 12.5 ug/dL). She 
is given 9.2 mCi iodine 131 (Nal) for thyroid ablation, 
and the patient’s hyperthyroid symptoms subside within 


1 week. However, the patient is subsequently found to be 
14 weeks pregnant at the time of iodine administration 
by ultrasound dating. The fetal self dose in this case is 
calculated to be 2.4 rad (0.024 Gy; dose conversion factor 
[DCF] = 0.068 mGy/MBgq), but the fetal thyroid dose is 
calculated to be 88 Gy (DCF = 260 mGy/MBq). This is 
ablative to the fetal thyroid. 

The mother and fetus were followed throughout the 
remainder of the pregnancy by a specialist in fetal- 
maternal medicine. The pregnancy was clinically un- 
eventful, with a normal delivery. At birth, the infant was 
found to be profoundly hypothyroid and in the 6th 
percentile for growth on standard growth charts. At 1 
year of age, the baby also exhibited minor developmental 
delay on standard neurocognitive tests. 


Cesium 


Following systemic uptake of cesium, the isotope is uni- 
formly distributed in the body with distribution similar to 
potassium. Systemic retention for cesium is often repre- 
sented by a two exponential retention function with 
retention half-lives of approximately 2 days and approxi- 
mately 110 days. However, a range of retention half-lives 
has been noted.” 

The most effective means for removing radioactive 
cesium is the oral administration of ferric ferrocyanate, 
commonly called Prussian blue (PB). Insoluble PB 
(ferric hexacyanoferrate, Fe,[Fe(CN).,]3) is an orally 
administered drug that enhances excretion of isotopes of 
cesium and thallium from the body by means of ion 
exchange. One gram orally three times daily for 2 to 3 
weeks reduces the biological half-life of radiocesium to 
about one third the normal value. PB has a high affinity 
for cesium, whose metabolism follows an entero-enteric 
cycle. Orally administered PB traps cesium in the gut, 
interrupts its reabsorption from the GI tract, and thereby 
increases fecal excretion. Thus, the biologic half-life of 
cesium is significantly reduced after decorporation 
therapy with PB. 


CASE STUDY: CESIUM 
The most famous case’? involving cesium intake was 
the radiologic accident in Goiania, Brazil, in 1987. In 
September 1987, two men removed the rotating assembly 
of a cesium 137 teletherapy unit and breached the 
capsule containing 50.9 TBq (1375 Ci) of !°’Cs. The 
source was in the form of soluble !°’CsCl, which is highly 
dispersible in the environment. The teletherapy assem- 
bly was initially sold to a junkyard and the junkyard owner 
believed that it had mystical power since it glowed blue in 
the dark (Cherenkov radiation from the cesium beta 
decay). Samples of the material were given to many friends 
and relatives, resulting in widespread contamination 
to people and to the environment. Residual contamina- 
tion levels near the initial breach of containment were on 
the order of 1.1 Gy/hr. 

Approximately 112,000 persons were monitored for 
radioactive contamination, of whom 249 were contami- 
nated externally or internally. Four individuals died of 


CHAPTER 104 Medical Management of Radiation Incidents 


the acute radiation syndrome, with whole body dose in the 
range 4 to 7 Gy. These included the 38-year-old wife of the 
junkyard owner (5.7 Gy), 18- and 22-year-old employees 
(4.5 and 5.3 Gy, respectively), and a 6-year-old niece of the 
junkyard owner (6.0 Gy). The latter case represented a 
situation of extreme internal contamination (1 x 10° Bq) 
by ingestion, since the young girl was playing with a piece 
of the source while eating a sandwich. 

Forty-six individuals, internally contaminated in this 
incident, were treated with PB in daily divided doses of 3 
to 20 g. The use of PB reduced the average !°’Cs biologic 
half-life from 110 to 115 days to about 40 days, with a 
consequent reduction in dose. 


Uranium 


The two most common uranium isotopes seen in 
research and in industry are uranium 238 and 235. Acute 
toxicity is most closely related to chemical rather than 
radiologic properties, particularly with regard to the 
renal system. For uranium entering the transfer compart- 
ment, approximately 20% is transferred to mineral bone 
with a half-life of 20 days and 2.3% to bone with a half- 
life of 5000 days. In addition, 12% and 0.05% are 
transferred to the kidneys with half-lives of 6 and 1500 
days, respectively. Systemic body retention of uranium is 
given by a five exponential retention function with half- 
lives of 0.25, 6, 20, 1500, and 5000 days.'9*! 

Uranium has an overall effective half-life of 15 days, 
and 85% of retained uranium resides in bone. Kidney 
toxicity is the basis of occupational exposure limits. 
In acidic urine, the uranyl ion binds with renal tubular 
surface proteins, and some of the bound UO,*" is 
therefore retained in the kidney. The kidney is the first 
organ to show chemical damage in the form of nephritis 
and proteinuria. Oral doses or infusions of sodium 
bicarbonate have historically been the treatment of 
choice and should be dosed to keep the urine alkaline by 
frequent pH measurements. The non-toxic uranium 
carbonate complex is increased by three to four orders 
of magnitude in alkaline urine and promptly excreted.*”** 

Annual occupational limits for uranium are based on 
levels estimated to induce renal damage. The threshold 
for transient renal injury is estimated to be 0.058 mg 
U/kg body weight or intake of 4.06 mg in a 70-kg 
individual. Likewise, the threshold for permanent renal 
damage is estimated to be 0.3 mg U/kg body weight, or 
21 mg U in a 70-kg person. Permanent renal damage is 
shown by a permanent increase in blood urea nitrogen 
and creatinine, along with proteinuria and a decrease in 
glomerular filtration rate. From animal research, the 
50% lethality level is estimated to be 1.63 mg/kg body 
weight, or 114 mg in a 70-kg person. A very useful 
Internet calculator for determining organ levels of 
uranium from either ingestion or inhalation is found 
through Martindale’s Online Center (http://www. 
martindalecenter.com/CalculatorsD_Rad.html). This 
very extensive calculator originated through the WISE 
Uranium Project in the Netherlands. 

Current research on decorporation therapy of 
uranium and the actinides has evaluated analogs to 


1471 





siderophores.*"*! Siderophores are agents produced by 
microorganisms to obtain Fe(III) from the environment. 
These compounds are good candidates for trial since 
actinide and uranium biokinetics are associated with 
Fe(III) transport and storage systems. The association 
rate constant for actinide-ligand and uranium-ligand 
binding is generally found to be much greater than that 
for diethylenetriamine-penta-acetic acid (DTPA) binding. 

Durbin and colleagues**** have considered a linear 
hydroxypyridinone derivative of deferoxamine: 3,4,3- 
LIHOPO, or simply LIHOPO. LIHOPO is readily given 
by IV injection in a rat model with low toxicity and has 
been found to be an effective chelator for both actinides 
and for uranium. Consider a rat model where plutonium 
and americium particulates are inhaled. The summary of 
experiments below shows relative improvement ratios for 
decorporation therapy using LIHOPO compared with 
traditional methods using DTPA.*° 


l. Plutonium: LIHOPO/DTPA = a factor of 6.7 
improvement for plutonium deposition in lungs. 

2. Americium: LIHOPO/DTPA = a factor of 2.0 
improvement for americium deposition in lungs. 

3. Plutonium: LIHOPO/DTPA = a factor of 4.8 
improvement for plutonium deposition in skeleton. 


In a plutonium wound model in rats, LIHOPO was 
found to be 2 to 40 times more effective than DTPA in 
chelation therapy, depending on the nature of the 
experiment and route of LIHOPO administration. In 
another series of experiments, small oral doses of 
LIHOPO mobilized more americium than plutonium 
from liver and bone. Furthermore, in rat experiments 
using injected uranium, LIHOPO was 3.6 times more 
effective in renal protection than NaHCO; and 1.7 times 
more effective in decreasing dose to bone volume.” 
These experiments appear to be quite promising for 
eventual human use. 

Durbin and colleagues?’ have also recently presented 
experiments designed to identify the most effective 
multidentate 1,2-HOPO and Me-3,2-HOPO ligands for 
chelation of Pu(IV) in vivo. Nine HOPO ligands, when 
injected or given orally, were found to be superior to Ca- 
DTPA for reducing plutonium 238 retention in the mouse 
model. These tetradentate and hexadentate compounds 
are found to be highly effective, but moderately toxic, 
and deserve more intensive study prior to human 
studies. While these experiments to date appear quite 
promising, U.S. Food and Drug Administration (FDA) 
phase I human trials have not yet begun. Therefore, the 
compounds will not be available in the clinic for several 
years. A recent review article®™ provides additional details 
of this preclinical research. 

Henge-Napoli and colleagues?” have evaluated the 
efficacy of ethane-1-hydroxy-1,1 bisphosphonate (EHBP, 
etidronate, Didronel [Proctor and Gamble, Mason, 
OH]) in experiments to obtain com pounds that will 
reduce the fixation of uranium in its main target organs 
of bone and kidney. Etidronate, a synthetic analog of 
pyrophosphate, is used in the treatment of moderate to 
severe Paget’s disease, heterotopic ossification, and hyper- 
calcemia associated with malignant neoplasms. The 
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work of Henge-Napoli and colleagues showed that one 
injection of EHBP (50 to 100 mol/kg), given acutely 
after uranium inhalation in animals, reduced uranium 
deposition in the renal system by a factor of five, and still 
a factor of two when given 30 minutes postexposure. 

This work is particularly important since Etidronate is 
currently approved by the FDA for reduction of bone 
resorption, is clinically accepted, and has a well-studied 
adverse reaction profile. Etidronate has pharmacologic 
actions that are similar to pyrophosphate, a salt of 
phosphoric acid, which occurs naturally in the body and 
acts to inhibit bone metabolism. In contrast to the 
endogenous compound, etidronate is resistant to enzymatic 
metabolism. The drug decreases both normal and 
abnormal bone resorption, thereby reducing bone 
turnover and slowing the remodeling of pagetic or 
heterotopic bone. 

In another series of animal experiments, Destombes 
and colleagues?” compared the carbonic anhydrase 
inhibitor acetazolamide (Diamox [Barr Pharmaceuticals, 
Pomona, NY]), with bicarbonate in the treatment of 
internal contamination with uranium. This work is quite 
important since acetazolamide is also currently approved 
by the FDA and could be adapted easily for use in cases 
of uranium contamination in a mass casualty terrorist 
incident. 

Carbonic anhydrase is an enzyme responsible for 
forming hydrogen and bicarbonate ions from carbon 
dioxide and water. By inhibiting this reaction, aceta- 
zolamide reduces the availability of these ions for active 
transport. Hydrogen ion concentrations in the renal 
tubule lumen are therefore reduced by acetazolamide, 
leading to an alkaline urine and an increased excretion 
of bicarbonate, sodium, potassium, and water. A 
reduction in plasma bicarbonate results in a metabolic 
acidosis, which rapidly reverses the diuretic effect. 

Acetazolamide is classically used for the prophylaxis 
and treatment of altitude sickness, and as an adjunct 
treatment for glaucoma and epilepsy. It has also long 
been approved by the FDA for use as a diuretic. 
Acetazolamide is rapidly absorbed from the GI tract, and 
peak serum concentrations for the tablets and extended- 
release capsules are achieved in 2 to 4 hours and 8 to 12 
hours, respectively. For use in urinary alkalization, the 
adult dose is 5 mg/kg IV or as needed to maintain an 
alkaline diuresis. In their recent animal work, Destombes 
and colleagues?” noted that acetazolamide is three times 
more effective than bicarbonate in reducing the renal 
content of uranium, but has no effect on skeletal con- 
tent. These experiments appear quite promising clin- 
ically and deserve to be extended. 


Actinides 


Plutonium is the model element in this series. After 
plutonium enters the transfer compartment, approxi- 
mately 45% translocates to the liver and 45% to bone. 
The retention time is assumed to be 20 years in the liver 
and 50 years in bone. The classical plutonium retention 
function is given by Durbin® based on her data and that 
of earlier work by Langham.*? The Durbin model for 


plutonium uses a five-component exponential with half- 
lives of 1.2, 5.5, 42, 300, and 4000 days. The retention 
functions for other actinides are similar to that for 
plutonium. 

Trisodium calcium diethylenetriaminepentaacetate 
(Ca-DTPA) and Zn-DTPA chelation therapy are the 
treatment of choice for inhalation accidents involving 
actinides. Ca-DTPA is a calcium salt of DTPA, and 
Zn-DTPA is similar, except for the substitution of Zn 
for Ca. Ca-DTPA appears to be approximately 10 times 
more effective than Zn-DTPA for initial chelation of 
transuranics; therefore, Ca-DTPA should be used when- 
ever larger body burdens of transuranics are involved. 
Approximately 24 hours after exposure, Zn-DTPA is, 
for all practical purposes, as effective as Ca-DTPA. This 
comparable efficacy, coupled with its lesser toxicity, 
makes Zn-DTPA the preferred agent for protracted 
therapy. The route of administration may be either slow 
IV push of the drug over a period of 3 to 4 minutes, IV 
infusion (1 gin 100 to 250 mL D;W, Ringer’s lactate, or 
normal saline), or inhalation in a nebulizer (1:1 dilution 
with water or saline). The Centers for Disease Control 
and Prevention (CDC) has included both Zn- and Ca- 
DTPA in the Strategic National Stockpile. 


THE RADON ISSUE 


Radon (radon 222) is the sixth element in the radioac- 
tive decay chain of *°°U, one of the major natural isotopes 
on earth. Radon gas poses an environmental risk because 
of its potential carcinogenic properties (increases in 
small cell and squamous cell carcinomas of the lung). 
This risk is not primarily due to radon’s chemical and 
radiologic characteristics (noble gas; physical half-life 
3.825 days), but mostly to the short-lived, reactive alpha- 
emitting progeny that occur after radon in the decay 
chain. 

Radon is formed in soil and rock from the radioactive 
decay of its parent, radium (radium 226, half-life 1622 
years), and can easily diffuse from its source. Radon 
tends to accumulate in enclosed structures, including 
mines, buildings, and basements, as a combination of 
diffusion from the soil and flow from air pressure 
differentials. Most biologic damage in human lungs is 
caused by its alpha-emitting progeny, particularly 
polonium (polonium 218 and 210, half-lives 3.11 min 
and 138.4 days, respectively) and lead 214. The con- 
ventional radiologic units associated with radon dose are 
particularly confusing and derive from historical epidem- 
iologic considerations of working populations in under- 
ground mines. 

Radon activity may be expressed in pCi/L (equal to 
37 Bq/m? in SI units) and one working level (WL) is 
equivalent to a radon concentration of 100 pCi/L at 
equilibrium and to approximately 200 pCi/L at 50% 
equilibrium, which is typical of many buildings. The 
working level is therefore a unit of radioactivity per liter 
of air or water. One working level month (WLM) is 
historically defined as a month of occupational exposure 
(170 hours) to one WL of airborne radon activity. One 
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WLM equates to approximately 5 pCi/L-year under 
typical conditions of equilibrium and an assumption of 
75% occupancy. In addition, one WLM (5 pCi/L-year) 
results in approximately 0.5 rad (0.5 cGy) of absorbed 
alpha dose to the lung. 

The current Environmental Protection Agency (EPA) 
voluntary indoor air action level is 4 pCi/L air, and most 
recent documents” continue to use the correlation 
that 10,000 pCi/L of radon in water correlates to 1 pCi/ 
L in air (transfer coefficient of 104). In poorly ventilated 
residences, typical radon concentrations are in the 
range 0.5 to 1.5 pCi/L, somewhat dependent on weather, 
proximity to the basement substructures, and human 
use patterns. Typical residential exposures are about 0.2 
WLM per year, equivalent to 1 pCi/L-year 


PATIENT ASSESSMENT IN RADIATION 
TERRORISM EVENTS 


Victims of radiation terrorism events require prompt 
diagnosis and treatment of medical and surgical condi- 
tions as well as conditions related to radiation exposure. 
Hospital emergency personnel should triage victims 
using traditional medical and trauma criteria. Radiation 
dose can be estimated early postevent using rapid-sort, 
automated biodosimetry and clinical parameters such as 
the clinical history, TE,*** and lymphocyte depletion 
kinetics. Patient radiation dose can be estimated very 
effectively from the medical history, serial lymphocyte 
counts, and TE, and subsequently confirmed with 
chromosome-aberration bioassay, the current gold 
standard. These data are effectively analyzed using the 
Armed Forces Radiobiology Research Institute Bio- 
dosimetry Assessment Tool. 

The medical management of patients with acute, 
moderate to severe radiation exposure (effective whole 
body dose greater than 3 Gy) should emphasize the 
rapid administration of granulocyte colony stimulating 
factor (G-CSF).*° These compounds appear to decrease 
the duration of radiation-induced neutropenia and to 
stimulate neutrophil recovery in patients who have 
received myelotoxic insult. For those patients developing 
febrile radiation-induced neutropenia, adherence to 
the current Infectious Diseases Society of America 
guidelines for high-risk neutropenia is recommended 
(http://www.idsociety.org/). 


CLINICAL MANIFESTATIONS OF 
HIGH-LEVEL EXTERNAL EXPOSURE 


Radiation damage results from the inherent sensitivity of 
certain cell types to radiation, with mitotically active cells 
most sensitive to acute effects. The inherent sensitivity of 
these cells results in a constellation of clinical syndromes 
(ARS) that occur within a predictable range of dose 
(greater than 2 Gy) after whole body irradiation deliv- 
ered at a relatively high dose rate. The clinical compo- 
nents of ARS include hematopoietic, GI, and cerebro- 
vascular syndromes and are reviewed elsewhere.'*+***° 
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Symptoms of acute, high dose radiation are dependent 
on the absorbed dose and may appear within hours 
to days and follow a somewhat predictable course. 
Individuals suffering from a lethal dose of radiation may 
experience a compression of these phases over a period 
of hours, resulting in early death. Because of the rapid 
cell turnover of the lymphohematopoietic elements, 
these cells are among the most radiation-sensitive tissue 
in mammals. As such, irradiation of bone marrow stem 
and progenitor cells results in exponential death. 

The onset of cytopenia is variable and dose 
dependent. In particular, the duration of neutropenia 
may be prolonged, requiring prolonged administration 
of hematopoietic growth factors, blood product support, 
and antibiotics. The primary goal of medical therapy is to 
shift the survival curve to the right by about 2 Gy. Many 
casualties in a terrorist-initiated weapon event (IND) 
whose dose exceeds 6 to 8 Gy will also have significant 
blast and thermal injuries that will preclude survival 
when combined with their radiation insult 

The medical management of patients with acute, 
moderate to severe radiation exposure (effective whole 
body dose greater than 3 Gy) should emphasize early 
initiation of G-CSF, transfusion support as needed, anti- 
biotic prophylaxis, and treatment of febrile neutropenia, 
which is discussed in more detail below. Additional 
supportive medications may include antiemetics, anti- 
diarrheals, fluid and electrolytes replacement, and top- 
ical burn creams. In the case of coexisting trauma 
(combined injury), wound closure should be performed 
within 24 to 36 hours. In non-neutropenic patients, 
antibiotics should be directed toward the foci of 
infection and the most likely pathogens. For those who 
experience significant neutropenia (absolute neutrophil 
count [ANC] less than 500 cells/mm ?*), broad-spectrum 
prophylactic antimicrobials should be given during the 
potentially long duration of neutropenia. Prophylaxis 
should include a fluoroquinolone, an antiviral agent (if 
indicated), and an antifungal agent.***° 

These antimicrobials should be continued until either 
the patient experiences a neutropenic fever and requires 
alternate coverage or experiences neutrophil recovery 
(ANC greater than 500 cells/mm). In patients who 
experience first fever, traditionally therapy is directed 
at gram-negative bacteria (in particular, Pseudomonas 
aeruginosa), because infections of this type may be rapidly 
lethal. Any focus of infection that develops during the 
neutropenic period will require a full course of therapy. 


DELAYED EFFECTS OF RADIATION 
EXPOSURE 


It is common to distinguish late organ effects from the 
acute effects of radiation exposure. Deterministic effects 
typically show a sigmoid dose-response curve above an 
appropriate threshold, and the severity of the harm from 
radiation exposure increases with dose. Effects are non- 
neoplastic and are expressed in the exposed individual. 
In contrast, stochastic effects represent a probabilistic 
tissue response to radiation exposure. Stochastic effects 
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are nonthreshold and expressed in the exposed popu- 
lation. Damage in reproductive cells may give rise to 
inheritable genetic mutations, while damage in somatic 
cells may increase the chance of neoplasia. Leukemias 
and bone cancers have a minimum latency time of 2 to 5 
years, while solid tumors have a minimum latency time of 
approximately 10 years. For carcinomas of normal adult 
onset, current evidence suggests that the latency period 
may be greater than 10 years. 

From the adult atomic bomb data, there is statis- 
tically significant evidence for all radiation-induced 
leukemia (except chronic lymphocytic leukemia [CLL]), 
as well as for breast, thyroid, colon, stomach, lung, and 
ovarian carcinoma, and borderline or inconsistent results 
for radiation-induced carcinoma of the esophagus, liver, 
skin, bladder, and central nervous system (CNS), as 
well as multiple myeloma and lymphoma. Regarding 
non-neoplastic disease,*© there is strong evidence for 
radiation-induced cataracts, hyperparathyroidism, a 
decrease in the T cell-mediated and humoral immune 
response, and chromosomal aberrations in lymphocytes. 

The International Agency for Research on Cancer 
Study Group” recently studied combined mortality data 
for 96,000 nuclear industry workers in the United States, 
Canada, and the United Kingdom. The exposure was 
primarily to low-level gamma radiation and the risk anal- 
ysis was based on a constant linear relative risk model, 
excess relative risk (ERR) = 1 + b(dose). In this study, 
the ERR was found to be 2.2 per sievert for leukemia, 
with ERR for all other cancers, excluding leukemia, 
being essentially zero. Additional risk estimates for carcin- 
oma from large epidemiologic studies have been pub- 
lished recently.*?* 

The Biological Effects of Ionizing Radiation (BEIR) 
V® excess cancer mortality estimates are widely quoted 
in the radiation medicine literature. Consider, for 
example, the hypothetical risk for a single occupational 
or terrorist exposure to 10 rem (0.1 Sv). Risk is tradi- 
tionally expressed as lifetime risk per 100,000 exposed 
persons. Approximately 20,000 cancer deaths would 
occur in the absence of radiation exposure. For the 
hypothetical acute dose of 0.1 Sv, 770 excess cancers (660 
nonleukemia and 110 leukemia) would be expected in 
the male cohort and 810 excess cancers (730 nonleu- 
kemia and 80 leukemia) expected in the female cohort. 
The risk model as a function of dose D is of the form: 


risk(D) = risk(0) [1 + £(D) g(age,sex,...) ] 


BEIR V also estimated the genetic effects of 1 rem 
(0.01 Sv) per generation. The autosomal-dominant 
natural incidence is approximately 10,000 cases per 
million. For an additional dose of 1 rem above natural 
background, one would expect an additional 5 to 20 
cases in the first generation and 25 cases at genetic 
equilibrium. Most cases would be clinically mild in a 3:1 
mild:severe ratio. The natural incidence of X-linked 
disease is estimated in BEIR V at 400 cases per million. 
For a dose of 1 rem we expect less than one additional 
case in the first generation and fewer than five cases at 
equilibrium. Regarding translocations/trisomies, the 


natural incidence is approximately 600 translocations 
and 3800 trisomies per million. At 1 rem, we would 
expect fewer than an additional five translocations in the 
first generation and less than one additional trisomy. 

If we consider congenital abnormalities as an entire 
entity, the current incidence is approximately 20,000 to 
30,000 per million. Given 1 rem whole body dose- 
equivalent, it is expected that an additional 10 would 
occur in the first generation and 10 to 100 at equilibrium. 
In all of these calculations, BEIR V assumes a doubling 
dose of 100 rem (1 Sv). Risk analysis from radiation 
exposure is a complicated and controversial science. 


PRENATAL AND PEDIATRIC ISSUES 


Differential cell sensitivity to radiation damage is simply 
expressed by the law of Bergonie and Tribondeau 
(1906)°! as follows: Cells are generally radiosensitive if 
they have a high mitotic rate, have a long mitotic future, 
and are of a primitive type. The developing embryo and 
fetus fit within these conditions. Pregnancy dating as 
taught in medical school is the gestational age calculated 
from beginning of the last menstrual period so that the 
average length of pregnancy is 280 days or 40 weeks 
(95% confidence interval [CI] 2 weeks), split into three 
trimesters. During the first 2 weeks following ovulation, 
successive developmental phases are fertilization of the 
ovum, formation of the free blastocyst, and implantation 
of the blastocyst into the uterus.” 

Prior to comparing the effects of radiation on the 
fetus, it is interesting to compare risks that normally 
occur during pregnancy. For example, if the patient 
contracts maternal rubella in the first trimester, approx- 
imately 80% of cases will have a fetus with congenital 
infection. If infection occurs early in the second 
trimester, there is approximately a 54% incidence of 
congenital infection. By infection in the third trimester, 
approximately 25% of fetuses will be born with congen- 
ital syndrome. Additionally, if maternal alcohol con- 
sumption”, is considered, two to three drinks per day will 
cause a risk of approximately 10% incidence of fetal 
alcohol syndrome (FAS). Heavy maternal drinking in 
pregnancy (more than five drinks per day) will also cause 
approximately a 30% incidence of FAS. The issue of 
maternal smoking is particularly important in the 
incidence of fetal growth retardation, and many experts 
consider intrauterine growth retardation directly pro- 
portional to number of cigarettes smoked.” 

Deterministic effects°*°° of radiation exposure to the 
embryo/fetus may be considered in stages. Precon- 
ception, generally no statistically significant effects are 
noted at low to moderate radiation doses. When the 
fetus receives a moderate dose in the preimplantation 
phase, generally an “all or none” effect is noted. If 
implantation succeeds, the pregnancy is often successful. 
At a threshold of 10 to 20 rad, transient growth retar- 
dation has been noted shortly after implantation. During 
the period of organogenesis (7 to 13 weeks’ gestation), 
the embryo is sensitive to the lethal, teratogenic, and 
growth-retarding effects of radiation because of the 
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criticality of cellular activities and the high proportion of 
radiosensitive cells. Growth retardation, gross congenital 
malformations, microcephaly, and mental retardation 
are the predominant effects for a uterine dose of greater 
than 50 rad (0.5 Gy). For survivors of in utero exposure, 
important clinical sequelae are microcephaly, mental 
retardation, growth and development delay, and lower 
IQ and poorer school performance. The highest risk for 
mental retardation occurs during major neuronal 
migration in the 8- to 15-week period of time. There is no 
report of external irradiation inducing morphologic 
malformation in humans unless the individual also had 
growth retardation or a CNS anomaly. 

Generally, there exist specific windows of opportunity 
for radiation damage in certain organs during fetal 
development: 


Cataracts: 0 to 6 days (gestational) 
Exencephaly: 0 to 37 days 

Embryonic death: 4 to 11 days 
Anencephaly or microcephaly: 9 to 90 days 
Anophthalmia: 16 to 32 days 

Cleft palate: 20 to 37 days 

Skeletal dyscrasias: 25 to 85 days 

Growth retardation: 50+ days 


Occasionally the question arises regarding a clinical 
decision to terminate a pregnancy because of first 
trimester radiation exposure to the fetus. It is important 
in this regard to consider that the normal rate of first 
trimester preclinical loss is greater than 30%. For a fetal 
exposure of 0.1 Gy (10 rad), this risk is increased by less 
than 1%. A useful number to consider is that the lifetime 
risk for induction of childhood tumors is approximately 
1 in 2000 per rad or 5% per sievert. Consider a case 
where a fetus received a 5-rad whole body dose in a 
nuclear medicine procedure where the mother was not 
known to be pregnant. At 5 rad, the maximal risk for 
childhood leukemia is | in 400. Conversely, the proba- 
bility of not having a childhood cancer is greater than 
99%. If the fetal absorbed dose is greater than 50 rad in 
the 7- to 13-week window, then there is a substantial risk 
for growth retardation and CNS damage. It is relatively 
unusual to have a fetal dose in the range of 25 to 50 rad 
during the organogenesis period of 7 to 13 weeks. 
However, if pregnancy termination is at issue for any fetal 
dose, it is important to have parental value input as well 
as scientific and clinical input from the physician of 
record. However, the ultimate decision belongs with the 
patient. 

Childhood irradiation problems are of particular 
concern for the primary care physician. From the atomic 
bomb data, the doubling dose for childhood abnor- 
malities is at least 1.7 to 2.2 Sv (170 to 220 rem), but 
these data reflect both a high dose and a high dose rate. 
According to the BEIR V report, the minimal doubling 
dose in humans for chronic exposure is at least 4 Sv (400 
rem) and greater than 20 rad for children. In cases 
of childhood irradiation therapy for CNS tumors, 
depression and somnolence have been noted clinically as 
well as late development of cognitive dysfunction. For a 
tumor dose of 40 to 65 Gy, at long-term follow-up, mental 
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retardation was found in 17% of patients, although 89% 
functioned at a satisfactory level. Behavioral disorders 
were found in 39% of this cohort. Mental retardation was 
greatest in those irradiated at less than 3 years of age or 
if the tumor was in the thalamus or hypothalamus.°*”? 

Childhood acute lymphoblastic leukemia (ALL) is the 
most common childhood neoplasm. Current therapy 
can be expected to produce remission in greater than 
95% of children, and 70% do not have a recurrence. At 
least 2000 new cases occur each year in children under 
the age of 15 years. However, treatment including radi- 
ation therapy can be potentially carcinogenic. Second 
neoplasms are relatively common, especially for children 
younger than 5 years or who have received cranial 
irradiation.°&® The Children’s Cancer Study Group?’ is 
an excellent retrospective cohort study of adverse effects 
from 9720 children exhibiting second neoplasms after 
ALL treatment. The median follow-up was 4.6 years 
(range 2 months to 16 years). The study results showed 
43 second neoplasms, including 24 CNS neoplasms, 10 
new leukemias and lymphomas, and 9 other neoplasms. 
These data represent a 7-fold excess of all cancers and a 
22-fold increase of CNS neoplasms. All children with 
CNS tumors had undergone cranial irradiation with 18 
to 24 Gy. 

Late deaths and survival after childhood cancer were 
recorded in the U.K. National Register of Childhood 
Tumours.*” In a retrospective cohort study, 9080 5-year 
survivors of childhood cancer were followed for variable 
periods of time. In this study, 781 deaths were recorded; 
74% of these deaths were due to recurrent tumor with 
treatment-related effects in 15% of deaths, and a second 
primary tumor in 7% of cases. The important point 
for the primary care physician is that continued close 
medical monitoring of survivors of childhood cancer is 
very important. 

Childhood thyroid cancer near Chernobyl”? has been 
studied extensively after that accident. In the Gomel 
region of Belarus, north of Chernobyl, children are 
currently screened for thyroid cancer by physical 
examination, ultrasound imaging of the thyroid, and 
thyroid function tests. Prior to the accident, the thyroid 
cancer rate was 0.5 per million population. In the period 
1991 to 1994, the corresponding rate was 96.4 per 
million. This represents almost a 200-fold increase. 

Intracranial tumors after radium treatment for skin 
hemangioma during infancy have been studied through 
the Swedish Cancer Registry.®® In this study, 11,805 
infants treated with Ra 226 for hemangioma of the skin 
between 1930 and 1965 (402,958 person-years of risk) 
were followed through the Swedish Registry. In this 
relatively lose-dose study, 47 intracranial tumors devel- 
oped in 46 people. The standard incidence ratio was 
1.89 (95% CI 1.2 to 2.83), with a mean brain dose of 
7 cGy.” 

As can be seen, analysis of radiation risk is a rapidly 
changing and complicated issue, and current health 
physics references should be consulted for the latest 
information. In addition, Internet programs (e.g., 
National Institute for Occupational Safety and Health- 
Radio-Epidemiological Program, http://www.niosh- 
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irep.com/irep_niosh/) are available to calculate the 
probability of causation of cancer development after 
either an acute or a chronic dose. Appendix C gives a 
hypothetical calculation for a nonradiation worker 
(secretary) who receives 0.5 Sv over the course of 6 
months due to a lost source placed in her desk. 


LABORATORY AND CLINICAL HISTORY 


Upon admission to the emergency department after a 
radiation incident, it is always appropriate to obtain 
a CBC with differential, either as a baseline level or as a 
beginning step for lymphocyte kinetic analysis. Other 
laboratory tests should be considered as appropriate to 
the presenting medical situation. 

The TE, measured from the irradiating event, 
decreases with increasing whole body dose. For TE of 
greater than 1 but less than 2 hours, the effective whole 
body dose is likely at least 3 Gy. If TE is less than 1 hour, 
the whole body dose likely exceeds 4 Gy. In a mass 
casualty incident, patients who experience emesis less 
than 4 hours postaccident should be triaged to pro- 
fessional medical care while those with emesis greater 
than 4 hours can be instructed to receive delayed 
medical attention, either with their private physician or 
with a peripheral center available to deal with minimally 
injured patients. Patients who experience radiation- 
induced emesis within | hour after a radiation incident 
will require extensive and prolonged medical inter- 
vention, and an ultimately fatal outcome will occur in 
many instances. 





Med 





CASE STUDIES IN RADIATION MEDICINE 


Clinical Example: Historical Radiation 
Burns (U.S. Surgery Cases, 1949) 


The history of medicine is replete with examples of 
radiation burns,°! either from incorrect implementation 
of a proper radiation procedure, or of improper use of 
radiation therapy to treat benign conditions. Viewed in a 
historical context, many early workers experimenting 
with the medical use of radiation therapy suffered burns 
to the hands that eventually required excision and 
grafting. Of interest are early radiologists performing 
various prolonged fluoroscopic examinations and den- 
tists experiencing radiation burns to the fingers from 
holding films in the mouths of patients during exposure. 

We will consider here only two cases, but many case 
reports are available describing the use of radiation 
therapy for treatment of acne, eczema, port-wine heman- 
giomas, plantar warts, epidermophytosis, and pruritus 
ani, among other benign conditions. Figure 104-1 
illustrates atrophy and facial deformity following radium 
treatment of a hemangioma. Two operations eventually 
were required with excision and repair with a cross lip 
flap. Figure 104-2 presents a young female patient with 
multiple facial carcinomas throughout the nose and chin 
resulting from radium therapy for eczema. There was 
extreme involvement of the nose and chin with malig- 
nant loss of the nose. Repair (requiring four operations) 
was accomplished by complete excision and immediate 
free grafting with application of a prosthetic acrylic nose. 





FIGURE 104-1 Atrophy and facial deformity following radium treatment of a hemangioma. Two operations eventually were required 
with excision and repair with a cross lip flap. (From Brown JB, McDowell F, Fryer MP: Surgical treatment of radiation burns. Surg Gynecol 
Obstet 1949;88:609-622. With permission of American College of Surgeons.) 
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Residential Radiation Accident Case 
Study (Estonia, 1994) 


On October 21, 1994, an Estonian citizen, RIH, along 
with his two brothers, visit a radioactive waste facility to 
scavenge for scrap metal, overriding the electrical alarm 
system and cutting various padlocks.** RIH climbs into 
one of the vaults to obtain salvageable metal and passes 
a large Cs-137 source to his brothers. At this time, none 
of the brothers realize that this metallic object is highly 
radioactive. During the theft, RIH injures his leg slightly 
when an aluminum drum falls against it. Shortly after 
entry into the repository, RIH begins to feel ill and goes 
home. Other occupants of the house are the man’s 
stepson (RT), the boy’s mother, and the boy’s great- 
grandmother. The cesium source is initially placed in the 
man’s coat pocket that hangs in the hall. It eventually is 
placed in the kitchen drawer along with various tools. 

RIH is hospitalized soon thereafter with severe injury 
to his leg. During the intake medical history, he claims 
that he received the injury while working in the nearby 
forest and he is therefore treated for crush injury. On 
November 2, 1994, RIH dies and medical authorities 
have no suspicion of radiation exposure as the etiology 
of the medical condition. 

By November 9, 1994, it is clear that the stepson RT 
has come in contact with the source multiple times while 
living in the house and while working on his bicycle. 
Shortly thereafter, the 4month-old pet dog dies. The 
dog had slept much of the time in the kitchen near 
the cesium source. RT is also eventually admitted to the 
hospital with severe hand burns, which physicians 
diagnose as radiation burns and the police are notified. 
A Russian medical delegation also arrives soon thereafter 
to provide medical and health physics consultation. 

After an extensive radiation dose reconstruction, 
the deceased father, RIH, is thought to have received 
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FIGURE 104-2 A patient with 
multiple facial carcinomas near 
the nose and chin resulting from 
radium therapy for eczema. There 
was extensive involvement of the 
nose and chin with malignant 
loss of the nose. Plastic repair 
(requiring four operations) was 
accomplished by complete excision 
and immediate free grafting with 
application of a prosthetic acrylic 
nose. (From Brown JB, McDowell F, 
Fryer MP: Surgical treatment of 
radiation burns. Surg Gynecol 
Obstet 1949;88:609-622. With 
permission of American College of 
Surgeons.) 


approximately 1830 Gy local dose to his thigh and 
approximately 4 Gy whole body. Clinically, RIH expe- 
rienced many of the effects of the hematopoietic subset 
of ARS along with severe, extensive local injury to his 
thigh (dose rate estimated to be 2000 to 3000 Gy/hr) 
(see Figure 104-3 for cell responses to irradiation). He 
died on day 12 postaccident from neutropenic sepsis and 
in acute renal failure. An autopsy showed acute radiation 
necrosis of the right thigh and hip, along with hemor- 
rhage and intestinal thinning of the GI wall. The cause 
of death was ARS with both hematopoietic and GI 
components, along with severe local radiation necrosis. 
The stepson, RT, is estimated to have received doses of 
20 to 30 Gy to his left hand, 8 to 10 Gy to his right hand, 
and approximately 2.5 Gy whole body during various 
episodes of bicycle maintenance. Other family members 
received hand doses in the range 8 to 20 Gy and whole 
body doses in the range of 1 to 2.5 Gy. The cumulative 
dose was based on each individual’s recollection of the 
degree of occupancy of various locations in the house. In 
addition, spatial computer analysis, chromosome aber- 
ration analysis, and other specialized assays were employed. 


U.S. Fatal Criticality Accidents 
(Neutron-Gamma Exposures) 


Two early criticality (weapons research) events occurred 
with a 6.2-kg plutonium sphere at Los Alamos National 
Laboratory.®* The first incident occurred on August 21, 
1945, when a worker was preparing a critical assembly by 
stacking tungsten carbide bricks around the plutonium 
core as a reflector. He moved the final block over the 
assembly but, noting that this block would make the 
assembly supercritical, he withdrew it. The brick fell onto 
the center of the assembly, resulting in a super-prompt 
critical state of approximately 6 x E+15 fissions. The 
worker sustained an average whole body dose of 
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FIGURE 104-3 Hematopoietic response of various cell lines to 
an acute irradiation incident. The threshold is approximately 50 to 
100 cGy. 


approximately 5.1 Gy and a dose to the right hand of 
approximately 100 to 400 Gy. 

Within 36 hours postaccident, blisters were noted on 
the volar aspect of the right third finger, and within 
24 hours thereafter, extensive erythema and eventual 
blistering was noted on both palmar and volar surfaces 
of the hand. By the third week, the right hand had pro- 
gressed to a dry gangrene. Desquamation of the 
epidermis involved almost all of the skin of the dorsum 
of the forearm and hand. In addition, epilation was 
almost complete at the time of death. The patient died 
of sepsis 28 days postaccident. 

At autopsy, severe skin necrosis was observed as well 
overt dry gangrene. The cardiorespiratory system was 
significant for pericarditis, cardiac hypertrophy, pulmonary 
edema, and alveolar hemorrhage. The spleen was noted 
to have no germinal centers, and the mucosa of the large 
bowel was ulcerated, as was the buccal mucosa. The bone 
marrow was noted to be hypoplastic, and lymph nodes 
also showed significant lymphocyte depletion. A solitary 
ulcer was noted in the large colon, as was a right renal 
infarct. This case is an excellent example of the hemato- 
poietic component of ARS with perhaps the beginning 
of the GI component. 

The second criticality accident occurred in 1946 
during an approach to criticality demonstration at which 
several observers were present. The operator used a 


screwdriver as a lever to lower a hemispherical beryllium 
shell reflector into place. While holding the top shell 
with his left thumb, the screwdriver slipped and caused a 
critical configuration. The fission yield in this accident 
was estimated at 3 x E+15 fissions. The operator received 
an estimated acute whole body dose of approximately 
21 Gy, with a dose to the left hand of approximately 
150 Gy and somewhat less to the right hand. Clinically, 
the patient complained of nausea in the hour prior to 
admission and vomited once in the first hour post- 
accident. On the fifth day post-accident there was a 
precipitous drop in his neutrophil count, and his 
condition began to decline rapidly. The patient rapidly 
lost weight, became mentally confused on day 7 post- 
event, became comatose, and died quietly on the ninth 
day in cardiovascular shock (GI and CNS syndrome). 
At the time of death, both hands showed extensive 
radiation damage. 

At autopsy, the cardiorespiratory system was remark- 
able for cardiac hemorrhage and myocardial edema, and 
the terminal bronchi showed features of aspiration 
pneumonia. In addition, most of the GI tract showed 
sloughing, most pronounced in the jejunum and ileum. 
Widespread hyaline changes were also noted in the renal 
tubular epithelium. 

The third major U.S. criticality accident occurred 
on December 30, 1958, during purification and con- 
centration of plutonium. In the process, unexpected 
plutonium-rich solids were washed from two vessels into 
a single large vessel that contained layered, dilute 
aqueous and organic solutions. Accident analysis shows 
that the aqueous layer initially was slightly below delayed 
critical (approximately 203 mm thick, critical thickness 
210 mm). When the stirrer was started, the central 
portion of the liquid system was thickened, changing 
system reactivity to superprompt critical. The excursion 
yield was approximately 1.5 x E+17 fissions. Bubble 
generation was the negative feedback mechanism for 
terminating the neutron spike. The dose to the patient’s 
upper extremity was estimated to be 120 Gy + 50%. 

The clinical course of this case has traditionally been 
divided into four separate phases of varying duration: 


Phase 1 (20 to 30 minutes postevent): immediate 
physical collapse and mental incapacitation, pro- 
gressing eventually into semiconsciousness 

Phase 2 (90 minutes): signs and symptoms of cardio- 
vascular shock accompanied by severe abdominal 
pain 

Phase 3 (28 hours): subjective minimal clinical 
improvement 

Phase 4 (2 hours): rapidly appearing irritability and 
mania, progressing to coma and death 


The clinical course was remarkable for continuing, 
profound hypotension, tachycardia, and intense dermal 
and conjunctival hyperemia. The patient died 35 hours 
postexposure of the cardiovascular-CNS syndrome. 

On autopsy, examination of the heart showed acute 
myocarditis, myocardial edema, cardiac hypertrophy, 
and a fibrinous pericarditis. Examination of the brain 
demonstrated cerebral edema, diffuse vasculitis, and 
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cerebral hemorrhage. The GI system showed necrosis 
of the anterior gastric wall parietal cells, acute upper 
jejunal distention, mitotic suppression throughout the 
entire GI tract, and acute jejunal and ileal enteritis. 

The fourth fatal U.S. criticality accident occurred on 
July 24, 1964, at the United Nuclear Fuels Recovery 
Plant, Wood River Junction, Rhode Island. A chemical 
processing plant was designed to recover highly enriched 
uranium from scrap material left over from the 
production of fuel rods. The critical excursion occurred 
when nearly all of the uranium had been transferred, 
resulting in approximately 1.0 to 1.1 x E+17 fissions. The 
acute dose to the operator was estimated to be 100 Gy. 
Approximately 4 hours postaccident, the patient experi- 
enced transient difficulty in speaking, hypotension, and 
tachycardia. A portable chest x-ray 16 hours post- 
admission showed hilar congestion. On day 2, the patient 
became very disoriented, hypotensive, and anuric and 
died 49 hours postaccident in cardiovascular shock. 

At autopsy, examination of the heart, lungs, and 
abdominal cavity revealed acute pulmonary edema, 
bilateral hydrothorax, hydropericardium, abdominal 
ascites, acute pericarditis, interstitial myocarditis, and 
inflammation of the ascending aorta. Examination of the 
GI tract showed severe subserosal edema of the stomach 
and of the transverse and descending colon. 


Industrial Radiography Accident at the 
Yanango Hydroelectric Power Plant 
(1999) 


Prior to hydrostatic testing of a pipe under repair at the 
Yanango hydroelectric power plant in the San Ramon 
District in Peru (300 km east of Lima, Peru), Ir 192 
radiography was required to check welded repairs for 
defects. At 11:30 A.M. on February 20, 1999, an industrial 
radiographer and his assistant took their equipment to 
the area of a large, 2-m diameter pipe where repairs were 
underway. Their radiography equipment, a projection 
type camera designed to use a cable to drive a radiation 
source in and out through a guide tube, was reported to 
contain a 1.37 TBq (37 Ci) Ir 192 source. The welders 
had not yet completed their repairs, so the radiographer 
and his assistant left their locked camera (with the drive 
cable attached, but the guide tube not connected) in 
order to proceed with other tasks. They returned later 
that night to perform the radiography. On development 
of their x-ray films, the radiographer discovered that the 
film had not been exposed. He checked his radiography 
equipment around midnight and discovered that the 
iridium source was missing. A search was initiated, and 
at 1 A.M. on February 21 the radiographer recovered the 
source at the home of the welder. 

The welder reported he had found the source in the 
pipe, had picked it up with his right hand, and put it into 
the right rear pocket of his loose fitting denim trousers. 
The welder then took a minibus and arrived home after 
a 30-minute ride. He experienced slight nausea earlier 
that evening and also noted some discomfort in his right 
thigh. On arrival home, he asked his wife to check a 
painful area on the back of his right thigh and she noted 
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the area was reddened. A local physician was consulted 
and gave a diagnosis of “insect bite” and was told to use 
hot compresses on the inflamed area. Once aware of the 
accident, the company promptly notified the national 
authority for radiation safety and regulation, the Insti- 
tuto Peruano de Energia Nuclear (IPEN).°” 

IPEN personnel then notified the head of the radio- 
therapy department of the Instituto de Enfermedades 
Neoplasicas (INEN) in Lima, where arrangements had 
previously been made for treatment of persons with 
radiation injury. Subsequently, IPEN personnel gathered 
information about the incident and arranged medical 
examinations for all potentially exposed persons, includ- 
ing the welder’s three children (ages 10 and 7 years and 
18 months), his wife, and his assistant. Arrangements 
were then made to facilitate transport of the welder and 
his family to INEN in Lima. The welder was admitted 
to the hospital on February 21, 1999, approximately 
20 hours after the discovery of the accident. Extensive 
clinical and dosimetric details of this accident have been 
published elsewhere.” 

Physical examination of the patient on admission 
revealed a 37-year-old, well-built Peruvian man weighing 
approximately 78 kg. A painful, erythematous area was 
noted on the right upper posterior thigh. Over the next 
few days, a very painful, bullous lesion surrounded by a 
large inflammatory halo developed, reaching 4 cm? in 
size by day 3. The right hip, buttock, and thigh became 
quite swollen over several days, and a computed tomog- 
raphy scan performed on February 26 showed general- 
ized, marked edema involving all muscle groups in the 
right posterior thigh as well as in subcutaneous tissue. 
Swelling in the area diminished several days later, but 
extension, denudation, and necrosis of the lesion 
progressed rapidly. 

By March 19, 1 month after the accident, the patient’s 
deteriorating health was evident. He had lost 7 kg in 
weight and was in intense pain with clinical pain control 
increasingly difficult, and his lesion now involved an area 
of more than 10 x 12 cm. The lesion at this time had 
dark, firm necrotic edges, was partially covered with a 
fibrin crust, and appeared superficially infected. The 
wound later progressed to approximately 2 cm in depth, 
with necrosis of underlying fat and involvement down to 
the semitendinosus and biceps femoralis muscles. Nerve 
involvement was suspected and subsequently diagnosed 
using nerve conduction studies. 

A team of experts, at the request of the IAEA, arrived 
on March 19 to consult with the Peruvian physicians 
regarding details of the accident, treatment protocols, 
lessons learned, and so forth. The team noted slightly 
depressed white blood cell counts indicating low-level 
whole body irradiation, estimated to be between 1 and 3 
Gy. The team at this time discussed the potential need 
for a right hemipelvectomy. Also, in this time period, the 
source was calibrated and found to be somewhat less 
than the 1.37 TBq originally reported. Measurements 
indicated its activity was approximately 0.962 T.Bq (26 
Ci). By the end of March, the thigh lesion had now 
extended to 20 x 15 cm, with a large area of central 
necrosis and a surrounding fibrotic rim. Electromy- 
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ography at this time confirmed signs of denervation of the 
sciatic nerve. Histologic studies of the necrotic lesions 
revealed microscopic hemorrhages, extensive areas of 
coagulation necrosis, edema, severe inflammation, and 
destruction of vascular structures. In addition, walls of 
small and moderate-sized arteries showed a distinct 
postradiation necrotizing vasculitis. 

Subsequent surgical exploration and débridement of 
the area revealed that the lesion had extended to the 
femur and to the sciatic nerve. On August 16, the right 
hip was disarticulated and a left iliac colostomy was 
performed. The patient left the burn center on day 
205 postaccident for transfer to a rehabilitation center. 
By late September, the radionecrosis and superficial 
infection was noted to extend to the perineum, 
including the anal sphincter and scrotum. In May 2000, 
the patient was transferred from Lima to an intensive 
care unit in a hospital near his home town. Because of 
severe psychological issues, close family contact proved 
to be of significant therapeutic value. At the last physical 
examination, the patient had some closure of the 
necrotic perineal area, with formation of granulation 
tissue and progressive fibrosis. The urethral fistula was 
still present and requires plastic reconstruction. 


CONCLUSION 


In evaluation of the magnitude of a radiation event 
(either an industrial accident or terrorist event), it is 
important for the health physicist, physician, and 
radiobiologist to work closely together and to evaluate 
many variables, particularly the initial patient medical 
history and physical examination and the timing of pro- 
dromal signs and symptoms (nausea, vomiting, diarr- 
hea, transient incapacitation, hypotension), and other signs 
and symptoms suggestive of high-level exposure. The 
diagnosing physician charged with medical care of 
patients following a radiation accident is therefore likely 
to see at least two distinct patient presentations: (1) a 
normal-appearing patient with few signs or symptoms, or 
perhaps offering symptoms of unexplained nausea and 
vomiting, or of unexplained skin lesions, or (2) a very ill 
patient with stigmata of the acute radiation syndrome 
and/or local radiation injury. The astute diagnostician 
must be aware of these different presentations. 


APPENDIX A. A BRIEF INTRODUCTION 
TO RADIATION PHYSICS AND TO 
RADIOLOGICAL UNITS 


In order for the toxicologist or emergency medicine 
specialist to provide initial treatment and advice to the 
nuclear accident victim, it is necessary to consider only 
a few basic ideas from radiation physics. Radioactive 
materials are materials that emit ionizing radiation. They 
emit various types of energetic particles to reach a more 
stable quantum ground state. These radioisotopes are 
chemically and physically identical to their nonradioac- 
tive counterparts and behave metabolically in the human 
body only according to their chemical properties. 


The fact that an isotope is radioactive does, however, 
determine the effective half-life in the body. As is well 
known in toxicology, the radioactive half-life is the time 
required for a radioactive substance to lose half of its 
radioactivity. Each radionuclide has a unique half-life. 
Half-lives range from extremely short fractions of a 
second to billions of years. A long half-life implies a low 
specific activity (activity per unit mass) and a short half- 
life implies a high specific activity. If TB is the biological 
half-life of the stable element as degraded via normal 
metabolic pathways and TR is the radioactive half-life, 
then the effective half-live T(eff) is the parallel com- 
bination: 


1/T(eff) = 1/TB +1/TR 


From Equation 1, we can see, if the radioisotope is 
long-lived (TR >> TB), then the effective half-life is essen- 
tially the biologic or metabolic half-life TB. Conversely, if 
the isotope is short-lived (TB >> TR), the effective half- 
life is dominated by the radioactive half-life. 

Ionizing radiation refers to radiation (alpha, beta, 
photons, and neutrons) whose energy is sufficient to 
strip electrons from atoms or molecules. Essentially all 
types of radiation from the atomic nucleus are ionizing. 
Nonionizing radiation includes visible light, microwaves, 
radio waves, ultrasound, and so forth and are not 
included for consideration here. 

Alpha particles (energetic helium nuclei) generally 
do not pass through the keratinizing layer of skin 
and therefore are primarily of interest in situations 
involving inhalation or ingestion of radioactive material. 
Generally, alpha particles are emitted only from the very 
heavy nuclei. Beta particles (energetic electrons) have a 
greater range in air and in tissue. Beta particles therefore 
are of interest in estimation of skin dose and in situations 
involving internal deposition. Gamma rays are photons 
emitted from the nucleus that generally penetrate the 
skin, soft tissue, and bone. Gamma rays are involved in 
the vast majority of radiation accidents involving external 
irradiation. X-rays are relatively lower-energy photons 
arising from transitions between atomic energy levels 
and are occasionally involved in radiation accidents 
arising from improper use of industrial or medical 
equipment. 

Generally, most of the lighter radioisotopes emit both 
beta and gamma rays while the very heavy elements 
typically emit alpha particles along with relatively low 
energy photons. However, given the large number of 
isotopes, it is difficult to generalize, and many isotopes 
have a large number of emissions. 

Atomic nomenclature shows the abbreviation of the 
element and atomic number A (number of protons + 
neutrons) as shown: 

A(element) or (element)-A 

Examples are ®Co or Co 60 and '°’Cs or Cs 137 (see 
Box 104-1). Radiation energies are typically measured in 
electron-volts (eV), kilo-electron volts (KeV) or million- 
electron volts (MeV). For example, the main gamma ray 
of interest in Cs 137 is 661 KeV or 0.661 MeV. Co 60 emits 
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BOX104-1 


T 


The University “Seven’ The Industrial “Four” 


H 3 Ir 192 
C14 Co 60 
Pay Cs 137 
Co 60 Sr 90 

| 125/1 131 
Cf 252 


The Military “Three” 


U 235 
Pu 239 
Am 241 





two very penetrating gamma rays of energy, 1.17 MeV 
and 1.33 MeV. 

Ir 192 (iridium) is widely used throughout the world 
in industrial radiography, and this radioisotope is 
probably the most significant isotope involved in 
localized radiation injury. In the United States, over a 
million high-level Ir 192 sources exist, and a few are 
unaccounted for at any point in time. It is an interesting 
phenomenon that specific isotopes tend to be involved 
in radiation accidents in certain industries. For example, 
only seven isotopes tend to appear in most university 
accidents as noted above, generally four isotopes in most 
accidents in the industrial sector, and essentially three in 
the military environment. The above list is somewhat of 
a generalization and there is certainly crossover between 
sectors, but this short list probably accounts for 90% of 
accidents in their respective sectors. 

In radiation physics, “exposure” relates to the amount 
of ionization produced by x-rays or gamma rays in air 
under standard conditions. Exposure R is the quotient 
Q/m, where Q is the sum of the electrical charges on all 
the ions of one sign produced in air when electrons and 
positrons liberated by photons in a volume element of 
air whose mass is m, are completely stopped. The tradi- 
tional unit of exposure is the roentgen (R) defined by 1 R 
= 2.58 x 10* C/kg. The SI unit of exposure is the C/kg. 

Dose refers to the absorption of radiation energy per 
unit mass of absorber (e.g., soft tissue, lung, bone, etc.). 
The conventional unit of radiation dose is the rad (1 rad 
= 100 ergs/g of absorbed energy). The SI unit of dose 
is the gray (Gy), equal to 100 rad, and also equal to 1 
joule/kg. Dose may refer either to whole body dose, 
partial body dose, or to organ dose. Dose equivalent is 
dose multiplied by a factor to account for the varying 
effectiveness of various types of radiation. The traditional 
unit of dose equivalent is the rem, while the SI unit is 
the sievert (Sv), equal to 100 rem. Generally, it is not 
necessary to consider dose equivalent in the initial 
evaluation of the patient involved in a radiation accident. 
For soft tissue, it is quite acceptable medically to assume 
that 1 R is approximately numerically equal to 1 rad, 
which is approximately equal to 1 rem. This is not true 
for other organs such as bone or lung. However, such 
approximations are quite adequate in a mass casualty 
radiation event. 
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Activity is the number of disintegrations or nuclear 
transformations per unit of time occurring in radioactive 
material. The conventional unit of activity is the curie 
(Ci; 1 Ci = 3.7 x 10” disintegrations per second. The SI 
unit of activity is the becquerel (Bq) equal to one 
disintegration per second. Therefore 1 Ci = 3.7 x 10” Bq. 
The activity per unit mass (specific activity, SA) is 
another useful quantity defined as Ci/g or Bq/kg. SA 
is defined by Ci/g = (1.3 x 10°)/ (half-life in days x 
atomic mass). 


Example 1. Internal Dose from a Cardiac 
Scan 


A patient is given 20 mCi technetium-99m as part of a 
cardiac stress test performed in a university teaching 
hospital. First, express this activity in SI units. We 
therefore have 20 x E-3 Ci x 3.7 E+10 Bg/Ci = 740 MBq. 
What is the patient dose from this medical procedure? 

From the Radiation Internal Dose Information Center 
(RIDIC) and from CDC Dosimetry Services (http:// 
www.internaldosimetry.com/linkedpages/doseestimates. 
html), we have a DCF (dose per unit input; 1.3 E-2 mSv/ 
MBq for “™Tc). The effective dose equivalent is 
therefore 740 MBq x (1.3 E-2 mSv/MBq) = 9.6 mSv = 
0.96 rad. Our patient has therefore received an effective 
dose of about | rad during the cardiac stress test. The key 
to effective and efficient internal dose calculations is 
proper determination of the DCF. Another very useful 
compilation of DCF data and health physics information 
in general is the Radiation Dose Assessment Resource, 
RADAR (http://www.ieo.it/radar/). 

Assume that °°™Tc has an effective half-life of 6 hours. 
After one half-life (6 hours), there is 10 mCi remaining, 
after two half-lives (12 hours), there is 5 mCi remaining, 
and so forth. 


Example 2. Regulatory Limits 


What are the current regulatory limits to the public and 
to occupational workers (‘Table 104-1)? 


Example 3. Illustrations of Commonly 
Used Radioisotopes 


Give some illustrations of commonly used radioisotopes 
and their uses (Table 104-2). 





Regulatory Limits 


Members of the Public Limit 
Occupational Limits 100 mrem 
Total effective dose equivalent 5 rem 
Lens of the eye 15 rem 
Single organ dose equivalent 50 rem 
Skin dose equivalent 50 rem 
Extremity dose equivalent 50 rem 
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Commonly Used Radioisotopes and Their Use 


NUCLIDE HALF-LIFE SpA (Ci/g) 
H-3 12.3 yr 9640 
Co-60 5.3 yr 1130 
I-131 8.05 days 1.23 x 110? 
Cs-137 30 yr 87 

Ir-192 84 days 9170 
Ra-226 1620 yr 0.99 
U-235 7 x 108 yr 2 1x108 
Pu-238 87 yr 17.2 
Pu-239 24,400 yr 0.061 
Pu-241 13.2 yr 112 
Am-241 458 yr 32 


SpA, specific activity. 


EMITS USE 


Beta Luminous signs 

Beta, gamma Medical therapy 

Beta, gamma Medical therapy 

Beta, gamma Medical therapy 

Beta, gamma Industrial radiography 


Alpha, gamma Medical therapy 

Alpha, beta, gamma Reactors/weapons 

Alpha Thermoelectric generation 
Alpha Reactors/Weapons 

Beta Waste product 

Alpha, gamma Smoke detectors 





Example 4. Typical Radiation Dose in 
Life Activities and in Common Medical 
Procedures 


Provide some illustrative dose estimates for common life 
and medical activities (approximate doses) (‘Table 104-3). 


Example 5. Common Industrial 
Applications of Radioactive Materials 


Describe various common applications where radioac- 
tivity is used, and therefore where the possibility of an 
accident exists (not comprehensive). 


IONIZING RADIATION: MEDICAL, INDUSTRIAL, 
AND CONSUMER PRODUCT APPLICATIONS 
Radiography, analytical, and irradiation techniques 
(e.g., irradiation of food products) 
Instrument calibration techniques using unsealed 
radioactive sources 
Industrial gamma and x-ray industrial radiography 
(nondestructive testing) 
Medical diagnostic radiography 


Dose Estimates for Common Life and 


Medical Activities 





ACTIVITY DOSE ESTIMATE 

Natural background and manmade 360 mrem 

radiation (annual average dose 

equivalent, including radon) 

Diagnostic chest x-ray 6-10 mrem 

Flight from Los Angeles to Paris 5 mrem 

Barium enema 800 mrem 

Smoking 1.5 packs per day for 1 year 16,000 mrem = 
16 rem 

Heart catheterization 45,000 mrad = 45 
rad = 0.45 Gy 

Mild acute radiation syndrome 200 rad = 2 Gy 

LD.) for acute whole body irradiation 450 rad = 4.5 Gy 

Occupational limit for a radiation 5 rem = 0.05 Sv 


worker 
Limit of a member of the public 0.1 rem = 0.001 Sv 


= 1 mSv 





Industrial beta and neutron radiography; x-ray fluore- 
scence gauges such as instrumentation to detect 
residential lead levels 

Photon switching gauges (level gauges) 

Medical therapy: radiation beam therapy and brachy- 
therapy for cancer treatment 

High-level radiation sources for sterilization of food 
and medical products, food preservation, and cross- 
linking, curing, and grafting 

Radioisotope tracer techniques in research and the 
therapeutic use of radiopharmaceuticals 

Use of radioisotopes for self-luminous dials and 
devices 

Radioisotopes for enhancement of electrical dis- 
charge, static elimination, and commercial and 
residential smoke (approximately 0.9 uCi of “Am 
in each residential smoke detector. 

Use of radioisotopes for nuclear batteries, such as 
those used in spacecraft and in remote areas of the 
earth for instrumentation 


APPENDIX B. ASSETS AVAILABLE TO 
ASSIST IN THE MEDICAL MANAGEMENT 
OF RADIATION ACCIDENTS 


Two major U.S. organizations are available to assist the 
toxicologist in the initial medical management of the 
radiation victim. These are the Radiation Emergency 
Assistance Center/Training Site (REAC/TS; www.orau. 
gov/reacts/), a Department of Energy medical asset 
located in Oak Ridge, Tennessee, and the Armed Forces 
Radiobiology Research Institute (AFRRI) located in 
Bethesda, Maryland. 

Since its formation in 1976, REAC/TS has provided 
medical support and advice in the medical management 
of many radiation accidents. A 24-hour emergency 
response team is available through the U.S. Department 
of Energy 24-hour number in Oak Ridge, Tennessee 
(865-576-1005). The Center’s team of physicians, nurses, 
health physicists, radiobiologists, and emergency coordi- 
nators is prepared around the clock to provide medical 
and health physics assistance at the local, national, 
or international level. 
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The AFRRI is a tri-service laboratory chartered in 1961 
to conduct research in the field of radiobiology and 
related matters essential to the operational and medical 
support of the U.S. Department of Defense and the 
military services. The institute collaborates with other 
governmental facilities, academic institutions, and 
civilian laboratories in the United States and other 
countries. Its research findings have had broad military 
and civilian applications. The AFRRI Biodosimetry Team 
may be reached at 301-295-0484 and the Medical 
Radiobiology Advisory Team (MRAT) physician may be 
reached at 301-295-0530. 

In particular, the Biodosimetry Assessment Tool 
(BAT) is a comprehensive software application devel- 
oped by the AFRRI for recording diagnostic information 
in suspected radiologic exposures. The application, for 
use on the Microsoft Windows operating system, is 
available at www.afrri.usuhs.mil. A companion program, 
the First-responder Radiological Assessment ‘Triage (FRAT) 
software application, is a complementary product under 
development for use on hand-held PDAs. It is being 
designed as templates into which first responders 
record clinical signs and symptoms, lymphocyte counts, 
physical dosimetry, radioactivity, and location-relevant 
dose estimates. 

The FRAT and BAT applications compare collected 
data with known radiation dose response to provide 
triage and multiparameter dose assessment. The soft- 
ware allows the entry of exposure information based on 
multiple parameters (physical dosimetry, prodromal 
symptoms, hematology, radiation cytogenetics, etc.). 
Templates are available for recording exposure infor- 
mation based, for example, on physical dosimetry (e.g., 
personnel dosimeters) or contamination (e.g., radioac- 
tivity bioassay counting). An integrated, interactive 
human body map permits convenient documentation of 
the location of a personnel dosimeter, radiation-induced 
erythema, and radioactivity detected by an appropriate 
radiation detection device. 


RADIATION-INDUCED CANCERS 


1483 





APPENDIX C. RADIATION RISK 
EXAMPLE 


A 25-year-old secretary, while on vacation, is notified that 
an old radium source was found in the back of a desk 
drawer in her office. The source is traced to a hospital 
decommissioned some 20 years ago. A time and motion 
health physics analysis indicates that she may have 
received, at most, 50 rem (0.5 Sv) over the course of 
6 months. The risk analysis was performed using the 
SURVRAD software,” which generally uses state of the 
art radiation epidemiology risk models. The SURVRAD 
computer output follows: 


Run date March 6, 2005 
Title 25 year-old secretary with 
source in her desk 
Sex Female 
Race All races 
Type vital statistic Period-specitic 
Life table used 1990 
Truncate last plateau No 
Risk coefficients From Thompson et al (1994) 
and Preston et al (1994) 
Type lifetime risks: Incidence 
Leukemia 
Minimal latency (yr) 2 
Plateau (yr) 40 
Solid cancers 
Minimal latency (yr) 10 
Plateau (yr) 100 
Leukemia plateau 
Beginning (age) 27 
End (age) 67 
Solid cancer plateau 
Beginning (age) 35 
End (age) 100 
DRREF 2.0 
Age at first exposure 25 
Age at last exposure 25 
Total dose equivalent (SV) 0.5000000 


BASELINE CANCERS 


MODEL SITE PER 10° 90.0% Cl 

RR Oral cavity 121 (52, 280) 

RR Digestive 1653 (715, 3817) 
RR Esophagus 107 (46, 248) 

RR Stomach 144 (62, 332) 

RR Colon 683 (295, 1577) 
RR Rectum 151 (65, 349) 

RR Liver 0 (0, 0) 

RR Pancreas 195 (84, 450) 

RR Respiratory 2369 (1025, 5470) 
RR Lung 2526 (1094, 5833) 
RR Nonmelanoma 42 (18, 98) 

RR Breast 4122 (1785, 9518) 
RR Uterus 0 (0, 0) 

RR Ovary 86 (37, 199) 

RR Bladder 865 (374, 1999) 
RR Kidney 514 (223, 1189) 
RR CNS 23 (10, 54) 

RR Thyroid 43 (18, 100) 

RR Nonleukemia 7195 (3116, 16617) 
AR Leukemia 157 (67, 362) 
AR ALL 40 (17, 93) 

AR AML 48 (21, 112) 
AR CML 52 (22, 120) 





PER 10° PC (90.0% CI) 

826 0.13 (0.05, 0.30) 
11073 0.13 (0.06, 0.30) 
245 0.30 (0.09, 1.00) 
937 0.13 (0.06, 0.31) 
5710 0.11 (0.05, 0.25) 
1095 0.12 (0.05, 0.28) 
190 0.00 (0.00, 0.00) 
1387 0.12 (0.05, 0.29) 
5779 0.29 (0.12, 0.69) 
5386 0.32 (0.13, 0.76) 
111 0.28 (0.07, 1.00) 
14569 0.22 (0.10, 0.51) 
53 0.00 (0.00, 0.00) 
1798 0.05 (0.02, 0.11) 
1352 0.39 (0.15, 1.00) 
828 0.38 (0.13, 1.00) 
483 0.05 (0.02, 0.11) 
492 0.08 (0.03, 0.19) 
47011 0.13 (0.06, 0.31) 
203 0.44 (0.11, 1.00) 
22 0.64 (0.00, 1.00) 
86 0.36 (0.07, 1.00) 
54 0.49 (0.04, 1.00) 
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Probabilities of causation (PCs) represent the like- 


lihood that either a cancer (for incidence) or cancer 
death (for mortality) is attributable to radiation expo- 
sure. PCs are based on the end of the plateau period for 
the last age at exposure. The probability of causation PC 
is defined as the (RR-1)/RR, where RR is the relative 
risk. As noted above, PC is only significant in this case for 
those cancers of hematopoietic origin (ALL, acute myeloid 
leukemia [AML], chronic myelogenous leukemia [CML]]), 
although with large uncertainty. CLL is thought by most 
investigators not to be radiation-related. 
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1 0 5 Chemical Weapons 


Nerve Agents 


EDWARD W. CETARUK, MD 


At a Glance... 


m Nerve agents are highly toxic organophosphate compounds 
that inhibit the enzyme acetylcholinesterase as their mechanism 
of action. 

m = Their mechanism of action is identical to that of organophos- 
phate pesticides, although they are more highly toxic. 

m Historically, they have been manufactured and used by the 
military. However, more recently, they have been manufactured 
and used by nongovernmental terrorist groups as well. 

m Nerve agents can be absorbed by multiple routes: inhalational, 
dermal, and ingestion. 

m Patients present with a cholinergic syndrome that may include 
excessive Salivation, lacrimation, incontinence of bowel and 
bladder, abdominal cramping, respiratory distress including 
wheezing and dyspnea, vomiting, miosis, muscular weakness, 
fasciculations, and paralysis, coma, and seizures. 

m Antidotes for nerve agent poisoning include atropine (to block 
the effect of excess acetylcholine at muscarinic receptors), an 
oxime (to reactivate acetylcholinesterase), and a benzodi- 
azepine (e.g., diazepam) for treatment of nerve agent—induced 
Seizures. 

m Early administration of antidotes and aggressive advanced life 
support measures can result in survival for even severely 
poisoned patients. 

m Decontamination is extremely important in the treatment of 
nerve agent casualties. 

m Nerve agents can be detected by a wide range of chemical 
detection equipment. 

m Proper personal protection equipment is essential for those 
responding to a nerve agent release. 


RELEVANT HISTORY 


Nerve agents are extremely toxic organophosphate 
compounds that were initially developed by the German 
chemist Gerhard Schrader, who synthesized tabun in 
1937 (GA) while researching new insecticides. Tabun was 
followed by the development of sarin (GB) in 1938, 
soman (GD) in 1944, and then VX (developed by Ghosh 
in England) in 1952. Although stockpiled in great 
quantities during both World War I and World War II, 
nerve agents were not employed in warfare until the 
Iran-Iraq War during the 1980s. Many additional nerve 
agents have been developed since the G agents, 
including derivatives of the G and V agents, newer binary 
agents, and others not described in the open scientific 


literature. However, resources are readily available that 
provide detailed information regarding the preparation 
of nerve agents, as well as other chemical weapons.! 

The government of Iraq was responsible for the first 
large-scale use of nerve agents in warfare as well as 
against civilians. The Iraqi army use of tabun in a 1984 
attack on Iranians near al-Basrah is the first documented 
use of a nerve agent in warfare. During the 1980s, Iraqi 
military forces also undertook an attempt to eradicate, 
relocate, and otherwise commit genocide against the 
Kurdish population of northern Iraq. The Kurds sought 
self rule for the ethnic region of Kurdistan, which 
encompasses geographic portions of northern Iraq, 
southeastern Turkey, and western Iran. During this war, 
they often allied themselves with the Iranians and were 
considered traitors and saboteurs by the Iraqi regime. 
al-Anfal was the name given to a series of eight military 
offensives, conducted in six geographic areas between 
February and September 1988. However, their first use of 
chemical weapons is reported to have occurred almost 
l year earlier, with the bombing of Sheikh Wasan and the 
Balisan Valley on April 16, 1987. Based on reports from 
survivors and medical care providers, both mustard and 
nerve agents were used. The operation was under the 
command of Saddam Hussein’s cousin, Ali Hassan 
al-Majid, also known as “Chemical Ali,” and officially 
began in February 1988 with conventional and chemical 
weapon attacks on 25 to 30 villages in the Jafati valley, 
including Sergalou, Bergalou, and Halabja, a town just a 
few miles from the Iranian border. The eighth and final 
Anfal operation was against the 300 to 400 Kurdish 
villages of Badinan, a 4000 square-mile area of the Zagros 
Mountains bounded to the east by the Greater Zab River 
and to the north by Turkey. The actual number of people 
killed during this genocide may never be known but has 
been estimated to be in the hundreds of thousands. 

To date, the most significant uses of nerve agents 
against civilians by a terrorist group have been by the 
Aum Shinrikyo cult of Japan. This cult, led by Chizuo 
Matsumoto, who later took the name Shoko Asahara 
(“Bright Light”) to attract followers, was well financed 
with assets estimated in the hundreds of millions of 
dollars. It subscribed to Asahara’s “doomsday” philos- 
ophy that included causing catastrophic anarchy in 
Japan so that he could take power in the aftermath. The 
Aum chemical weapons program was able to produce 
significant quantities of VX and sarin, and lesser amounts 
of other nerve agents, mustard agent, phosgene, and 
cyanide. Nerve agents were used in a number of 
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assassinations of cult “enemies,”*” as well as two large- 
scale attacks.*” The first was in Matsumoto, Japan on 
June 27, 1994, when the cult released about 20 kg of 
sarin vapor from a specially equipped van in an effort to 
assassinate three district court judges hearing a civil suit 
brought against the cult. This attack killed seven people 
and sent several hundred more to local hospitals, with 58 
being admitted for treatment. The Aum subsequently 
perpetrated another, larger-scale nerve agent attack in 
Tokyo on March 20, 1995. In this attack, about 159 
ounces of sarin was released from eight nylon- 
polyethylene bags (three additional bags were recovered 
intact) that were punctured by Aum cult members 
between 7:46 AM and 8:01 AM on five of Tokyo’s main 
subway lines, causing 12 deaths. Ultimately, Tokyo 
hospitals and clinics saw 5510 patients: 17 critical, 37 
severe, and 984 moderately ill. More than 70% of those 
presenting for treatment had no objective signs of nerve 
agent poisoning. Additional aspects of this event are 
addressed later under Management of Mass Casualties. 

All nerve agents are organic ester derivatives of 
phosphoric acid, with varied chemical functional groups 
replacing the hydroxyl radical group of the basic 
phosphate structure. All are volatile liquids at room 
temperature, colorless, tasteless, and odorless. However, 
several of the G agents have been reported to have a 
fruity or sweet smell.® Their vapors are all heavier than 
air; hence, they tend to remain close to the ground, 
traveling downwind, downhill, and into geographic 
depressions. These physical characteristics make them 
ideal for controlled deployment and dissemination by 
either military forces or terrorists, although weather 
conditions can unpredictably disperse chemical agent 
releases, resulting in exposure to the terrorists who 
released the agent.® 

The physiochemical properties affect their use as 
chemical weapons. Volatility and vapor pressure deter- 
mine the likelihood that a chemical agent will be an 
inhalational threat. At room temperature, nerve agents 
exist as liquids and therefore must be aerosolized or 
evaporated to become inhalational threats. In traditional 
military munitions, nerve agents are disseminated by 
artillery shells or rockets using low-order bursting 
charges to disperse the agent on impact, or can be 
sprayed from aircraft. Binary and trinary nerve agents, 
whereby multiple separate chemical components combine 
during the flight of a projectile (e.g., partitioned 
155-mm artillery shell, GB-2, M687) to deliver active 
agent on impact, have also been developed. In their 
attack on the Tokyo subway system, the Aum Shinrikyo 
simply allowed sarin that leaked from punctured nylon- 
polyethylene bags to evaporate. Because this dissemi- 
nation method was relatively inefficient, affecting primarily 
nearby people, it caused only 12 fatalities out of 
potentially hundreds or thousands. 

Another important characteristic of nerve agents is 
persistence: the ability to remain present and active in 
the environment after dissemination. Although nerve 
agents with high volatility pose significant inhalation 
hazard, they soon evaporate and dissipate, limiting their 
persistency. Agents with low volatility and vapor pressure, 
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such as the V agents, do not readily evaporate and 
therefore do not pose an inhalational threat, but they are 
persistent. Ambient temperature directly correlates with 
an agent’s rate of evaporation and inversely correlates 
with its persistence. Generally speaking, sarin evaporates 
about as fast as water, cyclosarin about 20 times slower, 
and VX about 1500 times slower.! Heavily splashed 
tabun, soman, or cyclosarin (GF) will persist for 1 or 2 days 
and V agents for weeks to months.! As a result of their 
environmental persistence (creating a prolonged contact 
threat), the V agents have often been weaponized and 
deployed (e.g., land mines) to deny territory or the use 
of equipment to an enemy on the battlefield. Also, some 
of the G agents (e.g., soman) have been “thickened” to 
decrease their volatility and make them more persistent. 
Additional factors that affect an agent’s persistence in 
the environment include hydrolysis (all agents undergo 
spontaneous hydrolysis) and density (higher-density 
liquids and aerosols remain in the environment longer). 


PATHOPHYSIOLOGY OF INJURY 


Nerve agents exert their primary toxicity at cholinergic 
synapses of the central and peripheral nervous systems 
and at neuromuscular junctions that use acetylcholine 
(ACh) as their neurotransmitter. It is released from 
presynaptic postganglionic parasympathetic nerve fibers 
(innervating exocrine glands and smooth muscle), 
somatic motor nerve endings (i.e., the neuromuscular 
junction), and both parasympathetic and sympathetic 
preganglionic nerve fibers, and at synapses within the 
central nervous system (CNS). Under normal physiologic 
conditions, ACh binds to specific receptors (AChRs) on 
the postsynaptic membrane of the cholinergic synapse. 
AChRSs are divided into two major types: nicotinic (found 
at cholinergic synapses in the CNS, at parasympathetic 
and sympathetic autonomic ganglia, and at the 
neuromuscular junction) and muscarinic (found at 
cholinergic synapses in the CNS, at postganglionic 
parasympathetic nerve termini, and at the postganglionic 
sympathetic fibers that release acetylcholine rather than 
norepinephrine) of sweat glands. Binding of ACh to a 
nicotinic receptor results in opening of membrane 
sodium channels and depolarization of the postsynaptic 
neuron or skeletal muscle cell. Muscarinic AChRs 
modulate their effects through the G-protein secondary 
messenger system and are found on smooth muscle and 
exocrine glands and in the CNS. 

The enzyme acetylcholinesterase (AChE, E.C. 3.1.1.7) 
is located on the postsynaptic membrane of all cholin- 
ergic synapses and the neuromuscular junction where 
it terminates or regulates cholinergic activity by 
hydrolyzing ACh within the synapse. AChE is a serine 
esterase that contains an active site composed of neigh- 
boring esteratic and anionic active sites that cooperate to 
catalyze the hydrolysis of acetylcholine. The choline 
quaternary nitrogen of ACh forms an electrostatic bond 
with a glutamate amino acid residue in the anionic site, 
essentially positioning the acetyl moiety of ACh in the 
esteratic active site. The carbonyl carbon of ACh binds to 


the hydroxyl group of serine-203 residue of the enzyme’s 
esteratic site, forming an unstable tetrahedral enzyme- 
substrate intermediate (which is also stabilized by 
hydrogen bonding with other amino acid residue 
moieties within the esteratic site), which spontaneously 
collapses, releasing the choline moiety and leaving 
the acetyl group bound to the esteratic site. The 
acetyI-AChE bond is then quickly and spontaneously 
hydrolyzed by weakly nucleophilic H,O, releasing acetic 
acid and regenerating AChE to its active form. Hydrolysis 
of ACh decreases its concentration in the synapse and at 
postsynaptic AChRs, terminating cholinergic stimulation 
of the postsynaptic cell. 

Nerve agents are derivatives of phosphoric acid whose 
relative toxicity, as well as their toxicokinetics, is largely 
determined by the molecular substitutions on the 
organophosphate skeleton. Their primary mechanism 
of toxicity is the inhibition of AChE by acting as 
pseudosubstrates, occupying AChE’s esteratic active site 
and inhibiting its hydrolysis of ACh in the synapse. The 
nucleophilic hydroxyl group of serine-203 (activated 
by the adjacent imidazole nitrogen of histidine) attacks 
this electrophilic phosphorous atom of the nerve agent 
(activated by the presence of an adjacent alkyl moiety, 
also called a “leaving group”), forming a stable covalent 
bond and phosphorylating the AChE serine residue. In 
contrast to the relatively unstable tetrahedral ACh-—AChE 
intermediate, the nerve agent-AChE intermediate is 
extremely slow to spontaneously hydrolyze. This results 
in noncompetitive inhibition of AChE, leading to 
increased synaptic concentrations of ACh and continual 
stimulation of the postsynaptic acetylcholine receptors, 
producing a clinical cholinergic toxidrome. 

Similar to the loss of acetylcholine’s choline moiety, 
nerve agents bonded to AChE undergo dealkylation to 
release a functional group in a process referred to as 
“aging.” ™10 However, unlike acetylcholine, the loss of this 
leaving group results in an irreversible nerve agent- 
AChE bond that permanently inactivates AChE. Amino 
acid mutation studies have shown that the configuration 
and type of amino acids within the catalytic gorge of 
AChE containing the anionic and esteratic active sites is 
thought to have significant impact on AChE’s interaction 
with each anticholinesterase compound, especially the 
alkyl functional (leaving) group.'°'’ This may explain 
why this aging can occur within minutes for some nerve 
agents (e.g., soman) or over many hours for others (e.g., 
VX).° In vitro studies have shown that soman irreversibly 
phosphonylates AChE within minutes (half-life of 2.2 + 
0.3 minutes).'? Once aged, AChE cannot be reactivated 
by spontaneous hydrolysis or by an oxime antidote (see 
later). 

Nerve agents inhibit a number of serine esterases, in- 
cluding acetylcholinesterase (red blood cell cholinesterase 
or true cholinesterase, E.C. 3.1.1.7), butyrocholinesterase 
(plasma cholinesterase or pseudocholinesterase, E.C. 
3.1.1.8), carboxylesterase (EC 3.1.1.1), and neurotoxic 
esterase (NTE).'* Nerve agents are also thought to exert 
toxic effects by inhibiting other noncholinesterase 
targets.'>'© These include serine proteases, a large family 
of enzymes that also use a serine hydroxyl group in their 
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esteratic active site. These proteases are important in the 
formation, as well as breakdown, of many biologically 
active peptides (e.g., enkephalin, endorphin, substance 
P), that, in turn, modulate the activity of neurotrans- 
mitters. For example, substance P acts to modulate the 
nicotinic acetylcholine response. These noncholinesterase 
effects of anticholinesterase compounds may explain the 
clinical manifestations of nerve agent exposure not 
explained by acetylcholinesterase inhibition alone.'® Van 
Meter and colleagues showed that sarin could induce 
seizures in rabbits, even though their AChE had already 
been profoundly inhibited by a prior dose of sarin 
(administered with atropine to prevent seizures) .!” 


CLINICAL PRESENTATION 


Nerve agents exert their toxic effects at peripheral 
muscarinic and nicotinic nerves by inhibiting acetyl- 
cholinesterase, resulting in excess acetylcholine at the 
postsynaptic acetylcholine receptors, and by multiple, 
and not completely understood, CNS effects (Table 
105A-1). The clinical manifestations can be described in 
terms of organ systems, acetylcholine receptor distri- 
bution, routes of nerve agent exposure, and severity 
of exposure. 

The characteristic clinical toxicity of nerve agents is a 
cholinergic toxidrome, which is a direct result of excess 
acetylcholine binding to nicotinic and muscarinic acetyl- 
choline receptors in the CNS, the autonomic nervous 
system, and the neuromuscular junction. Muscarinic 
manifestations of nerve agent poisoning include excess 
exocrine secretions and smooth muscle contraction. 
These effects are often summarized in the mnemonics 
SLUDGE or DUMBELS, which include salivation, 
lacrimation, urination, gastrointestinal distress, defeca- 
tion or diarrhea, emesis, bronchoconstriction and 
bronchorrhea, and miosis. The most clinically significant 
of these are the respiratory effects, bronchorrhea and 
bronchoconstriction, and should be the initial focus 
of clinical assessment, treatment, and antidote adminis- 
tration. Nicotinic manifestations of nerve agent 
poisoning are primarily the result of excess acetylcholine 
at the neuromuscular junction causing skeletal muscle 
fasciculations, weakness, and eventually, paralysis. 
Paralysis of the skeletal muscles involved in respiration, 
including the diaphragm, adds to muscarinic-mediated 
respiratory distress and can rapidly lead to respiratory 
failure or apnea. Excessive acetylcholine at autonomic 
ganglia may cause increased heart rate and hyper- 
tension. However, these manifestations are not typically 
clinically significant in the overall picture of nerve agent 
poisoning. Diaphoresis is also seen as a result of excessive 
cholinergic tone at the autonomic ganglia of sweat 
glands (Table 105A-2). 

As mentioned previously, the respiratory system is the 
site of the most serious acute clinical manifestations of 
nerve agent poisoning. The direct effects of the nerve 
agent on the respiratory tract (bronchorrhea and 
bronchoconstriction), inhibition of the CNS medullary 
respiratory center, and paralysis of the diaphragm and 


1490 DISASTERS AND TERRORISM 








General Properties of Nerve Agents 


VAPOR 
LCt,. (RESPIRATORY  LD,, PRESSURE VOLATILITY VAPOR 

COMMON NAME CHEMICAL NAME AT REST) (DERMAL) (mmHg) (mg/m?) DENSITY* PERSISTENCY'* 

Tabun (GA) Ethyl N, N-dimethyl- 400 mg/min/m? 1-1.5 mg/ 0.037 at 610 at 5.63 1-2 days 
phosphoroami- person 20° C 25: C 
docyanidate 
(CAS 77-81-6) 

Sarin (GB) Isopropyl methyl 100 mg/min/m? N/A 2.10 at 16,091 at 4.86 Hours 
phosphono- 20° C 20° C 
fluoridate 
(CAS 107-44-8) 

Cyclosarin (GF) O-cyclohexyl N/A N/A 0.044 at 438 at 6.2 1-2 days 
phosphono- 20° C 20° C 
fluoridate 
(CAS 329-99-7) 

Soman (GD) Pinacolyl methyl 0.16 mg/min/m? N/A 0.40 at 3900 at 6.33 1-2 days 
phosphono- 257 C 25° C 
fluoridate 
(CAS 96-64-0) 

VX O-ethyl-S-(2-isopropyl- 100 mg/min/m? 10 mg/ 0.0007 at 10.5 at 9.2 Days to 
aminoethyl) methyl person 20° C 256C weeks 
phosphonothiolate 
(CAS 50782-69-9) 

*Air = 1.0. 


tPersistency is highly dependent on weather conditions. As ambient temperature decreases, persistency increases. Persistency durations given are for 
"heavily splashed liquid” under “average weather conditions.” 

N/A, not available. 

From U.S. Army Field Manual 3-9. Washington, DC, Department of the Army, 1990. 





Signs and Symptoms Following Short-Term Nerve Agent Exposure 


SITE OF ACTION SIGNS AND SYMPTOMS 


Ciliary body 
Conjunctivae 
Nasal mucous membranes 


Frontal headache, eye pain on focusing, blurred vision 

Hyperemia 

Rhinorrhea, hyperemia, but this may also be present after systemic absorption 

Following systemic absorption of liquid and prolonged vapor expossure 

Tightness in chest sometimes with prolonged wheezing, expiration suggestive of bronchoconstriction 
or increased secretion, dyspnea, slight pain in chest, increased bronchial secretion, cough, 
pulmonary edema, cyanosis 

Anorexia, nausea, vomiting, abdominal cramps, epigastric and substernal tightness (cardiospasm) with 
“heartburn” and eructation, diarrhea, tenesmus, involuntary defecation 

Increased sweating 

Increased salivation 

Increased lachrymation 


Bronchial tree 


Gastrointestinal system 


Sweat glands 
Salivary glands 
Lachrymal glands 


Heart Bradycardia 

Pupils Slight miosis, sometimes unequal, later maximal miosis (pinpoint pupils); sometimes mydriasis is 
observed 

Bladder Frequent, involuntary microurination 


Striated muscle Easy fatigue, mild weakness, muscular twitching, fasciculation cramps, generalized weakness 
including muscles of respiration with dyspnea and cyanosis 

Pallor, occasional elevation of blood pressure 

Ataxia, generalized weakness, coma with absence of reflexes, Cheyne-Stokes respiration, convulsions, 
depression of respiratory and circulatory centers resulting in dyspnea and fall in blood pressure; 


emotional effects very often occur 


Sympathetic ganglia 
Central nervous system 


From Grob D: Manifestations and treatment of nerve gas poisoning in man. US Armed Forces Med J 1956;7(6):781-789. Used with permission. 
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skeletal muscles associated with respiration combine failure is the ultimate cause of death after nerve agent 


to cause respiratory failure. Neurologic symptoms 
include seizures, coma, muscular weakness and paralysis, 
and delayed neuropsychiatric effects, including depres- 
sion and anxiety. Gastrointestinal symptoms include 
vomiting, abdominal cramping, and diarrhea. Respiratory 


poisoning. 

The severity (i.e., acuity and dose) and route of 
exposure are also significant factors in determining the 
clinical presentation of nerve agent poisoning. Nerve 
agents are well absorbed by all routes (e.g., inhalation, 


ingestion, and dermal route). Nerve agents absorbed 
through the inhalation route cause symptoms within 
seconds to minutes of exposure, whereas absorption by 
the dermal route may result in a delay in onset of 
symptoms because of the time required for the agent to 
be systemically absorbed. Victims of a vapor or aerosol 
nerve agent exposure may initially complain of eye pain 
exacerbated by accommodation, loss of dark adaptation, 
dim or blurred vision, conjunctival irritation, lacrimation, 
and miosis. These effects are thought to result both from 
direct exposure of the eye to the nerve agent vapor and 
CNS effects.*°** Upper respiratory tract symptoms (e.g., 
rhinorrhea and nasal congestion) are followed by 
progressive respiratory complaints, including chest 
tightness, dyspnea, wheezing, shortness of breath, cough, 
and increased bronchial secretions. If the exposure is 
significant or prolonged, other signs of respiratory 
toxicity rapidly develop, including severe bronchocon- 
striction, wheezing, bronchorrhea, respiratory distress, 
and apnea. Inhalational exposure to nerve agents results 
in the most rapid onset of symptoms because of rapid 
absorption of nerve agent through the large surface area 
of the pulmonary bed. Studies have shown that a high 
percentage of inhaled nerve agent is retained in the 
lungs, and the systemically absorbed dose is a factor 
of minute ventilation and the nerve agent vapor 
concentration.’ Also, if the concentration of the inhaled 
nerve agent vapor is high, patients may not develop 
symptoms in a typical “respiratory route pattern,” with 
dyspnea, wheezing, and bronchorrhea, but may rapidly 
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lose consciousness, become apneic, and have seizures 
due to the rapid absorption of the agent into the CNS 
(Table 105A-3). 

Dermally absorbed nerve agent will initially cause 
localized symptoms at the site of exposure (e.g., fasci- 
culations, diaphoresis). The rate of dermal absorption of 
nerve agent is dependent on the physical characteristics 
of the agent, environmental temperature, type, and 
condition of the skin exposed.***° Absorption increases 
on damaged skin and varies with anatomic location.*° 
As agent is systemically absorbed, victims develop other 
cholinergic symptoms, such as bronchorrhea and 
bronchoconstriction, gastrointestinal symptoms, muscle 
weakness, and seizures. Development of miosis is delayed” 
and is often absent following dermal absorption. It is 
important to note that dermal exposure to nerve agents 
may result in latent or progressive intoxication, even 
after appropriate skin decontamination, owing to 
deposition of the nerve agents in the skin and delayed 
systemic absorption.*** Therefore, victims of dermal 
nerve agent exposure must be observed for a minimum 
of 18 hours after decontamination for the delayed 
development of toxicity. 

Sidell reported a case in which a 33-year-old man was 
splashed in the face and mouth with about 1 mL of a 
25% (v/v) soman solution.?” He immediately rinsed his 
face and mouth with water and was asymptomatic until 
collapsing about 10 minutes after the exposure. He was 
immediately treated with atropine (4 mg intravenously, 
8 mg intramuscularly) and 2-PAM (2 g intravenously over 


Signs and Symptoms in Patients with Moderate to Severe Sarin Exposure 





SIGN OR SYMPTOM 


Eye Miosis 

Eye pain 

Blurred vision 

Dim vision 

Conjunctival injection 
Tearing 

Dyspnea 

Cough 

Chest oppression 
Wheezing 

Tachypnea 

Nausea 

Vomiting 

Diarrhea 

Headache 

Weakness 

Fasciculations 

Numbness of extremities 
Decrease of consciousness level 
Vertigo and dizziness 


Chest 


Gastrointestinal tract 


Neurologic 


Convulsion 
Ear, nose, and throat Running nose 

sneezing 
Psychological Agitation 


*N = 88. 


PATIENTS 
NO. OF PATIENTS PERCENTAGE (N = 111) 

110 99.0 
50 45.0 
44 39.6 
42 37.8 
30 27.0 
10 9.0 
70 63.1 
38 34.2 
29 26.1 
7 6.3 

28 S13" 
67 60.4 
41 36.9 
6 5.4 
83 74.8 
41 36.9 
26 23.4 
21 18.9 
19 17.1 
9 8.1 
3 27 
28 25.2 
5 9.0 
37 333 


From Okumura T, Takasu N, Ishimatsu S, et al: Report on 640 victims of the Tokyo subway sarin attack. Ann Emerg Med 1996;28(2):129-135. Used with 


permission. 
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30 minutes). Endotracheal intubation was unsuccessful 
due to trismus. Signs and symptoms included miosis, 
coma, markedly injected conjunctiva, marked oral and 
nasal secretions, prominent muscular fasciculations, 
tachycardia, cyanosis, bronchoconstriction, and decreased 
respiratory rate and amplitude. He began to awaken 
after 30 minutes but continued to have fasciculations, 
tremor, nausea, vomiting, abdominal pain, and restless- 
ness over the next 36 hours. Red blood cell cholinesterase 
activity was undetectable until 10 days after the exposure. 

Sidell also reported a case of a 52-year-old man with an 
inhalational exposure to sarin.2’ Within minutes of 
noticing increased nasal and oral secretions and difficult 
breathing while wearing a protective gas mask (later 
determined to have been damaged), he developed 
seizures, respiratory distress, miosis, muscular fascicu- 
lations, cyanosis, wheezing, and copious secretions. His 
respirations were less labored, and cyanosis decreased 
within minutes of being treated with atropine (intra- 
venously and intramuscularly), 2-PAM intravenously, and 
oxygen. He received a total of 14 mg of atropine, and 
6 g of 2-PAM was administered over 1 hour. An 
electrocardiogram taken 1 hour after admission showed 
global ST-segment depression. Additional electrocardio- 
grams obtained 18 and 42 hours after admission showed 
ST-segment elevation in leads I, aVL and V and 
ST-segment elevation in leads I, aVL, and Vo_¢. as well as 
T-wave inversion in leads I, II, aVL, and Və.s. No cardiac 
enzymes were obtained, and the patient’s electrocar- 
diogram normalized within 4 months.?’ 


PRENATAL AND PEDIATRIC ISSUES 


Because of the relatively indiscriminant nature of 
terrorist attacks on civilians, children will likely be 
among the victims. A report of the sarin attacks in 
Matsumoto, Japan in 1994 lists the victims’ ages as 3 to 
86 years. Although information regarding pediatric 
nerve agent poisoning is minimal, the release of a nerve 
agent could disproportionately affect children by several 
mechanisms. If the agent were aerosolized, the higher 
minute ventilation of children could result in a larger 
relative inhalational dose compared with adults. Further, 
the breathing zone for the typical adult is 4 to 6 feet 
above the floor, compared with a child’s, which is much 
closer to the ground depending on the child’s height. 
Because nerve agent vapor (e.g., sarin) is likely to be at its 
highest concentration closer to the ground, children 
potentially face a greater inhalational exposure compared 
with adults. Also, preambulatory infants, toddlers, or 
young children will not be able to remove themselves from 
the scene of a chemical agent release. Even if they were 
able to walk, they may not know in which direction to 
escape. These factors may leave proportionately more 
children poisoned at a scene than adults. 

Pediatric victims of nerve agent poisoning may not 
present with the same pattern of clinical signs and 
symptoms typically seen in adults. Reports of pediatric 
organophosphate pesticide poisoning have noted that 
children are less likely to manifest muscarinic-mediated 


glandular hypersecretion and may present with more 
marked signs of central toxicity such as coma.” As is seen 
in other illnesses, pediatric patients often precipitously 
decompensate as their condition worsens, necessitating 
more careful assessment and closer monitoring of 
pediatric nerve agent victims compared with adults. 

The more permeable skin of infants and children 
would also increase absorption of nerve agents because 
of dermal exposure. Also, because their larger surface- 
to—body mass ratio, children may absorb a larger relative 
dose of nerve agent than adults for a given exposure. 
Their relatively larger body surface area also increases 
the rate at which they will lose body heat when they 
undergo water decontamination. Skin decontamination 
with cold water, or in cold weather conditions, may result 
in hypothermia in children unless the decontamination 
water can be warmed or postdecontamination shower 
warming equipment is used (e.g., heating lamps, warm 
indoor environment). Because children have smaller 
bodies, they require smaller equipment (e.g., endotra- 
cheal tubes, needles and tubing, oxygen masks and 
ventilators). Additionally, the personal protective equip- 
ment (PPE) worn by first responders, which is essential 
for the safe response to a chemical terrorist event (e.g., 
level A), makes moving, working, and delivering care to 
victims much more difficult. These challenges are 
compounded when caring for small children, who 
present unique challenges of their own (e.g., obtaining 
intravenous access). Finally, the psychological impact 
that a terrorist attack will have on a child cannot be 
underestimated. The child will likely witness and 
experience events that are well beyond the child’s scope 
of understanding and may be forced to do so without the 
comfort of a parent (who may indeed be a victim). 
Therefore, as much as is possible, provisions should be 
made to move children to places of safety where they can 
be appropriately medically observed, but spared ongoing 
exposure to the traumatic exposure of a terrorist 
incident and its aftermath. Ideally and if possible, they 
should also be reunited with their parents, or other 
family members, as soon as possible after all medical 
concerns have been properly attended to. 

Adjustment of antidote dosing in children is also 
essential. In 2003, the U.S. Food and Drug Administration 
(FDA) approved a pediatric-dose atropine autoinjector. 
Although not yet widely available, it raises concerns 
regarding the use of adult-dose autoinjectors in 
children. However, published experience with children 
receiving supratherapeutic doses of nerve agent antidote 
has not reported cases of significant poisoning.” 
Ideally antidotes should be administered in appropriate 
pediatric doses according to weight and severity of 
poisoning. The doses approved for use in children and 
adolescents with symptoms of nerve agent poisoning 
include 0.5 mg for children weighing between 15 and 
40 lb, 1 mg for children weighing between 40 and 90 Ib, 
and 2 mg doses for adults and children weighing more 
than 90 Ib. These doses should be repeated and titrated 
according to clinical response (i.e., improvement and 
stabilization of respiratory function or control of seizures 
or other serious neurologic toxicity). A study of 


accidental atropine administration using atropine 
autoinjectors in 268 children found that many received 
higher than therapeutic doses, and in 20 children, the 
atropine was administered by an adult. However, only 
8% experienced serious signs of atropinization, and no 
seizures of life-threatening cardiac arrhythmias were 
reported.*! The administration of an oxime antidote 
is indicated for pediatric nerve agent poisoning and 
should be done using established pediatric doses: 25 
to 50 mg/kg intravenously or intramuscularly. Benzodi- 
azepines are also indicated for severe nerve agent 
poisoning and should be administered in the appropriate 
pediatric doses according to the benzodiazepine used. 
Pediatric dosing for nerve agent antidotes is summarized 
in Table 105A-4. 

The initial assessment of any suspected nerve agent 
victim should include airway, breathing, and circulation. 
The initial assessment and triage of pediatric victims 
of nerve agent poisoning is also different from the 
approach used for adults. The clinical presentation of a 
child poisoned by nerve agent may differ from that of an 
adult. An effective response to a mass casualty incident 
(MCI) includes rapid assessment, triage, and treatment 
of victims. However, the typical parameters used for 
assessing adult victims of a nerve agent attack may not be 
appropriate for assessing the pediatric victims of the 
same attack. 

Although there is no replacement for sharp clinical 
acumen is assessing and treating any patient, adult or 
pediatric, the Pediatric Assessment Triangle (PAT) is a 
tool developed for the assessment of pediatric patients 
that uses only visual and auditory clues to develop a first 
impression of the severity of the child’s condition and to 
identify physiologic instability. It offers a quick (30-60 
seconds) standardized approach to triage, resuscitation, 
treatment, and transport. The PAT includes assessment 
of appearance, work of breathing, and circulation to 
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the skin. Appearance is assessed by generally observing 
the child (e.g., alertness, age-appropriate speech and 
behavior). Work of breathing is assessed by listening for 
abnormal breath sounds (e.g., wheezing) and looking 
for signs of increased work of breathing (e.g., grunting, 
retractions). Skin circulation is assessed by looking 
for signs of poor skin perfusion (e.g., pallor, mottling, 
cyanosis). The combination of all three components 
of the PAT should determine a child’s degree of nerve 
agent poisoning and need for treatment. 

In addition, the JumpSTART system is an adaptation 
of the START (Simple Triage and Rapid Treatment) 
algorithm developed as a more appropriate system for 
assessing children.” It should be considered another 
possible tool for the triage of children in a nerve agent 
mass casualty incident and is delineated in Figure 105A-1. 

Similar to children, elderly victims with impaired 
mobility may find it difficult to escape from the scene of 
a nerve agent release. Therefore, it is theoretically 
possible that they may have prolonged exposure at the 
incident scene. Also, elderly individuals with preexisting 
medical conditions, especially cardiac and pulmonary 
disease, may have lower tolerance of the clinical mani- 
festations of nerve agent poisoning (e.g., respiratory 
distress, hypoxia) or to the adverse effects of antidotes 
(e.g., atropine). However, the overall approach to triage 
and treatment of elderly victims is the same as for adults. 

There are very few data regarding nerve agent 
poisoning in pregnancy. However, there were five 
pregnant women among the victims of the Tokyo sarin 
attack.*° All had signs and symptoms of mild exposure 
and were admitted for observation, but none required 
antidotal treatment. Although one victim reportedly 
underwent an elective abortion as a result of the 
exposure (F. R. Sidell, personal communication), follow- 
up questionnaires sent to victims | month and 1 year 
after the incident reported no fetal malformations.*® 


Pediatric Nerve Antidote Indications and Doses 





TRIAGE LEVEL: 


SYMPTOMS DISPOSITION ATROPINE* 
Asymptomatic Delayed: observe None 
Miosis, mind Delayed: admit or None 


BENZODIAZEPINES 


PRALIDOXIME (E.G., DIAZEPAM, MIDAZOLAM) 
None None 
None None 


rhinorrhea observe 
Miosis and any Immediate-moderate: 0.05 mg/kg IV or IM 25-50 mg/kg IV or IM For any neurologic effect 
other symptom admit Repeat as needed (may repeat qth) 30 days to 5 years: 


q5-10 min until Adverse effects: 0.05 to 0.3 mg/kg IV 
respiratory status Muscle rigidity (maximum of 5 mg/dose) 
improves Hypertension May repeat q15-30 min 


Laryngospasm 
Tachycardia 


5 years and older: 

0.05 to 0.3 mg/kg IV 

(maximum of 10 mg/dose) 
May repeat q15-30 min 

Immediate-severe: See above 

admit critical care 


status 


0.05-0.1 mg/kg IV, IM, 
per endotracheal tube 
No maximum 
Repeat q5-10 min 
as above 


25-50 mg/kg IV or IM 
as above 


Apnea, convulsions, 
cardiopulmonary 
arrest 


*Correct hypoxia before IV use due to increased risk for ventricular arrhythmias. 
From Walter Reed Army Medical Center. 
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Minor Secondary 


triage* 





*Evaluate infants first in 
secondary triage using 
the entire JumpStart 

algorithm 





Position Breathing 


upper airway 





Breathing? 


APNEIC 


Palpable 
pulse? 


5 rescue APNEIC 


breaths 


Breathing 


<15 or >45 


Palpable 
pulse? 


“P” (inappropriate), 
posturing or “U” 





“A”, “y” or “p” 
(appropriate) 





Delayed 


FIGURE 105A-1 JumpStart algorithm. AVPU: alert, verbal, 
painful, unresponsive (referring to neurologic function). (From 
Romig LE: Pediatric triage: a system to JumpSTART your triage of 
young patients at MCls. JEMS 2002;27(7):52-58, 60-63. Used with 
permission.) 


Therefore, in the absence of any additional data 
regarding nerve agent poisoning and its treatment during 
pregnancy, all therapeutic interventions recommended 
for adults should be used in pregnant patients as well. 


ASSESSMENT 


The diagnosis of nerve agent poisoning may be made on 
the basis of a single patients presentation (i.e., a 


cholinergic toxidrome), and on a situational basis, in 
which multiple patients present with similar or identical 
symptoms that, collectively, suggest a diagnosis of nerve 
agent poisoning.** Regardless of how the diagnosis is 
determined, because of the extreme toxicity of nerve 
agents, victims must be evaluated as quickly as possible to 
determine their need for airway management (..e., 
intubation) and the administration of antidotal therapy 
(e.g., atropine and oxime). Therefore, the clinical assess- 
ment of a nerve agent victim is based on the severity of 
their cholinergic toxidrome. Although useful retrospec- 
tively, the measurement of cholinesterase activity is not 
practical in the acute assessment of a nerve agent victim 
because of the delay in obtaining results. Further, in the 
case of an MCI, the initial assessment of victims must be 
accomplished in a rapid and efficient manner so as to 
triage victims for treatment. 

Victims of a vapor nerve agent exposure will likely 
present with ocular and upper respiratory symptoms as 
described previously. Miosis is the earliest sign of a vapor 
nerve agent exposure but may be absent or delayed in a 
dermal exposure. Patients with only miosis and upper 
respiratory tract symptoms can be observed without 
treatment. Patients with lower respiratory tract manifes- 
tations (e.g., wheezing, dyspnea), neurologic symptoms 
(e.g., seizures, weakness) or multiple-organ system 
involvement should receive antidotal therapy with 
atropine and an oxime (see Treatment section). The 
assessment of victims of dermal nerve agent exposure 
should also be based on the severity of their clinical 
cholinergic toxidrome. However, it is important to note 
that initial symptoms can be localized to the site of nerve 
agent exposure and that severe or fatal toxicity can 
develop up to 18 hours after exposure. All patients 
should be reassessed frequently for worsening, or 
resolution, of symptoms, the effectiveness of antidote 
administration, or the need for additional antidote. 


TREATMENT 


The most immediate concern in the treatment of acute 
nerve agent poisoning is to establish an airway and 
provide adequate ventilation and oxygenation, using 
advance life support techniques including intubation 
and ventilation with supplemental oxygen. Mouth-to- 
mouth resuscitation is not recommended because of the 
high risk for rescuer contamination and poisoning. Note 
that oropharyngeal intubation may be difficult owing to 
trismus from muscular spasm and fasciculations or 
seizures.*4?7 Succinylcholine should be used with extreme 
caution and at lower doses because its pharmacologic 
half-life and duration of paralysis may be markedly 
prolonged as a result of nerve agent inhibition of plasma 
cholinesterase.’ During the 1991 Persian Gulf War, 
military patients who had received pyridostigmine (a 
carbamate acetylcholinesterase inhibitor) as a nerve 
agent pretreatment and then underwent intubation 
using succinylcholine did not exhibit prolonged 
paralysis. However, they did have copious upper airway 
secretions requiring large amounts of atropine.°*° These 


initial advanced life support measures should be 
accompanied by the earliest possible administration of 
nerve agent antidotes, including atropine, an oxime, and 
a benzodiazepine for the treatment of seizures. Initial 
ventilation may demonstrate marked airway resistance 
due to severe bronchoconstriction and bronchorrhea. 
Therefore, atropine should be administered as soon as 
possible by whatever route is available (e.g., intramus- 
cular, intravenous, endotracheal) to reverse the respiratory 
effects of the nerve agent. 

Decontamination is a critical step in the care of nerve 
agent victims. Continued absorption of agent will 
significantly undermine the effectiveness of advanced 
life support measures and antidotes administered to 
victims of nerve agent poisoning. Therefore, treatment 
plans and protocols should provide for decontamination 
taking place as early as possible. The key to successful 
mass casualty decontamination is to use the fastest 
approach that will cause the least harm and do the most 
good for the most people. The choice of decontamination 
methods depends on the route and intensity of exposure 
and available resources. Briefly, victims with dermal 
exposure require thorough decontamination, including 
undressing and full-body water decontamination. Large- 
volume, low-pressure water is the preferred method of 
decontamination. Soap is also recommended but has not 
been found to offer significant benefit over timely and 
adequate water decontamination. Victims with only vapor 
exposure (i.e., no possible contact with liquid agent) to 
nerve agent can be adequately decontaminated by 
removing them from the exposure and undressing them. 
If the exposure occurred indoors, moving the patient 
into outdoor fresh air and undressing them should be 
sufficient. If nerve agent is released outdoors in sufficient 
quantity to create toxic ambient concentrations, upwind 
evacuation from the plume of agent is necessary, as is 
respiratory protection for rescuers and victims if 
possible. See the Management of Mass Casualties section 
for a more complete discussion of decontamination. 

Decontamination should begin with removal of the 
victim’s clothing. It is estimated that removal of all 
clothing will provide about 80% of all possible 
decontamination after vapor exposure to a nerve agent. 
In addition, nerve agents from aerosols or vapors can 
adsorb into victims’ clothing and then off-gas well after 
the victim has been removed from the site of exposure. 
Victims of the 1995 Tokyo subway sarin attack were 
transported from the scene of the attack without any 
form of decontamination. Prehospital first responders 
quickly became symptomatic until ambulances were 
ordered to keep all windows open to maximize ventilation 
during transport. Hospital-based care providers also 
became symptomatic after exposure to off-gassing 
victims who were brought into the hospital without 
decontamination.*° 

Atropine is a direct-acting competitive muscarinic 
receptor antagonist. It binds to muscarinic AChRs, 
preventing ACh from binding, thereby decreasing 
cholinergic tone at the postsynaptic cell or organ, including 
smooth muscle, exocrine glands, and muscarinic 
synapses within the CNS. Other potent antimuscarinic 
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compounds have also been investigated as potentially 
effective organophosphate antidotes.?’°"** Atropine 
reverses muscarinic-mediated smooth muscle contraction 
and exocrine hypersecretion. This clinical effect is most 
important in the lungs, where excessive bronchorrhea 
and bronchoconstriction lead to hypoxemia, decreased 
ventilation, respiratory failure, and death. However, note 
that the respiratory failure is also the result of CNS nerve 
agent toxicity at the medullary respiratory center. 
Atropine does not bind to nicotinic receptors and 
therefore does not have any therapeutic effect at the 
neuromuscular junction or ganglia. Because the AChRs 
found at the neuromuscular junction are nicotinic, 
atropine does not reverse skeletal muscle paralysis. 
Atropine eye drops can be used to reverse nerve 
agent-induced miosis and paralysis of accommodation.*? 

Adverse effects of atropine are unlikely except if 
administered to a victim misdiagnosed with a cholinergic 
toxidrome (i.e., nerve agent or other organophosphate 
poisoning). These include increased heart rate, drying of 
secretions, mydriasis, loss of accommodation, and 
decreased sweating.** The last of these adverse effects is 
the most significant and can lead to severe hyperthermia, 
especially in the setting of a warm environment or 
physical exertion.*!*° All patients who receive atropine 
should be monitored not only for therapeutic 
improvement but also for signs of anticholinergic effects. 

The recommended adult dose of atropine is 2 mg, 
which can be administered intravenously, intramuscularly, 
endotracheally, or by autoinjector (e.g., Mark I kit). The 
autoinjector is an effective means of administering 
atropine expeditiously because it can quickly deliver 
antidote through clothing (including PPE). Animal 
studies have shown that atropine administered by 
autoinjector was absorbed at a rate intermediate between 
intravenous administration and intramuscular adminis- 
tration with a conventional syringe.*!** Atropine 
administration should be repeated in 2-mg doses every 
5 to 10 minutes based on clinical response. The most 
critical indicator of antidotal response is pulmonary 
function (i.e., drying of bronchial secretions and 
decreased airway resistance). This can be assessed by the 
patient’s self-reported ease of breathing or by improved 
compliance if the patient is being artificially ventilated. 
There is no dose limit for the total amount of atropine 
administered, and end of therapy should be determined 
by clinical stabilization. Patients who require continued 
antidotal treatment after initial improvement should 
suspected of having continued dermal nerve agent 
absorption and undergo repeat decontamination. 

The early administration of antidotes is critical in the 
treatment of nerve agent poisoning. Antidotal therapy 
for nerve agent poisoning includes atropine, an oxime, 
and a benzodiazepine (each is discussed in detail later). 
The decision to administer an antidote is based on the 
severity of poisoning and route of exposure. Victims 
of an inhalational exposure that present with mild 
symptoms including miosis, eye pain, and rhinorrhea, 
but no other significant signs or symptoms, may be 
observed without the administration of antidote. Those 
with any complaints of respiratory distress, including 
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shortness of breath, complaints of chest tightness, 
wheezing, or dyspnea, should be treated with a initial 
administration of 2 mg of atropine plus pralidoxime, 
600 mg through intramuscular autoinjector or 500 to 
1000 mg/hour through intravenous infusion. If respi- 
ratory symptoms are significant (e.g., dyspnea, wheezing, 
shortness of breath), or the victim has additional 
symptoms such as weakness or vomiting, the initial doses 
of atropine and pralidoxime should be doubled to 4 mg 
of atropine through intramuscular or intravenous 
injection, and 1200 mg of pralidoxime (i.e., two 600-mg 
intramuscular autoinjectors). Victims with severe 
manifestations of nerve agent poisoning, including 
severe respiratory distress or apnea, seizures or coma, or 
significant skeletal muscle weakness, should receive 
initial doses of atropine and pralidoxime of 6 mg and 
1800 mg, respectively, as well as a benzodiazepine to treat 
or prevent seizures. 


OXIME ANTIDOTES 


Oximes are the second important antidote in the 
treatment of nerve agent poisoning.*® Their primary role 
is to reactivate AChE after it has been phosphorylated by 
a nerve agent by removing the nerve agent from its active 
site. Oximes reactivate AChE by acting as potent 
nucleophiles that attack the phosphorous moiety of the 
nerve agent, cleaving the nerve agent-serine-203 bond 
and displacing the nerve agent from the enzyme active 
site as an oxime—phosphate complex.'? Because atropine 
effectively antagonizes the muscarinic effects of nerve 
agent poisoning, oximes are clinically most important 
because of their ability to reactivate AChE in nicotinic 
synapse, restoring neuromuscular function and reversing 
skeletal muscle paralysis. 

In the United States, 2-pralidoxime chloride (2-PAM, 
pyridine-2-aldoxime methochloride, Protopam) is the 
only oxime currently approved by the FDA for the 
treatment of organophosphate or nerve agent poisoning. 
However, other oximes, including obidoxime, pralidoxime 
iodide (2-PAM iodide), pralidoxime mesylate (P2S), 
pralidoxime methylsulfate, and trimedoxime (TMB4), 
are available in other countries. The differences in the 
oxime effectiveness are mainly due to the variation in 
aging rates that the nerve agent, the oxime, and the 
animal model, including human, used.***” The reac- 
tivation of AChE inhibited by VX, sarin, or GF is possible 
hours after the intoxication, whereas soman-inhibited 
AChE cannot be reactivated within minutes after 
intoxication because of its rapid aging of AChE. 

Pralidoxime can be administered by repeat intramus- 
cular injection (e.g., autoinjector), as described earlier, 
to reach the traditional therapeutic level of 4 ug/mL.*** 
If pralidoxime is administered intravenously, a dosing 
regimen consists of an intravenous bolus of 500 to 1000 mg 
over 30 minutes, followed by an infusion of 500 mg/hour, 
appears to maintain a concentration of about 13 mg/L 
for a 70-kg person, which is above the previously 
reported minimum therapeutic level (4 ug/mL)***9 and 
below the level at which adverse effects are seen 


(14 ug/mL).°° The infusion should be continued until 
the patient’s muscle weakness has resolved. As a general 
rule, any victim that receives atropine should also receive 
an oxime antidote. 

Newer oximes under active development include the 
bisquaternary oxime Hagedorn agents (H oximes). HI-6 
has been shown to as effective, or superior, to 2-PAM in 
the treatment of OP pesticide poisoning.*’°! HI-6 plus 
atropine has been reported to produce a protective ratio 
of 42 against VR (O-isobutyl S-[2-(diethylamino) 
ethyl|methylphosphonothioate, a structural isomer of 
VX, also known as Russian VX), whereas pralidoxime 
plus atropine under identical conditions produced a 
protective ratio of 6 (P. M. Lundy, personal communi- 
cation). Interestingly, although comparable to other 
oximes as a reactivator of AChE in in vitro studies,*° HI- 
6 has been shown to be a more effective antidote in 
studies in which AChE was permanently and irreversibly 
inhibited (aged).°*°* The newer bispyridinium oximes, 
including HI-6, have been found to have significant 
pharmacologic properties not associated with the 
reactivation of nerve agent-inhibited AChE.°*°° 
However, HI-6 and HL6-7 chloride salts are unstable over 
time in aqueous solution and must be stored as lyophilized 
powder, complicating their use in autoinjectors.°° Recent 
research has shown the HI-6 dimethanesulphonate salt 
(HI-6 DMS) to be stable in aqueous solution, as well as 
safe and effective against nerve agents, making it more 
attractive for use in autoinjectors.°’ Overall, HI-6 has 
shown potential advantages over other oximes and may 
eventually emerge as the oxime of choice.°”?®”? Several 
countries, including Canada, Sweden, the former Yugoslav 
entities, and the Czech Republic, are investigating HI-6 as 
their oxime of choice for the treatment of nerve agent 
poisoning. 


BENZODIAZEPINES 


Victims with severe nerve agent poisoning are likely to 
also have seizures. The addition of a benzodiazepine has 
been shown to improve survival from nerve agent 
poisoning and to decrease the development of 
permanent brain damage.®®' Diazepam is available in 
an autoinjector and is issued (in addition to 3 Mark I 
autoinjectors) to U.S. military personnel as part of 
their nerve agent medical countermeasure kit. It is 
recommended that a benzodiazepine be administered 
for any seizure activity as well as for any moderate to 
severe manifestations of nerve agent poisoning (before 
the development of seizures). Although diazepam is 
most commonly recommended, other benzodiazepines 
should be considered if diazepam is not available, as 
might be the case in an MCI. 


OTHER MEDICAL COUNTERMEASURES 
IN DEVELOPMENT 


Atropine, oximes, and benzodiazepines have been the 
mainstay of therapy for nerve agent poisoning for almost 


as long as nerve agents have been a threat. Additional 
therapeutic measures in development include other 
anticholinergic compounds such as biperiden, scopo- 
lamine, and trihexyphenidyl. The excitatory neuro- 
transmitter glutamate and its stimulation of the 
N-methyl-b-aspartate (NMDA) receptors, has also been 
found to play a role in nerve agent—induced seizures. 
This work has lead to research in the development of 
NMDA receptor antagonists such as MK801 and gacy- 
clidine (GK-11) that may find a place in nerve agent 
treatment in the future.°?” 


MANAGEMENT OF MASS CASUALTIES 


Decontamination and patient management priorities at 
the scene of a terrorist attack using nerve agents include 
collection of victims at a point upwind of the chemical 
hazard, the establishment of a clean-dirty line between 
the contaminated (i.e., “hot”) and uncontaminated (i.e., 
“cold”) zones, and the administration of initial medical 
treatment if necessary (i.e., antidotes, advanced life 
support). Plans should include means to decontaminate 
both ambulatory and nonambulatory victims and 
provide a way for emergent medical treatment to be 
administered as soon as possible once the patient exits 
the “warm” decontamination zone (Fig. 105A-2). If 
adequate PPE is available for medical personnel, 
treatment may be started earlier (i.e., before or during 
decontamination). 

Basic principles of mass casualty decontamination 
include the following: (1) decontamination should take 
place as soon as possible—expect the ratio of unaffected 
to affected to be about 5:1; (2) disrobing is decontami- 
nation and should be the earliest step in the process; (3) 
high-volume, low-pressure water showers are the best 
mass decontamination method; and (4) after a known 
dermal exposure, first responders must be decontami- 
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nated as soon as possible.” Terrorist attacks using nerve 
agents in cold weather present additional decontami- 
nation challenges. If ambient temperatures are above 
18.3° C (65° F), all methods of decontamination can be 
done outdoors. As ambient fall below 18.3° C (65° F), 
heated enclosures should be made available for 
postdecontamination shelter. As ambient temperatures 
fall further, water decontamination should take place in 
a heated enclosure, and under extreme weather con- 
ditions (e.g., below 1.7° C [35° F]), dry decontamination 
methods are recommended (e.g., removal of all outer 
garments and dry blotting of the skin with absorbents) 
until victims can be transported to a heated facility for 
water decontamination. However, regardless of the 
ambient temperature, people who have been exposed to 
a known life-threatening level of chemical contami- 
nation should disrobe, undergo decontamination with 
copious amounts of high-volume, low-pressure water or 
an alternative decontamination method, and be sheltered 
as soon as possible.™ In 2003, the FDA approved a reactive 
skin decontamination lotion (RSDL) for use as a 
decontaminating liquid for dermal nerve agent 
exposure. It is an oximate-based skin decontaminant 
developed in Canada and currently in use worldwide.” 
In the absence of a water-flushing or showering system, it 
represents a viable method of portable decontamination. 

Ideally, all victims would undergo adequate decon- 
tamination before leaving the incident scene. 
Historically, however, about 70% to 80% of victims of 
an MCI evacuate themselves and each other from the 
incident scene and then self-triage to nearby health care 
facilities. This creates the need for decontamination 
plans and equipment at the receiving health care 
facilities. This was the case during the 1995 ‘Tokyo sarin 
attack, when there was no field decontamination of 
victims at the incident scene. Secondary contamination 
occurred at the receiving hospitals, with 23% of the Saint 
Luke’s hospital staff developing signs and symptoms of 
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FIGURE 105A-2 The dual-corridor emergency decontamination system has two corridors for the triage, decontamination, and 
treatment of nerve agent victims. (From U.S. Army Soldier and Biological Chemical Command (SBCCOM): Guidelines for mass casualty 
decontamination during a terrorist chemical incident. Aberdeen, MD, Edgewood Chemical Biological Center, 2003.) 
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sarin poisoning while treating the hundreds of victims, 
many of whom were contaminated, who presented to the 
hospital. Forty-six percent of those working in a poorly 
ventilated hospital chapel became symptomatic. How- 
ever, only one nurse was admitted, and no one required 
antidotal treatment.*?**°° An inhalational exposure is 
likely due to the use of a nerve agent aerosol or vapor, as 
in the Tokyo subway attacks of 1995. Victims exposed to 
nerve agent vapor adsorb the agent into their clothing 
and off-gas the agent after they have been removed from 
the exposure. The risks associated with off-gassing 
include continued inhalational exposure for the patient 
and medical care providers who will be in close 
proximity to the patient, especially indoors and in 
confined spaces (e.g., ambulances). This was seen after 
the Matsumoto and Tokyo sarin attacks, in which 
prehospital care providers became symptomatic from 
exposure to sarin off-gassing from victims transported to 
hospitals by ambulance. Hospital care providers also 
became symptomatic as a result of off-gassing from patients 
brought into the hospital without decontamination. 

The hospital response to a terrorist nerve agent attack 
should anticipate mass casualties arriving unannounced, 
contaminated, and in a disorganized fashion. Saint Luke’s 
Hospital’s first victim arrived on foot 30 minutes after the 
attack and was followed by about 500 more within the 
next 30 minutes. Among 640 victims who presented to 
Saint Luke’s Hospital on the day of the attack, 15% 
arrived by emergency vehicle (only 10% by ambulance), 
48% by foot or private vehicle, and 25% by taxi. Radio- 
dispatched taxis played a significant role in transporting 
victims from the scene and were also important in 
communicating information.*° Typically, because they 
are the most able to flee the incident scene and make 
their way to the hospital, most of the early presenters are 
less severely affected than those incapacitated at the 
scene. 

Ten percent of first responders developed acute signs 
and symptoms of nerve agent poisoning (some requiring 
treatment) primarily as the result of sarin vapor off- 
gassing from the clothing of victims during ambulance 
transport to hospitals.* In comparison, 35% of emer- 
gency responders developed signs of sarin toxicity while 
rescuing victims of the 1994 Matsumoto sarin attack, 
although most were thought to have been exposed as a 
result of entering the area of the sarin release without 
adequate respiratory protection.” 


PRINCIPLES OF PREPAREDNESS 


It is a commonly accepted concept that all disasters are 
local. ‘This is a very important reality that must be 
considered in all stages of disaster planning and 
preparedness. As much as outside assets (e.g., state, 
federal, nongovernmental) are mobilized as soon as any 
major MCI takes place, it is arguably unlikely that logistics 
will allow them to be involved in the initial emergency 
response at a significant level within 48 hours of the 
incident. Therefore, consumable supplies, medications, 
antidotes, personnel, and safe food and water should be 


stockpiled in quantities to suffice for at least 3 days or 
more, depending on the community’s accessibility. 

An important step in preparing to respond to a nerve 
agent terrorist attack is to perform community risk 
assessments to identify potential targets, their degree of 
vulnerability to attack, and when an attack would be 
likely to occur. By determining the maximum number of 
potential victims for a “worst case scenario” attack, 
preparations can be made to respond. Advance planning 
should include identifying potential staging areas, victim 
collection points, sites for decontamination stations, and 
sites for victim and responder sheltering in extreme 
weather conditions for all sites (e.g., sports arenas, mass 
transit systems) that are deemed at high risk for a 
terrorist MCI based on a community vulnerability 
analysis. Additionally, alternatives for all sites mentioned 
should also be determined. 

Another essential step is to take inventory of any and 
all resources that are available in your community to 
respond to a terrorist attack. This assessment should 
include decontamination equipment, personnel, hospital 
beds, alternative health care facilities, ambulances, 
antidotes, ventilators, PPE, and additional items too 
numerous to list here. This should be followed be an 
estimation of what is needed to respond to an MCI in your 
community (based on a vulnerability assessment). In the 
event that a community’s maximal response capability 
could not adequately respond to a worst case scenario, 
emergency preparations should include planning to 
rapidly access, or even predeploy in the case of a 
scheduled event (e.g., large sporting event), outside 
assets to close the gap between likely emergency 
response needs and those locally available. Access to 
outside assets can be facilitated by the advanced 
establishment of interagency and interjurisdictional 
memoranda of understanding that delineate how and 
when assets are brought in to assist with a local MCI or 
major disaster. The difference between the two is the gap 
that additional planning and preparation can lessen. 
Emergency planners should avail themselves of the many 
published after-action reports and “lessons learned” 
developed after MCIs that have occurred as the result of 
both terrorist acts and natural events.+7°°7! 

One of the most important and critical assets for 
responding to an MCI is personnel. However, it is 
important to include in an emergency response plan the 
possibility, or likelihood, that responders at all levels may 
also be victims of the attack, degrading the ability for the 
emergency and medical communities to respond. 
Additionally, it has become an established fact that first 
responders, and even health care facilities, may be 
targeted with secondary devices or nerve agent releases. 
Further, the possibility of a mixed weapon or multiple- 
location attacks should be considered in the allocation of 
resources once the incident has occurred. 

Although this chapter focuses on nerve agents, an “all- 
hazards approach” should be used as the basis for 
developing a plan to respond to a terrorist nerve agent 
attack. By establishing robust plans and procedures for 
responding to any hazardous materials (Hazmat) event, 
additional measures (e.g., specific antidote availability, 


BOX 105A-1 


ICD-9-CM 


Toxic effect of organophosphate & carbamate 
Accidental poisoning by other specified gases and vapors 
Suicide and self-inflicted poisoning using other specified 


gases and vapors 


Assault by poisoning using other gases and vapors 
Injury due to terrorism involving chemical weapons 
Injury due to war operations by gases, fumes, and 


chemicals 


Death due to terrorism involving chemical weapons 


ICD-10 
Accidental poisoning by and exposure to other and 


unspecified chemicals and noxious substances 


Intentional self-poisoning (suicide) by and exposure to 


other gases and vapors 


Assault (homicide) by gases and vapors 
Assault (homicide) by other specified chemicals and 


noxious substances 


Assault (homicide) by unspecified chemical or noxious 


substance 


War operations involving chemical weapons and other 





forms of unconventional warfare 


medical training for the recognition and treatment of 
nerve agent poisoning) can be developed and added. 
Moreover, it is of paramount importance that any and all 
emergency plans be exercised regularly using realistic 
scenarios. 


See the International Classification of Diseases Codes 


in Box 105A-1. 


RE 
1 


ys 


10. 


11; 


FERENCES 
. Ledgard J: The Preparatory Manual of Chemical Warfare Agents. 


Columbus, OH, The Paranoid Publications Group, 2003. 
Morimoto F, Shimazu T, Yoshioka T: Intoxication of VX in 
humans. Am J Emerg Med 1999;17(5):493-494. 


. Nozaki H, Aikawa N, Fujishima S, et al: A case of VX poisoning and 


the difference from sarin. Lancet 1995;346(8976) :698—699. 


. Okumura T, Takasu N, Ishimatsu S, et al: Report on 640 victims 


of the Tokyo subway sarin attack. Ann Emerg Med 1996;28(2): 
129-135. 


. Ohbu S, Yamashina A, Takasu N, et al: Sarin poisoning on Tokyo 


subway. South Med J 1997;90(6):587-593. 


. Tu A: Anatomy of Aum Shinrikyo’s organization and terrorist 


attacks with chemical and biological weapons. Arch Toxicol 
Kinetics Xenobiotic Metabolism 1999;7 (3) :45-82. 


. Tu A: The first mass chemical terrorism using sarin in Matsumoto, 


Japan. Arch Toxicol Kinet Xenobiot Metab2001;9(3):65-93. 


. Neitlich H: Effect of percutaneous GD on human subjects. Report 


No.: CRDL Technical Memorandum 2-21,DTIC AD471794. Fort 
Belvoir, VA, Defense Technical Information Center, 1965. 


. Berends F, Posthumus CH, vd SI, Deierkauf FA: The chemical basis 


of the “ageing process” of DFP-inhibited pseudocholinesterase. 
Biochim Biophys Acta 1959;34:567-568. 

Fleisher JH, Harris LW: Dealkylation as a mechanism for aging of 
cholinesterase after poisoning with pinacolyl methylphosphono- 
fluoridate. Biochem Pharmacol 1965;14(5):641-—650. 

Saxena A, Doctor BP, Maxwell DM, et al: The role of glutamate-199 
in the aging of cholinesterase. Biochem Biophys Res Commun 
1993;197(1):343-349. 


12. 


13; 


14. 


15; 


16. 


17. 


18. 


19; 


20. 


21. 


a2: 


23. 


24. 


2D; 


26. 


rap 


28. 


29. 


30; 


re 


32. 


oo: 


34. 


oD: 


36. 


37. 


CHAPTER 105 Chemical Weapons 1499 





Shafferman A, Ordentlich A, Barak D, et al: Aging of phosphylated 
human acetylcholinesterase: catalytic processes mediated by 
aromatic and polar residues of the active centre. Biochem J 
1996;318(Pt. 3):833-840. 

Sidell FR, Groff WA: The reactivatibility of cholinesterase inhibited 
by VX and sarin in man. Toxicol Appl Pharmacol 1974;27(2): 
241-252. 

Vranken MA, De Bisschop HC, Willems JL: “In vitro” inhibition of 
neurotoxic esterase by organophosphorus nerve agents. Arch Int 
Pharmacodyn Ther 1982;260(2):316-318. 

Duysen EG, Li B, Xie W, Schopfer LM, et al: Evidence for 
nonacetylcholinesterase targets of organophosphorus nerve agent: 
supersensitivity of acetylcholinesterase knockout mouse to VX 
lethality. J Pharmacol Exp Ther 2001;299(2):528-535. 

O’Neill JJ: Non-cholinesterase effects of anticholinesterases. 
Fundam App! Toxicol 1981;1(2):154—160. 

Van Meter WG, Karczmar AG, Fiscus RR: CNS effects of 
anticholinesterases in the presence of inhibited cholinesterases. 
Arch Int Pharmacodyn Ther 1978;231 (2):249-260. 

Rickett DL, Glenn JF, Beers ET: Central respiratory effects versus 
neuromuscular actions of nerve agents. Neurotoxicology 
1986;7(1):225—-236. 

Wright PG: An analysis of the central and peripheral components 
of respiratory failure produced by anticholinesterase poisoning in 
the rabbit. J Physiol 1954;126(1):52-70. 

Rengstorff RH: Accidental exposure to sarin: vision effects. Arch 
Toxicol 1985;56 (3) :201-203. 

Rubin LS, Krop S, Goldberg MN: Effect of sarin on dark 
adaptation in man: mechanism of action. J Appl Physiol 1957; 
11(3):445-449. 

Rubin LS, Goldberg MN: Effect of sarin on dark adaptation in 
man: threshold changes. J Appl Physiol 1957;11(3):439-444. 
Oberst FW, Koon WS, Christensen MK, et al: Retention of inhaled 
sarin vapor and its effect on red blood cell cholinesterase activity 
in man. Clin Pharmacol Ther 1968;9(4):421—427. 

Blank IH, Griesemer RD, Gould E: The penetration of an 
anticholinesterase agent (sarin) into skin. I. Rate of penetration 
into excised human skin. J Invest Dermatol 1957;29 (4) :299-309. 
Craig FN, Cummings EG, Sim VM: Environmental temperature 
and the percutaneous absorption of a cholinesterase inhibitor, VX. 
J Invest Dermatol 1977;68 (6) :357-361. 

Duncan EJ, Brown A, Lundy P, et al: Site-specific percutaneous 
absorption of methyl salicylate and VX in domestic swine. J Appl 
Toxicol 2002;22(3):141-148. 

Sidell F. Sarin and soman: observations on accidental exposures. 
Report No.: Edgewood Arsenal Technical Report 4747, DTIC 
AD769737. Fort Belvoir, VA, Defense Technical Information 
Center, 1973. 

Morita H, Yanagisawa N, Nakajima T, et al: Sarin poisoning in 
Matsumoto, Japan. Lancet 1995;346(8970) :290-293. 

Rotenberg JS: Diagnosis and management of nerve agent 
exposure. Pediatr Ann 2003;32 (4) :242-250. 

Aaron C: Safety of adult nerve agent autoinjectors in children. J 
Pediatr 2005;146(1):8-10. 

Amitai Y, Almog S, Singer R, et al: Atropine poisoning in children 
during the Persian Gulf crisis. A national survey in Israel. JAMA 
1992;268 (5) :630-632. 

Kozer E, Mordel A, Haim SB, et al: Pediatric poisoning from 
trimedoxime (TMB4) and atropine automatic injectors. J Pediatr 
2005;146(1):41-44. 

Romig LE: Pediatric triage: a system to JumpSTART your triage of 
young patients at MCIs. JEMS 2002;27(7):52-58, 60-63. 

Nozaki H, Hori S, Shinozawa Y, et al: Secondary exposure of 
medical staff to sarin vapor in the emergency room. Intensive Care 
Med 1995;21(1):1032-1035. 

Selden BS, Curry SC: Prolonged succinylcholine-induced paralysis 
in organophosphate insecticide poisoning. Ann Emerg Med 
1987;16(2):215-217. 

Baker D, Rustick J: Anaesthesia for casualties of chemical warfare 
agents. In Anaesthesia and Perioperative Care of the Combat 
Casualty. Washington, DC, Office of the Surgeon General, U.S. 
Army Medical Center, 1995, p 850. 

Sidell FR: Soman and sarin: clinical manifestations and treatment 
of accidental poisoning by organophosphates. Clin Toxicol 


1974;7(1):1-17. 





39, 


40. 


4l. 


re 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52: 


53. 


D4; 


1500 


DISASTERS AND TERRORISM 


. Bird SB, Gaspari RJ, Lee WJ, Dickson EW: Diphenhydramine as a 


protective agent in a rat model of acute, lethal organophosphate 
poisoning. Acad Emerg Med 2002;9(12):1369-1372. 

Nozaki H, Aikawa N, Shinozawa Y, et al: Sarin poisoning in Tokyo 
subway. Lancet 1995;345 (8955) :980-981. 

Robinson S, Buckingham R, Pearcy M, et al: 1952 Field test of 
atropine. In The Physiological Effects of Atropine and Potential 
Atropine Substitutes. Fort Belvoir, VA, Defense Technical 
Information Service, 1953. 

Sidell FR, Markis JE, Groff W, Kaminskis A: Enhancement of drug 
absorption after administration by an automatic injector. 
J Pharmacokinet Biopharm 1974;2(3):197-210. 

Friedl KE, Hannan CJ Jr, Schadler PW, Jacob WH: Atropine 
absorption after intramuscular administration with 2-pralidoxime 
chloride by two automatic injector devices. J Pharm Sci 
1989;78 (9):728-731. 

Grob D, Johns RJ: Use of oximes in the treatment of intoxication 
by anticholinesterase compounds in patients with myasthenia 
gravis. Am J Med 1958;24(4):512-518. 

Dawson RM: Review of oximes available for treatment of nerve 
agent poisoning. J Appl Toxicol 1994;14(5):317-331. 

Lundy PM, Hansen AS, Hand BT, Boulet CA: Comparison of 
several oximes against poisoning by soman, tabun and GF. 
Toxicology 1992;72(1):99-105. 

Worek F, Kirchner T, Backer M, Szinicz L: Reactivation by various 
oximes of human erythrocyte acetylcholinesterase inhibited by 
different organophosphorus compounds. Arch Toxicol 1996; 
70(8):497-503. 

Worek F, Widmann R, Knopff O, Szinicz L: Reactivating potency of 
obidoxime, pralidoxime, HI 6 and HLo 7 in human erythrocyte 
acetylcholinesterase inhibited by highly toxic organophosphorus 
compounds. Arch Toxicol 1998;72 (4) :237-243. 

Sidell FR, Groff WA: Intramuscular and intravenous adminis- 
tration of small doses of 2-pyridinium aldoxime methochloride to 
man. J Pharm Sci 1971;60(8):1224-1228. 

Sundwall A: Minimum concentrations of N-methylpridinium 
-2-aldoxime methane sulphonate which reverse neuromuscular 
blockade. Biochim Pharmacol 1961;8:432—434. 

Eyer P: The role of oximes in the management of organophos- 
phorus pesticide poisoning. Toxicol Rev 2003;22(3):165-190. 
Clement JG, Bailey DG, Madill HD, et al: The acetylcholinesterase 
oxime reactivator HI-6 in man: pharmacokinetics and tolerability 
in combination with atropine. Biopharm Drug Dispos 
1995;16(5):415—425. 

Kusic R, Jovanovic D, Randjelovic S, et al: HI-6 in man: efficacy of 
the oxime in poisoning by organophosphorus insecticides. Hum 
Exp Toxicol 1991;10(2):113-118. 

Kassa J: Review of oximes in the antidotal treatment of poisoning 
by organophosphorus nerve agents. J Toxicol Clin Toxicol 
2002;40 (6) :803-816. 

van Helden HP, Busker RW, Melchers BP, Bruijnzeel PL: 
Pharmacological effects of oximes: how relevant are they? Arch 
Toxicol 1996;70(12):779-786. 


Vesicants 


DD; 


56. 


57: 


DB: 


DO, 


60. 


6l. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71, 


Koplovitz I, Stewart JR: A comparison of the efficacy of HI6 and 2- 
PAM against soman, tabun, sarin, and VX in the rabbit. Toxicol 
Lett 1994;70(3):269-279. 

Eyer P, Hell W, Kawan A, Klehr H: Studies on the decomposition 
of the oxime HI 6 in aqueous solution. Arch Toxicol 
1986;59 (4) :266-271. 

Lundy PM, Hill I, Lecavalier P, et al: The pharmacokinetics and 
pharmacodynamics of two HI-6 salts in swine and efficacy in the 
treatment of GF and soman poisoning. Toxicology 2005;208 (3): 
399-409. 

Kassa J, Cabal J, Bajgar J: The choice: HI-6, pralidoxime or 
obidoxime against nerve agents? ASA Newsletter 1997;97:4. 

Aas P: Future considerations for the medical management of 
nerve-agent intoxication. Prehospital Disaster Med 2003;18(3): 
208-216. 

Rump S, Kowaczyk M: Management of convulsions in nerve agent 
acute poisoning: a Polish perspective. J Med Chem Def 2003;1:1-14. 
Martin LJ, Doebler JA, Shih TM, Anthony A: Protective effect of 
diazepam pretreatment on soman-induced brain lesion formation. 
Brain Res 1985;325 (1-2) :287-289. 

Lallement G, Clarencon D, Galonnier M, et al: Acute soman 
poisoning in primates neither pretreated nor receiving immediate 
therapy: value of gacyclidine (GK-11) in delayed medical support. 
Arch Toxicol 1999;73(2):115-122. 

U.S. Army Soldier and Biological Chemical Command (SBCCOM): 
Guidelines for mass casualty decontamination during a terrorist 
chemical incident. Aberdeen, MD, Edgewood Chemical Biological 
Center, 2003. 

U.S. Army Soldier and Biological Chemical Command (SBCCOM): 
Guidelines for cold weather mass decontamination during a 
terrorist chemical agent incident, revision 1. Aberdeen, MD, 
Edgewood Chemical Biological Center, 2003. 

Sawyer TW, Parker D, Thomas N, et al: Efficacy of an oximate- 
based skin decontaminant against organophosphate nerve agents 
determined in vivo and in vitro. Toxicology 1991;67(3):267-277. 
Okumura T, Suzuki K, Fukuda A, et al: The Tokyo subway sarin 
attack: disaster management. 2. Hospital response. Acad Emerg 
Med 1998;5(6):618-624. 

Nakajima T, Sato S, Morita H, Yanagisawa N: Sarin poisoning of a 
rescue team in the Matsumoto sarin incident in Japan. Occup 
Environ Med 1997;54(10):697—701. 

Yokoyama K, Yamada A, Mimura N: Clinical profiles of patients 
with sarin poisoning after the Tokyo subway attack. Am J Med 
1996;100(5):586. 

Okumura T, Suzuki K, Fukuda A, et al: The Tokyo subway sarin 
attack: disaster management. 1. Community emergency response. 
Acad Emerg Med 1998;5(6):613-617. 

Matsui Y, Ohbu S, Yamashina A: Hospital deployment in mass sarin 
poisoning incident of the Tokyo subway system: an experience at 
St. Luke’s International Hospital, Tokyo. Jpn Hosp 1996;15:67—71. 
Smithson AE: Stimson Center Report No. 35. Ataxia: The 
Chemical and Biological Terrorism Threat and the US Response. 
Washington, DC, The Henry L. Stimson Center, 2005. 


LAWRENCE STILWELL BETTS, MD, PHD Æ BRIAN CHRISTOPHER BETTS, MD 


At a Glance... 


Sulfur mustard (or “mustard”) is the most significant member of the vesicant agents. It is the only vesicant with known use in combat. 
Skin lesions produced by contact with vesicant agents are nonspecific and, alone, are of little diagnostic value in identifying the etiology 
in early cases. History of the use of, or presence of, a vesicant agent, or prior cases with similar presentations, is of great value in 


approaching the differential diagnosis. 


The most important preventive measure to control exposure is avoidance of contact; the most important treatment measure to limit injury 


is prompt decontamination. 


CHAPTER 105 Chemical Weapons 1501 





m Skin decontaminants available to the general public include a dilute hypochlorite solution (0.5%); military chemical agent 


decontaminants, such as the M291 kit, can be used as available. 


m There is no specific antidote for mustard, and medical management of cases is based on treating signs and symptoms as they develop. 
m Patient management ranges from very simple, for erythema or minor vesicles, to extremely complex, for immunosuppressed patients with 


multisystem derangements and extensive skin lesions. 


m Disposition of casualties varies with intensity of exposure, delay and efficacy of decontamination, and severity of injuries. 
m Repeated occupational exposures to mustard at levels that result in toxic effects are known to cause cancer of the upper airways. 


RELEVANT HISTORY 


A vesicant is a chemical that produces vesicles or blisters 
at the site of contact. This class of “military chemical 
agents,” specifically sulfur mustard (also called H; HD; 
CAS No. 505-60-2; mustard gas, mustard), has been a major 
military threat agent since its introduction in combat 
in World War I. The vesicants constitute a hazard to 
exposed skin and mucous membranes in both the vapor 
and liquid states. Three groups of vesicants are 
considered useful for tactical military weapons as 
“chemical agents”: the mustard agents, the arsenicals, 
and the halogenated oximes. The main vesicant agents 
and their short-hand military designations are listed in 
Table 1O5B-1. 

Sulfur mustard (bis-[2-chloroethyl] sulfide) was first 
used as a weapon in World War I. Mustard was respon- 
sible for more battlefield casualties than caused by all of 
the other chemical agents. Mustard is the most 
important agent in the vesicant group and remains a 
current military threat today. Although chemical agents 
were not used on the battlefield in World War II, their 


use by Iraq was reported during the 1980s during in the 
Iran-Iraq conflict. Some of the Iranian casualties were 
evacuated and treated in Belgium, the country where 
mustard was first used in warfare in 1915 and in France. 
An excellent discussion and color image presentation of 
the clinical findings and medical management of these 
casualties is provided by Jan L. Willems.' The images can 
also be found in the Textbook of Military Medicine.* 
Lewisite, or dichloro-2-chlorovinylarsine, is an 
arsenical compound that produces toxic effects more 
rapidly than mustard. Lewisite has not been used in 
combat and has a low military threat potential. The 
widely known chelating agent, dimercaprol, or British 
Anti-Lewisite (BAL), was originally developed for use as 
an antidote for Lewisite. BAL currently finds therapeutic 
application in the treatment of some metal poisonings. 
Phosgene oxime (dichloroformoxime) is the only 
representative of the halogenated oxime group with 
military application. It is not a true vesicant. Although 
it causes irritation and corrosion, reaction to contact 
results in a solid, urticaria-like lesion that is not filled with 
fluid. The military includes it as a vesicant agent, and a 





Vesicant Groups* 


AGENT MILITARY SYMBOL COMMON NAME ONSET OF PAIN TISSUE DAMAGE 
Mustard Agents 
bis-(2-chloroethyl) sulfide (Impure) H Mustard; sulfur mustard; Delayed—hours Immediate 
(C,HsCL,S and contaminants Yperite; “lost” 
bis-(2-chloroethyl) sulfide (distilled)* HD Distilled mustard; sulfur Same Same 
(C,H3CL,S) mustard 
60% bis-(2-chloroethyl) sulfide and HT — Same Same 
40% bis-(2-[2-chloroethylthio]-ethyl) 
ether mixture! 
mustard with Lewisite mixture HL — Same Same 
nitrogen mustards: HN1, HN2, Nitrogen mustard Same Same 
bis(2-chloroethyl)ethylamine (HN1) and HN3 
2-Chloro-N-(2-chloroethyl)-N- 
ethylethanamine (HN2) 
2,2’,2” tri(chloroethyl)amine (HN3) 
Organic Arsenical Agents 
dichloro-2-chlorovinylarsine L Lewisite Immediate Seconds to minutes 
(C,H2AsC]I3) 
methyldichloroarsine MD — Same Same 
phenyldichloroarsine PD — Same Same 
ethyldichloroarsine ED — Same Same 
Halogenated Oxime Agents 
dichloroformoxime (ChCNOH) CX Phosgene oxime Immediate Seconds 


*Prototype agent in italics. 
tLewisite, or agent "T” (a vesicant chemically related to mustard), is added to decrease the freezing point and maintain the liquid form at lower 
ambient temperatures 
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brief discussion is included in this chapter. Phosgene 
oxime has not been used in combat, and there is little 
information regarding its use and toxicity. Although it is 
considered to have a low military threat potential, its 
rapid penetration of protective garments and rapid onset 
of severe effects make it of military interest.* 

Because of the amount of information available on 
the use and effects of mustard from World War I and the 
Iran-Iraq conflict, and the relative lack of information 
on Lewisite and phosgene oxime, this chapter discusses 
mustard as the prototype vesicant. 


EXPOSURE SCENARIOS 


Mustard can contaminate environmental surfaces, 
including food and water supplies. During World War I, 
exposure to mustard resulted in a large number of 
casualties, but relatively few deaths. These findings 
underlie the reasons vesicants have military application. 
The potential for their use, with the accompanying fear 
of injury and need to avoid exposure, requires personnel 
to carry or wear protective equipment and to be fearful 
when touching anything, including food and water 
supplies. The need for precautions and the use of 
protective equipment restricts and impairs the ability to 
maneuver and fight. The resulting casualties decrease 
the strength of the fighting force, require medical assets, 
and further affect morale. It is easy to understand why 
the mere threat to use a chemical agent can be a power- 
ful military tactic. The potential to use a vesicant against 
an unprotected and unknowing civilian population could 
be an even greater weapon in the hands of a terrorist. 
The volatility of a chemical agent and its persistence 
in the environment are inversely related: The more 
volatile agents have less persistence in the environment. 
They simply evaporate based on their vapor pressure. 
However, the vapor may still present a significant hazard! 
Temperature is the main environmental factor affecting 
persistence. Other environmental factors, such as terrain, 
wind, and rain, also affect dispersal and persistence. All 
these factors have been exploited in the past to obtain a 
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military advantage. At temperatures below 57° F (14° C), 
mustard is a solid, but still biologically active, chemical. 
It forms a persistent, oily liquid at higher temperatures 
that may be detected by its garlic- or onion-like 
(mustard) odor. In areas such as the Middle East, where 
summer temperatures often exceed 100° F (38° C), 
evaporation into the vapor state becomes significant. 
Such temperatures increase the risk for exposure to 
mustard vapor, but they simultaneously decrease its 
persistence.’ The finding of more casualties with eye and 
lung damage during the Iran-Iraq conflict than were 
observed in World War I has been attributed to the 
higher temperatures and increased volatilization in the 
hotter climate. Mustard vapor is also much denser than 
air and forms high vapor concentrations close to the 
ground or in low-lying areas. When an agent evaporates 
off the ground after dispersal, injuries may occur low on 
the body or in individuals in low-lying areas. To maintain 
mustard in the liquid state at lower temperatures, 
mustard has been mixed with other chemicals (including 
Lewisite) to decrease its freezing point. 

Chemical warfare material (CWM), composed of 
stockpiled agents (Table 105B-2) and “nonstockpiled” 
materials (such as buried items and contaminated objects 
from former production and storage), are currently 
being destroyed under federal statute and the Chemical 
Weapons Convention demilitarization program.’ Although 
extremely remote, there is a possibility of accidental 
release during storage, transportation, or destruction of 
the agent or its original container. Programs have been 
established to inform and educate adjacent communities 
regarding the potential risks and planned emergency 
response actions. In 2001, the Agency for Toxic 
Substances and Disease Registry released a draft toxi- 
cologic profile for “Mustard Gas” for review and 
comment. When officially released in 2003, the name of 
the profile was changed to “Sulfur Mustard.” This profile 
provides a comprehensive review of the environmental 
release and public exposure concerns.° 

Nonmilitary “environmental” exposures have been 
reported in the literature.®’ Often these reports involve 
adults or children finding undetonated shells. In some 





MILITARY SYMBOL/ 


AGENT NAME 


bis-(2-chloroethyl) sulfide 
bis(2-chloroethylthioethyl)ether HT 


dichloro-2-chlorovinylarsine L; Lewisite 

ethyl N,N-dimethyl GA; Tabun 
phosphoroamidiocyanidate 

isopropyl methylphosphonofluoridate GB; Sarin 


O-ethyl-S-(2-diisopropylaminoethyl)-methy| VX 
phosphonothiolate 


H, HD; sulfur mustard 


CHEMICAL ABSTRACT 
SERVICE (CAS) NUMBER 


505-60-2 
63918-89-8 
541-25-3 
77-81-6 


107-44-8 
50782-69-9 


The Convention on the Prohibition of the Development, Production, Stockpiling, and Use of Chemical Weapons and Their Destruction, also known as 
the Chemical Weapons Convention (CWC), was signed by the United States on January 13, 1993, and ratified by Congress on April 25, 1997. The CWC 
mandates that nonstockpile chemical warfare materials (CWM) be destroyed by 2007. Extensions to this deadline can be obtained.* 

From National Center for Environmental Health: Final Recommendations for Protecting the Health and Safety against Potential Adverse Effects of 
Long-Term Exposure to Low Doses of Agents: GA, BV, VX, Mustard Agent (H, HD, V), and Lewisite (L). Public Health Service, Centers for Disease Control 
and Prevention. Washington DC, U.S. Department of Health and Human Services, 1988. 





instances, the shells had remained under water or buried 
for many years before being found. The shells may leak 
or even detonate. Accidental exposures of this type still 
present possible patient scenarios that may be encoun- 
tered by public service and medical personnel. 


PATHOPHYSIOLOGY OF INJURY 


The relationship between the toxic effects caused by 
mustard and the mechanism of cellular tissue injury that 
causes them is not well understood.® The liquid and 
vapor states of mustard pass rapidly through intact skin. 
As a potent alkylating agent, mustard reacts rapidly with 
structural and functional molecules of the cell, forming 
adducts. The altered molecules include nucleic acids, 
proteins, lipoproteins, and peptides, which affect various 
cell functions and lead to the observed injuries. Because 
of the rapid rate of these cellular reactions, mustard is 
quickly “fixed” after only a few minutes in a biologic 
milieu. Mustard is then no longer present as the “free,” 
reactive agent. Blister fluid, blood, or other body fluids 
do not present a continuing exposure hazard to the 
individual or the caregiver. It must be remembered that 
mustard may contaminate inanimate objects (such as 
clothing or equipment) and remain “free” and biologi- 
cally available for many days! These objects can result 
in a source of continued or accidental exposure to the 
vesicant. 

As little as a 10-ug droplet of mustard on the skin can 
produce vesication. The LD;o from dermal contact to 
mustard is about 100 mg/kg. This is equivalent to about 
7 g, or 5 to 8 mL, of the liquid agent for the average 
70-kg person. When dispersed, this amount could cover 
about one fourth of the body surface with erythema or 
vesication.* The LD; ) for human oral exposure is 
estimated to be 0.7 mg/kg.” 

Exposure levels for aerosols or vapors are often 
expressed in the inhalation and military literature as the 
product of the substance’s concentration (“C,” in 
mg/m?) and the duration of exposure (“t” in minutes)— 
the C - t (or Ct) value expressed as X mg - min/m’”. It has 
been stated that equal Ct values cause equal toxic effects; 
that is: C x t = k (constant effect) in a relationship known 
as Haber’s rule.!° Note that in the practical application of 
Haber’s rule, caution must be used because departures 
from the rule are possible.!' Table 105B-3 provides 
Ct values for injuries by different routes of exposure to 
mustard in the aerosol or vapor states. Although it is 
unlikely that quantitative exposure data will be available 
to the treating physician during the early phases of treat- 
ment, military chemical agent detectors are becoming 
more widely distributed. When available, these provide 
valuable exposure information in the assessment, 
treatment, and demonstration of contamination and 
decontamination of patients. 


MANIFESTATIONS 


Mustard is the only vesicant that does not cause 
immediate pain. The exposed individual is asymptomatic 


CHAPTER 105 Chemical Weapons 1503 





Mustard Ct Values for Aerosol or Vapor 


Exposure and Injuries 





CT VALUE (mg - min/m?) INJURY 


>10 Eye damage (under laboratory 
conditions) 


Estimated 12-70 Eye damage (under field conditions) 


100-500 Airway damage 

200-2000 Threshold for skin damage in eye- and 
respiratory-protected individuals 

~1500 Estimated LCt; through inhalation 


From Sidell FR, Urbanetti JS, Smith WJ, Hurst CG: Vesicants. In Medical 
Aspects of Chemical and Biological Warfare. Textbook of Military 
Medicine. Washington, DC, Borden Institute, 1997; and U.S. Army 
Soldier and Biological Chemical Command (USASBCCOM): Distilled 
Mustard (HD) Material Safety Data Sheet. Aberdeen Proving Ground, 
MD, 1999. 





until the effects become apparent after a period of 
delay—usually a few hours to 24 hours. Even in cases with 
severe (heavy) exposure, the onset of symptoms does not 
appear in the first hour. All body surfaces that come into 
contact with the liquid or vapor can be affected, but the 
eye is the most sensitive target organ, with effects ranging 
from mild conjunctivitis to severe eye damage. The 
warm, moist, and thin regions of the skin (such as 
the groin or axilla) are the most severely affected with 
erythema and vesicles, with the thicker sites (such as the 
palm or sole) being less affected. Respiratory tract 
injuries can range from mild irritation of the upper 
respiratory tract to severe bronchiolar damage with 
necrosis and hemorrhage of the mucosa and mus- 
culature. Acute, chronic, or delayed clinical effects can 
also be seen in the hematopoietic, gastrointestinal, and 
central nervous systems after severe exposures.!* At very 
high doses, the systemic effects on the blood-forming 
tissues can result in leukopenia, thrombocytopenia, and 
anemia. After mild to moderate exposures, death from 
systemic effects is not anticipated.'® 

Erythema is an early, mild presentation of skin injury 
and may be the extent of response to a light (small or 
mild) exposure. The effects are delayed and do not 
become apparent until an hour or more after exposure; 
they may be delayed up to a day or more. The skin 
reaction resembles sunburn that may be present with 
itching, burning, or stinging. Frequently, small vesicles 
form in a linear array that may later join together into 
larger vesicles. The appearance of vesicles follows the 
erythema, and they may take several days to fully 
develop. Data from the early studies of mustard reveal 
variations in skin sensitivity between individuals with 
apparently the same, as well as differing, amounts of skin 
pigmentation. Highly pigmented individuals appear to 
be more resistant to the acute dermal effects.'4 The 
nonspecific skin lesions produced by mustard resemble 
those following contact with plants (Rhus family—poison 
ivy, oak, and sumac) or other contact irritants. Although 
difficult to differentiate from effects of typical exposures, 
suspicious circumstances and a corresponding history of 
exposure are invaluable in making the diagnosis of 
vesicant exposure. Often, the initial case or cases will not 
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be attributed to a chemical vesicant agent. Melanoderma 
may develop after unroofing of the blisters, aiding in the 
physical diagnosis. 

The latency period for ocular effects is shorter than that 
for the skin. Ocular effects may appear after exposure to 
mustard concentrations barely perceptible by odor. 
These levels are below those that cause effects on the 
skin or in the respiratory tract. As the Ct increases (with 
direct contact of liquid mustard being the worst case), 
the effects progress to severe damage to the cornea and 
intraocular structures. Photophobia occurs with even 
minimal exposures, and it may persist for weeks. 

Mustard produces varying degrees of inflammation to 
the respiratory tract, depending on the Ct. Coughing 
and shortness of breath are common. The onset and 
severity of symptoms correspond to the degree of injury, 
but the injury may develop over a period of several days. 
Because of the rapid reaction with moist tissues, injury is 
often confined to the airways and adjacent tissue. 
Necrosis and sloughing of these tissues may occur. Death 
from pulmonary insufficiency, due to airway injury and 
infection, is seen in a small percentage of personnel who 
reach a medical facility. These deaths commonly occur 
several days or more after exposure.!’ 

Mustard is classified as a known human carcinogen 
based on human data from manufacturing experience 
and combat casualties." The human evidence indicates a 
causal relationship with cancers of the respiratory tract 
and skin, and possibly leukemia.” 


PRENATAL AND PEDIATRIC ISSUES 


No specific information is available that directs exposure 
or treatment considerations different from those 
presented. From the clinical experience involving pediatric 
casualties during the Iran-Iraq conflict, the onset of 
symptoms in children was earlier and more severe than 
in adults.'° Mustard is known to be a mutagen and a 
carcinogen. 


ASSESSMENT 


There is no specific laboratory test available for 
evaluating exposure to mustard. Analysis of a mustard 
metabolite, thiodiglycol, in the urine has been devel- 
oped by the U.S. Army Medical Research Institute of 
Chemical Defense (USAMRICD) to verify that an 
exposure to mustard has occurred.!” Additional methods 
for analyzing other mustard metabolites as exposure 
indicators have been developed and are undergoing 
evaluation.!®!9 

The current U.S. Army “Standards and Guidelines as of 
March 2006” give a general population limit (GPL: 
maximum concentration for long-term exposure to sulfur 
mustard by the civilian general population) of 0.00002 
milligrams per cubic meter of air (0.00002 mg/m) and 
0.0004 milligrams per cubic meter of air (0.0004 mg/m?) 
for civilian and Department of Defense personnel who 
work with sulfur mustard (WPLs).*° Incorporating the 


National Advisory Committee’s (NAC) acute exposure 
guideline levels (AEGLs)*!** into Army policy, the AEGLs 
are used as guidance to protect individuals from the 
harmful effects of a single, short-term (8 hours or less) 
exposure to sulfur mustard. The three AEGL exposure 
levels have time durations ranging from 10 minutes to 8 
hours. The effects at the three levels range from minor 
discomfort at the lowest concentration and exposure 
duration (AEGL-1) to potentially life threatening at the 
highest and longest exposure level (AEGL-3) (Table 105B- 
4). The U.S. Army has also adopted an immediately 
dangerous to life or health (IDLH) level of 0.7 mg/m?’ and 
a short-term exposure limit (STEL) of 0.003 mg/m’ for 
civilian and Department of Defense workers initially 
published as interim recommendations by the Centers for 
Disease Control and Prevention (CDC). On the other 
end of the exposure spectrum, the Agency for Toxic 
Substances and Disease Registry (ATSDR) has adopted 
“minimum risk levels” (MRL: a level below which daily 
human exposure is likely to be without appreciable risk of 
untoward non-cancer health effects over a specified 
duration of time). The following MRLs for sulfur mustard 
have been established for acute inhalation (1-14 days): 
0.0007 mg/ mł; intermediate duration inhalation (14—365 
days): 0.00002 mg/m*; and acute oral (1-14 days): 0.0005 
mg/kg/day and intermediate duration oral: 0.00007 
mg/kg/day. Chronic MRLs have not been established.*4 


TREATMENT 


Decontamination involves the physical removal or 
chemical deactivation of the vesicant. Both fresh and sea 
water have been used for the mechanical removal and 
dissolution of solid or liquid vesicants. Although water 
(with or without soap) is not the ideal option, it may be 
the only available decontaminant, and it is a reasonable 
option.“ However, at least one military guidance 
document cautions against the use of water for removing 
known mustard agent contamination from the skin.*° 
Care should be taken to avoid spreading the agent 
during the decontamination process, and the use of 
absorbent powders (Fuller’s earth, talcum powder, flour) 
has been recommended to prevent this from occurring.?’ 
A 0.5% hypochlorite solution (diluted household bleach 
in water [1:9]) has been used since World War I for 
decontaminating the skin. A freshly made (daily) solution 
of alkaline (pH = 10-11) hypochlorite is currently 
recommended by the U.S. military as the universal 
decontaminating solution for all liquid and solid agents 
on the skin.” Either solution should be rinsed off the 
intact skin and hair within 4 minutes, taking care to 
avoid contact with wounds or the eyes.!? Poisindex 
recommends an alternate skin decontamination method 
of washing with water and a 2.5% sodium thiosulfate 
solution. The use of a hypochlorite solution is not 
recommended for abdominal wounds, open chest wounds, 
wounds exposing nervous tissue, or the eye. These sites 
should be rinsed liberally with appropriate irrigation 
fluid (normal saline, lactated Ringer’s solution). Vapor 
exposures are treated by simple removal from the 
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National Research Council Acute Exposure Guideline Levels (AEGLs) of Sulfur Mustard (adopted by the 


U.S. Army [in parts per million of air [ppm] and milligrams per cubic meter of air [mg/m?]) 





AEGL-1 AEGL-2 AEGL-3 


Conjunctival injection and minor General conjunctivitis with 


SINGLE, ACUTE EXPOSURE discomfort; no functional irritation, edema, photophobia, Estimated lethal dose estimate 


PERIOD IN MINUTES decrement in humans and eye irritation in humans in mice 
ppm mg/m? ppm mg/m? ppm mg/m? 
10 0.6 0.40 0.09 0.60 0.59 39 
30 0.02 0.13 0.03 0.20 0.41 2.7 
60 0.01 0.067 0.02 0.10 0.32 2 
240 0.003 0.017 0.004 0.025 0.08 0.53 
480 0.001 0.008 0.002 0.013 0.04 0.27 


All of the AEGL-1 and AEGL-2 levels, and the 240 minute and 480 minute AEGL-3 levels, are at or below the odor threshold for sulfur mustard. 

From National Research Council of The National Academies: Acute Exposure Guideline Levels for Selected Airborne Chemicals, Vol. 3. Washington, DC, 
Subcommittee on Acute Exposure Guideline Levels, Committee on Toxicology, Board on Environmental Studies and Toxicology, 2003; National Advisory 
Council: Acute Exposure Guideline Levels (AEGLs) for Sulfur Mustard (Agent HD). Final Acute Exposure Guidance Levels (AEGLs). Washington, DC, 
National Advisory Committee on Exposure Guideline Levels for Hazardous Substances, 2001; and United States Army Center for Health Promotion and 


Preventive Medicine (USACHPPM): Chemical Agent Air Standards Status Table: Existing Standards and Guidelines as of March 2006. Environmental 


Medicine Program, 2006. 





contaminated atmosphere.*” There are additional skin 
decontaminants used by the military (M291 resin kit), 
which may become more generally available with 
increased homeland defense capabilities. 

Sulfur mustard, in both the impure and pure forms 
(H and HD, respectively), has been a major military 
threat agent since its introduction in World War I. It is 
both a vapor and a liquid threat to all exposed skin and 
mucous membranes. The effects of mustard are delayed, 
appearing hours after exposure. This lack of early 
warning signs may result in a longer period of exposure 
before decontamination. There is no specific antidote 
for mustard, and management is based on symptomatic 
and supportive therapy for the lesions or systemic effects. 
(See also Chapters 2B, 9, and 15.) Immediate decon- 
tamination (within 2 minutes) prevents or maximizes the 
reduction of tissue damage. 

BAL (2, 3-dimercapto-l-propanol; dimercaprol) was 
developed as an antidote for Lewisite. BAL is currently 
used in medicine as a chelating agent for heavy metals. 
There is evidence that BAL in oil, given intramuscularly, 
will reduce the systemic effects of Lewisite. However, 
caution should be taken because there are toxic effects 
associated with the use of BAL. BAL skin ointment and 
BAL ophthalmic ointment decrease the severity of skin 
and eye lesions when applied immediately after early 
decontamination. However, neither of these formulations 
is currently manufactured. 

There is no antidote or specific treatment for 
phosgene oxime. 


MANAGEMENT OF MASS CASUALTIES 


Actual measurements of air concentrations of the liquid 
or vapor will not likely be available in most casualty 
situations. Based on history and clinical findings, prompt 
decontamination followed by symptomatic care is 


indicated. ‘Topical decontamination is not effective once 
a chemical agent has been absorbed. For mustard, the 
greatest efficacy of this treatment is obtained if 
accomplished in less than 2 minutes after contact, but it 
may have some value even 15 minutes later.*! As 
discussed previously, a dilute 0.5% hypochlorite solution 
is used by the military as the preferred decontaminating 
solution for removing mustard from the skin. If this 
solution is not available, water (with or without soap) can 
be used. Care should be taken during decontamination 
not to force a superficial chemical agent into the skin, or 
create a wound from a high-pressure water stream. High- 
volume, low-pressure water (with or without soap) 
should be used for decontaminating large numbers of 
exposed individuals. Further treatment for mustard 
exposure should be based on the clinical findings after 
decontamination. 


PRINCIPLES OF PREPAREDNESS 


Prevention of contact and prompt decontamination are 
the paramount public health measures. Individual 
exposures are difficult to recognize, and a high index of 
suspicion must be maintained by public service and 
medical personnel to recognize cases and avoid self- 
contamination. Butyl rubber provides a good barrier to 
mustard.” The National Institute for Occupational 
Safety and Health (NIOSH), the U.S. Army Soldier 
Biological and Chemical Command (SBCCOM), and the 
National Institute for Standards and Technology (NIST) 
are working to develop appropriate standards and test 
procedures for all classes of respirators that will provide 
respiratory protection from chemical, biological, 
radiological, and nuclear (CBRN) agent inhalation 
hazards. Further information can be obtained at 
http://www.cdc.gov. Contact with mustard does not 
cause immediate pain and, therefore, does not provide a 
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warning to decontaminate or use personal protective 
equipment (PPE). Contact with the other two groups of 
vesicants in either liquid or vapor state results in 
immediate irritation or pain and provides a warning to 
decontaminate immediately and don PPE. The 
immediate onset of irritation or pain may result in less 
severe lesions from these two groups. 

Topically applied barrier and other decontamination 
creams, as well as decontamination powders, have been 
recently developed. Distribution will initially be limited 
to military applications. 
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At a Glance... 


m Choking agents cause acute effects in the upper respiratory 
tract and lungs, including irritation, increased secretions, cough, 
dyspnea, chest tightness, and pulmonary edema. 

© Termination of inhalation exposure by removal of the victim to 
fresh air (and with copious skin irrigation for liquid exposure), 
while maintaining the safety of the rescuer, is the initial and 
most important postexposure action. 

m There is no specific, postexposure management for any of the 
choking agents. 

m Depending on the severity of exposure, a period of observation 
is necessary to fully assess and treat potential lung damage and 
the delayed development of pulmonary edema. 

m The development of several different chronic pulmonary 
sequelae is possible after acute exposure to agents in this class. 

m After even a mildly significant acute event, follow-up pulmonary 
function testing may reveal persistent changes. 


RELEVANT HISTORY 


In the classification of military chemical warfare agents, 
choking agents are often included in the larger category 
of “pulmonary” or “lung-damaging” agents. Smokes, as 
members of the choking agents, are among the oldest of 
the chemical agents. The use of smoke dates back to the 
time when humans first exploited this by-product of fire 
in warfare. Industrial process chemicals, namely, 
chlorine (military symbol: CL) and phosgene (CG), were 


Select Military Choking Agents 


used in World War I as simple, but large-scale, chemical 
weapons. Their use was intended to demoralize the 
enemy by causing widespread effects from an unseen, 
and unnatural, opposing force. These two chemicals are 
representative of the class of chemical warfare agents 
that cause choking and damage in the upper airways and 
lungs. The continuum of dose-related toxic effects is 
similar for all of the choking agents with differences in 
each agent’s properties and potency. Chloropicrin (PS), 
diphosgene (DP), sulfur mustard (H, HD), and Lewisite 
(L) are also considered by the military as choking agents, 
but the latter two substances are primarily classified as 
vesicants. The choking agents also include chemicals that 
are used in conventional warfare, such as zinc-containing 
smoke (HC), as well as chemicals associated with 
industrial and agricultural processes. The United States 
does not consider nonlethal chemicals, such as riot 
control agents and herbicides, as “chemical warfare 
agents,’ which are controlled under the 1925 Geneva 
Convention.! Table 105C-1 provides data on selected 
choking agents and their sources. The riot control agents, 
such as tear gas and pepper spray, may cause choking and 
other temporary clinical features associated with the 
choking agents, but they are not discussed in this chapter. 

Specific chemicals that cause choking and that are 
internationally classified as “chemical weapons (CW),” or 
feedstock, are listed under the Convention on the 
Prohibition of the Development, Production, Stockpiling 
and Use of Chemical Weapons and on their Destruction 
(Chemical Weapons Convention, CWC),” which entered 
into force in 1997.* This international treaty prohibits 





CHEMICAL ABSTRACT 


MILITARY CHEMICAL INDUSTRIAL OR AGRICULTURAL 


CHEMICAL CHEMICAL SYNONYM SERVICE (CAS) NUMBER AGENT SYMBOL PRODUCT USES OR BY-PRODUCT 
Phosgene Carbonyl chloride 75-44-5 CG Synthesis of drugs, plastics, adhesives, 
dyes, pesticides 
Chlorine Molecular chlorine 7782-50-5 CL Chemical synthesis; bleaching agent; 
water/waste disinfection 
Chloropicrin Trichloronitromethane; 76-06-2 PS Fumigant; pesticide; organic synthesis; 
nitrochloroform dyes 
Diphosgene Trichloromethylchloro 503-38-8 DP Limited chemical synthesis 
formate 
Military smoke* HC/HC smokes, TiCl,', Mixture of chemicals; HG; FM‘ Visualization of air movement in 
others 7550-45-0' ventilation assessments; chemical 
synthesis; pigments! 
Perfluoroisobutylene PFIB 382-21-8 — Pyrolysis product of organofluoride 
polymers 
Oxides of nitrogen Nitrogen oxides; NO, Numerous — Combustion of fuels; welding and 


other high-temperature operations; 
fermentation 


*Military “HC” smoke contains a mixture of chemicals that cause choking. The military also generates smoke through the partial combustion of fuel. 


tTitanium tetrachloride (TiCl,). 
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the development, production, stockpiling, and use of 
chemical weapons. However, it does not prohibit 
production, processing, consumption, or trade of related 
chemicals that are verified for use in peaceful purposes. 
Chlorine was the first lethal choking agent used as a 
chemical weapon in modern warfare. Chlorine was 
released in Ypres, Belgium in 1915, but it is not con- 
trolled as a potential chemical weapon under the CWC. 
The use of chlorine as a weapon is now obsolete, but its 
industrial use is enormous. In addition to the chemicals 
that have been used, or have the potential to be used, 
as military weapons, perfluoroisobutylene (PFIB), or 
1,1,3,3,3-pentafluoro-2-(trifluoromethyl)-1-propene—a 
thermal decomposition product of tetrafluoroethylene 
(Teflon) and other organofluoride polymers—is also a 
controlled chemical under the CWC. Table 105C-2 provides 
a list of specifically identified (“named”) chemicals that 
are controlled under the CWC. 

The “oxides of nitrogen (NO,)” comprise a group of 
compounds that are products of combustion and 
explosion generated from the discharge of munitions 
and propellants. These oxides are considered by the U.S. 
military as choking agents, but they are not used as 
chemical warfare agents. These compounds can also 
arise from sources unrelated to combat, including fires, 
internal combustion engine exhaust, food processing, 


and biologic fermentation (see discussion of silo filler’s 
disease in Chapter 9). Military smokes are also considered 
choking agents because of their use in military appli- 
cations. They are not directly used in chemical warfare, 
and like PFIB and the oxides of nitrogen, excessive 
exposure can damage the airways or lungs. 

The clinical features that follow exposure to any of these 
chemicals are similar—hence their collective grouping as 
“choking agents.” Most important, this class contains 
chemicals that are associated with the development of 
potentially fatal pulmonary edema. The onset of this 
pulmonary edema may be delayed for many hours and is 
“permeability related,” or noncardiogenic in origin.’ 


EXPOSURE SCENARIOS 


The historical use of trench warfare, with the massing of 
large numbers of troops in interconnected, low-lying 
positions, made the use, or even the potential for use, of 
a chemical that could cause choking and lung damage a 
tactic that could be exploited to military advantage. 
Denser-than-air gases could be released and follow the 
pathway created by the defensive earthen channels. With 
a wind favorable to the user, the opposing forces would 
be forced to abandon their positions or be required to 


Named Chemicals and Chemical Abstract Service (CAS) Numbers Scheduled under the Chemical 


Weapons Convention (CWC) 





Schedule 1* 


Toxic chemicals: sarin (107-44-8); soman (99-64-0); tabun (77-81-6); VX (50782-69-9); sulfur mustards (various); 


Lewisites (various); nitrogen mustards (various); saxitoxin (50782-69-9); ricin (9009-86-3) and related congeners 

Precursors: methylphosphonyldifluoride (676-99-3); O-ethyl O-2-diisopropylaminoethyl methylphosphonite 
(57856-11-8); chlorosarin: o-isopropyl methylphosphonochloridate (1445-76-7); chlorosoman: o-pinacolyl 
methylphosphonochloridate (7040-57-5); and related congeners 


Schedule 2+ 


Toxic chemicals: amiton: O,O-diethyl S-[2(diethylamino)ethyl] phosphorothiolate (78-53-5); PFIB: 1,1,3,3,3- 


pentafluoro-2-(trifluoromethyl)-1-propene (382-21-8); BZ: 3-quinuclidinyl benzilate (6581-06-2); and related 


congeners 


Precursors: methylphosphony! dichloride(676-97-1); Dimethyl methylphosphonate (756-79-6); N,N-dialkyl 
(Me, Et, n-Pr or i-Pr) phosphoramidic dihalides (various); dialkyl (Me, Et, n-Pr or i-Pr) N,N-dialkyl (Me, Et, n-Pr or 
i-Pr)-phosphoramidates (various); arsenic trichloride (7784-34-1); 2,2-diphenyl-2-hydroxyacetic acid (76-93-7); 
quinuclidin-3-ol (1619-34-7); N,N-dialkyl (Me, Et, n-Pr or i-Pr) aminoethyl-2-chlorides (various); N,N-dialkyl 
(Me, Et, n-Pr or i-Pr) aminoethane-2-ols (various); N,N-dialkyl (Me, Et, n-Pr or i-Pr) aminoethane-2-thiols (various); 
thiodiglycol: bis(2-hydroxyethyl)sulfide (111-48-8); pinacolyl alcohol: 3,3-dimethylbutan-2-ol (464-07-3); and 


related congeners 
Schedule 3* 
(76-06-2); and related congeners 


Toxic chemicals: phosgene (75-44-5); cyanogen chloride (506-77-4); hydrogen cyanide (74-90-8); chloropicrin 


Precursors: phosphorus oxychloride (10025-87-3); phosphorus trichloride (7719-12-2); phosphorus pentachloride 
(10026-13-8); trimethyl phosphate (121-45-9); triethyl phosphate (122-52-1); dimethyl phosphate (868-85-9); 
diethyl phosphate (762-04-9); sulfur monochloride (10025-67-9); sulfur dichloride (10545-99-0); thionyl chloride 
(7719-09-7); ethyldiethanolamine (139-87-7); methyldiethanolamine (105-59-9); triethanolamine (102-71-6); and 


related congeners 


*Criteria considered for listing chemical in schedule 1: chemical has been developed, produced, stockpiled, or used as a chemical weapon; chemical has 
a high potential for use in prohibited activities due to similarities in structure and toxicity as chemicals listed in Schedule 1; chemical has significant 
lethality or incapacitating properties that could have application as a chemical weapon; chemical could be used as a precursor in the final stage of 
production of a Schedule 1 chemical; and chemical has little or no use for nonprohibited purposes. 

*Criteria considered for listing chemical in schedule 2: chemical poses a significant risk due to its lethality or incapacitating toxicity and other properties 
useful in chemical weapons; chemical may be used as a precursor in the final stages of making schedule 1 or 2 chemicals; chemical may be important in 
the production of schedule 1 or 2 chemicals; and chemicals is not produced in large quantities for purposes that are not prohibited. 

*Criteria considered for listing chemical in schedule 3: chemical has been produced, stockpiled, or used as a chemical weapon; chemical poses a risk due 
to its lethality or incapacitating toxicity and other properties useful in chemical weapons; chemical may be important in the production of one or more 
chemicals listed in schedule 1 or schedule 2; and chemical may be produced in large commercial quantities for non-prohibited purposes 

Data from Organisation for the Prohibition of Chemical Weapons (OPCW): Convention on the Prohibition of the Development, Production, Stockpiling 
and Use of Chemical Weapons and on Their Destruction (Chemical Weapons Convention). The Hague, Netherlands, 1997. Available at http://www.opcw. 
org (updated 2003). 





don cumbersome protective equipment. However, even 
before the end of World War I, the volatile choking 
agents were replaced with the more persistent (and more 
controllable) vesicants in order to deny terrain and 
maneuverability, harass the opposition, cause casualties, 
consume resources, and create fear. Although no longer 
a military threat on the battlefield, chemicals that can 
cause choking and pulmonary damage are found in 
large quantities in industrial and agricultural settings. 
The sizeable amounts and widespread availability of this 
group of chemical agents create the potential for an 
occupational or environmental catastrophe—or an 
attractive weapon to a terrorist for release into an enclosed 
structure. These choking agents do not need to be 
synthesized by a terrorist; they only need to be comman- 
deered! Concern for the use of these agents by terrorists 
caused the Centers for Disease Control and Prevention 
to issue an alert through the Health Alert Network on 
New Year’s Eve 2003.4 

Phosgene replaced chlorine as a chemical weapon 
and accounted for 80% of all chemical fatalities during 
World War I.° Although phosgene was stockpiled in 
munitions for use in World War II, it was not used and is 
no longer stockpiled by the U.S. military.° Phosgene is 
extensively used as a feedstock in many chemical 
processes. It is also formed when chlorinated compounds 
are heated to decomposition. This can occur when a 
chlorinated compound—found in solvents, degreasers, 
and dry cleaning agents—contacts a high temperature 
source, such as a welding arc or flame. Plastic materials 
containing chlorinated compounds produce phosgene 
when they burn. Phosgene is considered a potential 
chemical weapon,’ and the potential for individual or 
mass exposure from weaponized military use, industrial 
accidents, or acts of terror still presents a significant risk. 
The physiologic effects caused by exposure to phosgene 
and their medical management are representative of the 
general class of “choking agents.” 

Military smokes, or “obscurants,” are used to conceal 
personnel and equipment. Exposure to obscurants may 
occur in training or combat situations, or the products or 
devices may be used by terrorists during an attack. HC 
smoke is produced from a reaction involving zinc oxide, 
hexachloroethane, and fine aluminum particles. HC 
smoke contains zinc chloride, as well as phosgene, 
carbon monoxide, and other chlorinated hydrocarbons. 
There are many other military obscurants, including 
chlorosulfonic acid (CSA); titanium tetrachloride (FM), 
and partially burned hydrocarbons. Although militarily 
useful in low concentrations, exposure to high or heavy 
concentrations of obscurants for extended periods can 
result in illness or death.°® 

Choking agents can be produced from nonmilitary 
processes or sources. PFIB results from the pyrolysis of 
materials containing organofluoride polymers, such as 
tetrafluoroethylene (Teflon). Modern military vehicles, 
aircraft, and vessels use significant amounts of these 
polymers. Fires in vehicles, aircrafts, ships, and structures 
present possible situations in which PFIB can be formed 
and inhaled. Oxides of nitrogen (NO,) are formed 
as products of combustion and of fermentation (see 
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Chapters 9 and 86). NO, may be produced with carbon 
monoxide during combustion of a fuel in air (air is about 
78% nitrogen and about 21% oxygen). In individuals 
with exposure to exhaust gases from internal combustion 
engines using various fuels, the physiologic effects of 
NO, may be initially combined and masked with those 
caused by carbon monoxide.’ Silo filler’s disease is 
caused by the inhalation of nitrogen dioxide (one member 
of the family of NO, compounds), which is formed 
during fermentation of corn and other green plants." 


PATHOPHYSIOLOGY OF INJURY 


Choking agents can cause asphyxiation; irritation and 
damage to mucous membranes (affecting the airways, 
alveoli, or the tissues surrounding them); alteration of 
systemic processes; or an allergic response.’* The toxic 
effects caused by exposure to a specific inhaled chemical 
are due to many factors, including the properties of the 
chemical, the chemical concentration, and the duration 
of exposure—the latter two factors comprise the “Ct” 
product discussed in Chapter 105B. Additional factors 
are related to the health status of the exposed individual, 
as well as the individual’s level of activity during, and 
after, the exposure. Heavy activity during exposure 
results in deeper breathing and deeper penetration of 
the toxicant into the lungs. Heavy activity after exposure 
results in greater physiologic stress on the respiratory 
and circulatory systems—and perhaps a greater degree 
of tissue damage. The potential to cause delayed 
pulmonary edema through effects leading to membrane 
disruption at the alveolar—capillary bed is common to all 
the choking agents (see Chapters 8 and 9). 


MANIFESTATIONS 


Choking agents cause acute clinical effects in the upper 
respiratory tract and lungs, including irritation, increased 
secretions, cough, dyspnea, chest tightness, and pulmonary 
edema. One of the most important clinical features of 
agents in this class is the potential to cause pulmonary 
edema after a clinically unremarkable latent period. The 
period of time before the onset of pulmonary edema is 
related to the severity of the exposure (Ct) and to the 
prognosis. The onset of signs and symptoms of pulmonary 
edema within 4 hours of exposure is a sensitive indicator 
of a poor prognosis. Without intensive medical support, 
there is a high risk for death in patients with this early 
finding.® Acute exposure to choking agents may result in 
chronic bronchitis, emphysema, bronchiolitis obliterans, 
or reactive airway dysfunction syndrome (RADS) (see 
Chapters 8 and 9). 


PRENATAL AND PEDIATRIC ISSUES 


Clinically significant exposure to choking agents can 
result in acute hypoxia in the mother and an associated 
lowered POs, level available to the fetus. This may result in 
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harm to the pregnancy or the fetus. Asthma, in any age 
group, may be nonspecifically initiated or exacerbated by 
exposure to the irritant effects of the choking agents. 


ASSESSMENT 


A history of exposure is essential to make and confirm an 
early diagnosis during the latent period. A period of 
observation is necessary as the dose-dependent clinical 
effects resulting from pulmonary damage become apparent 
over time. The prognosis for patients developing early 
pulmonary edema, cyanosis, and hypotension is poor. 
Survival is greater in patients developing these findings 4 
to 6 hours or longer after exposure, and in those with 
immediate, intensive medical care.° 


TREATMENT 


The primary initial treatment consists of cessation of 
exposure. For inhalation exposure, moving the patient 
to fresh air and insuring an open airway and proper 
ventilation is essential, while taking precautions to 
prevent the rescuer or caregiver from also becoming a 
victim! For exposure to liquids, remove clothing and 
rinse liquid agents off the skin with copious soap or 
detergent and water irrigation. The eyes should be rinsed 
with running water or saline. Supplemental oxygen, 
intubation, suction, and mechanical ventilation are used 
as needed to treat respiratory distress. Based on the 
exposure history and clinical findings, a period of forced 
rest and observation is important in the medical manage- 
ment. The potential development of delayed, noncardio- 
genic pulmonary edema requires medical observation 
for a suitable period of time based on the severity of 
exposure and the clinical course. ‘Treatment of pulmonary 
edema and other clinical findings, and the use of steroids 
and other therapeutic agents and modalities, are discussed 
elsewhere in this text. See Chapters 9, 86, 93, and 102. 

A short latent period is a harbinger of a more severe 
clinical course. Patients developing pulmonary edema 
within 12 hours of exposure will usually require intensive 
pulmonary care. Based on U.S. Army triage recommen- 
dations, patients with dyspnea and no objective signs 
should be observed closely and reevaluated hourly. 
Asymptomatic patients with known exposures should be 
observed and reevaluated every 2 hours. If these patients 
remain asymptomatic for 24 hours, they may be con- 
sidered for discharge. Patients with doubtful exposures, 
and no symptoms after 12 hours of observation, can also 
be considered for discharge at that time. The chest 
radiograph is helpful in the assessment before discharge. 
If not available, Borak and Diller recommend an obser- 
vation period of 24 hours for asymptomatic patients after 
suspected phosgene inhalation.’ 


MANAGEMENT OF MASS CASUALTIES 


The activity of patients under evaluation after inhalation 
of any of the choking agents should be controlled. Physical 
activity’? and emotional factors? can influence the 
development and severity of clinical findings. 


PRINCIPLES OF PREPAREDNESS 


The absence of early signs or symptoms involving 
mucous membrane irritation or respiratory distress, or a 
warning odor of a chemical, does not prove that an 
exposure was inconsequential. It is necessary to maintain 
vigilance for patients presenting with a reliable history of 
exposure to a choking agent, or with developing signs 
and symptoms consistent with such an exposure. 
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At a Glance... 


m Lacrimators are also known as irritant incapacitants, tear 
gas, and riot contro! or harassing agents. 

m = Lacrimators are used primarily by law enforcement and military 
personnel for riot control. 

m =Lacrimators usually result in transient incapacitation with skin 
and mucosal membrane irritation. 

m When used at high concentrations (i.e., enclosed, poorly ventilated 
spaces), lacrimators may produce significant respiratory and 
ocular effects. 

m Following chronic, high concentration exposures, lacrimators 
may produce reactive airways dysfunction and dermatitis in 
sensitized individuals. 

m Physical injury (i.e., cutaneous burns and trauma) may be 
sustained after exposure to exploding cartridges used to deploy 
lacrimators. 

m Treatment is largely supportive; decontamination of the skin 
and mucosal surfaces is the mainstay of therapy. 

m Medical staff should protect themselves with gloves, gowns, 
and eyewear and work in a well-ventilated environment to avoid 
secondary exposure to lacrimators from contaminated clothing. 


INTRODUCTION AND RELEVANT 
HISTORY 


Lacrimators, also known as irritant incapacitants, tear gas, 
and riot control or harassing agents, are aerosol-dispersed 
chemicals that produce near-immediate eye, skin, and 
upper respiratory tract irritation. Lacrimators have 
become widely accepted by law enforcement and military 
personnel as a method of controlling civilian crowds and 
criminal uprisings in correctional facilities. Virtually all 
police departments use tear gas as a nonlethal means of 
subduing suspected criminals. These agents are also 
advertised as nonlethal personal safety agents (in lieu of 
gun ownership). Ownership by civilians, however, is illegal 
in many countries. Large amounts of tear gas have been 
used worldwide. Tear gas has been used to suppress 
demonstrations and civil unrest in culturally diverse places, 
such as Chile, Panama, South Korea, and the Gaza strip 
and West Bank in Israel. The true incidence of com- 
plications associated with the use of these agents is 
unknown because of the difficulty in collecting epidemi- 
ologic information on victims of mass exposures to tear 
gas. Consequently, the overall safety of these agents has 
been questioned by the medical community.'? 
Although the modern use of irritant incapacitants is 
for riot control, historically these agents were used in 
warfare to incapacitate enemy forces. From antiquity to 
the Middle Ages, oxides of sulfur were combusted upwind 


of enemies with the aim of enveloping them in a cloud of 
smoke. Arsenical smoke was used sporadically from the 
15th to 17th centuries. In the 20th century, the Paris police 
were the first to use chemical agents in 1912. Grenades 
filled with ethylbromoacetate (EBA) were deployed 
against “lawless gangs.” EBA was also used in the early 
phases of World War I by French ex-police conscripts.** 
Modern tear gas agents were first used in the United 
States during the crime waves of the 1920s to combat 
gangsters and as personal protection agents. Subse- 
quently, many harassing agents have been developed. 
Dispersal systems have also been refined in the ensuing 
years to improve delivery of these agents. 

As many as 15 different irritants have been developed 
during the course of this century. Of these, only four 
lacrimator agents remain in common use worldwide: 
1-chloracetophenone (CN, Mace); 2-chlorobenzylidene 
malonitrile (CS); dibenz-1,4-oxazepine (CR); and cap- 
saicin (pepper spray, “pepper Mace’”).* 


CHLOROACETOPHENONE 


CN is the oldest of the currently used lacrimators. The 
name “Mace” originally described this agent alone.* The 
eponym MACE was derived from a particular chemical 
formulation of CN: methylchloroform chloroacetophe- 
none. CN is manufactured by chlorination of acetophe- 
none with selenium oxychloride.*” Its chemical formula 
is CgH;COCH,Cl. Under normal atmospheric conditions, 
chloroacetophenone exists as a white solid or powder.* It 
can be delivered as a smoke from thermal grenades or 
artillery shells or as a solid or liquid aerosol. CN is heat 
stable, breaking down only when exposed to tempera- 
tures greater than 300° C for 15 minutes or more.* CN is 
poorly soluble in water, even when alkalinized; this charac- 
teristic predicts a moderate degree of environmental 
persistence and resistance to skin decontamination with 
soap and water.*®° When used in large amounts, CN can 
persist in the environment for hours to days, depending 
on prevailing meteorologic conditions.*’ 

Although less potent than CS, CN is the most toxic of 
the currently used lacrimators.**° The concentration- 
time product (mg - min/mĉ) of CN that will incapacitate 
50% of exposed individuals (ICts9) is about 10 times 
greater than that for CS, yet the concentration-time 
product that will be lethal to 50% of exposed individuals 
(LCt;,) is about 6 times less than that for CS**° (Table 
105D-1). At high concentrations, CN has produced per- 
manent corneal epithelial damage, severe skin irritation 
with blistering, noncardiogenic pulmonary edema, and 
asphyxiation. At least five deaths have occurred from 
acute pulmonary injury or asphyxiation when CN 
grenades were used in enclosed spaces.**°8 
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Riot Control Agents: Comparison of 


Potency and Toxicity 





CN CS CR 
TCs [eyes] (mg/m?) 0.3 0.004 0.002 
TC;o [airway] (mg/m?) 0.4 0.023 0.002 
ICts9 (mg - min/m?) 20-40 3-5 0.7 
LCt; (mg - min/m?) 7000-14,000 60,000 >100,000 


TCso, the concentration in air (mg/m?) that will irritate the eyes of 50% 
of the population exposed; ICt.9, the concentration time product 

(mg - min/m?) that incapacitates 50% of the population exposed; LCtso, 
the concentration time product (mg - min/m?) that is lethal to 50% of 
the population exposed. 

Modified from Beswick FW: Chemical agents used in riot control and 
warfare. Hum Toxicol 1983;2:247-256; Sidell FR: Riot control agents. In 
Sidell FR, Takafuji ET, Frank DR (eds): Textbook of Military Medicine. I. 
Warfare, Weaponry, and the Casualty: Medical Aspects of Chemical 
and Biological Warfare. Washington DC, Office of the Surgeon 
General, 1997, pp 307-324; and Blain PG: Tear gases and irritant 
incapacitants: 1-chloroacetophenone, 2-chlorobenzylidene malonitrile 
and dibenz[B,F]-1,4-oxazepine. Toxicol Rev 2003;22(2):103-110. 





CHLORBENZYLIDENE MALONITRILE 


CS was first produced in 1928 by Corson and Stoughton 
(hence the designation CS).*° Because it is more 
effective and less toxic than CN (see Table 105D-1), CS 
became the standard riot control agent used by military 
and law enforcement agencies in 1959.4 CS is still the riot 
control agent most commonly used worldwide today.*® 
Chemically, CS is a variant of an older, previously used 
irritant, bromobenzyl cyanide. It is a stable gas with a 
pepper-like odor.!° CS exists as a crystalline powder and 
is dispersed by aerosol blowers, hand-held devices, or 
bursting thermal grenades.*” The chemical formula of 
CS is CIC;H,CHCCH(CN),.*° Vaporization of CS can be 
achieved by igniting a mixture of the powder with a fuel 
substance, producing clouds of white smoke containing 
CS vapor.'° When detonated in the open, a CS grenade 
can produce a cloud 6 to 9 M in diameter. The concen- 
tration of CS at the center of the cloud can range from 
2000 to 5000 mg/m’, rapidly declining at the periphery.’ 
Detonation in an enclosed space, or multiple-grenade- 
burst detonation, has the potential for producing much 
higher concentrations. High-temperature dispersal 
(>700° C) of CS has been shown to release small amounts 
of hydrogen cyanide and hydrochloric acid as air 
contaminants.!! The clinical effects of this are unknown. 
CS is rapidly hydrolyzed in water and even more rapidly 
in aqueous alkaline solutions.®° Unlike CN, CS is readily 
inactivated in soap and water.*® The U.S. military has 
developed hydrophobic, microencapsulated formulations 
of CS (CS1 and CS2) that are resistant to water degrada- 
tion.* These formulations have not been used by civilian 
authorities because of their environmental persistence. 


DIBENZOXAZEPINE 


CR was first synthesized in 1962.‘ It is the most potent 
and least toxic lacrimator currently used*® (see Table 


105D-1). CR is about 5 to 10 times more potent than CS 
and is effective at concentrations as low as 1 mg/m?*.*° 
The lethal dose in humans is thought to be 2 times that 
of CS and more than 10 times that of CN.**° CR is more 
stable than CN or CS because of a lower water solubility 
and vapor pressure.° CR is, thus, much more persistent 
in the environment than the other lacrimators.**° CR is 
commonly deployed as a liquid but can also be 
aerosolized. Because CR is usually delivered in solution, 
its effects tend to be localized to the skin and eyes. 
Pulmonary effects are rare owing to its low vapor 
pressure. Compared with other lacrimators, skin and eye 
effects are not as persistent following CR exposure. 
Based on animal studies, CR appears to be less toxic than 
CN or CS, but few data exist to support or refute these 
observations in humans. 


CAPSAICIN 


Capsaicin (8-methyl-M-vanillyl-6--nonenamide) is the active 
ingredient largely responsible for the irritating and 
pungent effects of the fruits of the various species of 
Capsicum. These include the Mexican chile pepper and 
the Hungarian red pepper.’* The potent topical irritant 
effects of capsaicin have made its use as a personal 
protection and immobilizing device appealing for both 
law enforcement agencies and the civilian population. 
Repeated topical capsaicin application has been used for 
cutaneous counterirritant effects in chronic pain and 
inflammatory conditions. 

In 1993, more than 6 million “pepper gas” spray units 
were sold in the United States alone.'? When used as a 
harassing agent, capsaicin is used as a spray at close 
quarters. When used correctly, capsaicin can result in 
transient, severe skin and mucous membrane irritation, 
incapacitating an assailant rapidly. Improper use has 
resulted in significant morbidity in a small number of 
reported cases. 

News reports in the lay press have raised the issue of 
deaths in custody temporally related to the use of 
Capsaicin sprays. Extensive testing by the Federal Bureau 
of Investigation in the 1980s found no evidence of toxic 
problems with capsaicin use.'* No firm scientific data 
currently substantiate any casual relationship between 
these deaths and capsaicin exposure. In these situations, 
victims are often in an agitated state requiring restraint, 
which may be implemented in a way that unintentionally 
produces postural asphyxia.'* Victims are often under 
the influence of alcohol and drugs of abuse, which may 
increase aggression, mask occult trauma, and delay 
recognition of medical problems. In the absence of any 
definite link between capsaicin exposure and sudden 
death, law enforcement agencies currently continue to 
use Capsaicin as a harassing agent. 


EXPOSURE SCENARIOS 


Riot control agents are generally dispersed as liquid or 
solid aerosols.*° The circumstances of an exposure (i.e., 


intended target and purpose) dictate the specific 
method of riot control agent delivery. Irritant smoke can 
be produced by combining the agent (CN or CS) with a 
pyrotechnic mixture containing chlorate and lactose. 
The igniter vaporizes the irritant, which then condenses 
into a cloud of solid or liquid particles 1 to 2 pm in 
diameter that can be easily inhaled.’ This method is 
best used in the control of large-scale riots. CS also exists 
as a micropulverized powder that can be dispersed by 
mechanical force, using a vehicle- or aircraft-mounted 
“smoke” generator, or from a hand-held tank using carbon 
dioxide as a propellant.’ This method does not require 
the use of a thermal agent to volatilize the irritant. 

Most lacrimators have low water solubility, which 
necessitates their dissolution in a hydrocarbon organic 
solvent when used in pressurized, hand-held, delivery 
devices.® For instance, Mace is a 1% solution of CN in a 
solvent mixture containing kerosene, 1,1,1-trichloroethane, 
and Freon 113.° The United Kingdom police personnel 
carry hand-held CS spray devices that contain 5% CS in 
a methyl isobutyl ketone solvent. Pepper spray devices 
contain tetrachloroethylene, Freon, or isopropyl alcohol 
as the hydrocarbon vehicle. These organic solvent 
mixtures are irritants themselves and will potentiate 
lacrimator toxicity.°*° 

CN and CS can also be delivered by a thermal grenade 
or a cartridge fired from a gun. Grenades are often 
launched into confined spaces by law enforcement 
agencies to incapacitate criminals in siege situations. 
Thermal grenades may produce fires.” There is a risk for 
mechanical trauma and burns to victims hit by projectiles 
or in close proximity to exploding grenades. !5?6 

In general, CS and CN used as a particulate smoke 
tend to affect the eyes and respiratory tract to a greater 
degree than the skin. Aerosols and liquid sprays are likely 
to produce more marked effects on the skin and eyes 
with less effect on the respiratory tract. 


PATHOPHYSIOLOGY OF INJURY 


The mechanism of tissue injury from CN and CS is not 
fully elucidated but likely results from alkylation of key 
tissue enzymes and direct reactivity of their respective 
chloride moiety with mucosal tissue.° Both CN and CS 
are SN, alkylating agents and likely produce tissue 
toxicity after binding and inhibiting key sulfhydryl- 
containing enzymes (e.g., lactic dehydrogenase and 
thioctic acid of the pyruvate decarboxylase complex).° 
Alkylation of cellular proteins also increases the 
potential for mutagenesis.’ In addition, CS exposure has 
been shown to result in the production of bradykinin 
locally, which could produce tissue edema and inflam- 
matory injury.®!” Animal studies and postmortem human 
data have demonstrated intra-alveolar hemorrhage, 
pulmonary exudation of protein and polymorpho- 
nuclear cells, and tissue necrosis after exposure to high 
concentrations of CN.°° This is followed by suppressed 
phagocytic capability of immunocompetent cells. Increased 
susceptibility to infection is a potential consideration 
after large or repeated exposures to CN.'*!9 The actual 
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risk for infection to humans after massive exposures to 
CN or other lacrimators is unknown. Additionally, little is 
known about the risk for chronic pulmonary toxicity, 
genotoxicity, or reproductive toxicologic effects associated 
with CN and CS exposure. 

When animals are given lethal doses of CS by parenteral 
injection, CS is metabolized to cyanide, as evidenced by 
elevated levels of blood thiocyanate within hours.° 
Inhalation and cutaneous exposures, however, do not 
produce significant amounts of free cyanide in plasma 
because systemic absorption of CS by these routes is 
extremely small.*° Thus, victims of CS poisoning do not 
need treatment for cyanide toxicity.° 

The mechanism of action of capsaicin on cutaneous 
nerve endings has been extensively studied. Application 
of capsaicin to the skin or mucous membranes results in 
widespread excitation of cutaneous C-fiber polymodal 
nociceptor afferent nerve terminals. Capsaicin achieves 
this by nonspecifically opening nerve fiber sodium, 
calcium, and potassium channels and releasing substance 
P from nerve endings.*? This produces an intense 
sensation of burning pain and marked hyperalgesia to 
skin heating and pressure. Symptoms may be exacer- 
bated by the presence of sweat or the application of cold 
water. Hyperalgesia may persist for as long as 24 hours. 
Cutaneous vasodilation is also seen at the site of 
application and the surrounding skin through an axon 
flare reflex.*° 


MANIFESTATIONS 


All lacrimators produce near-immediate stinging and 
burning of the skin and mucosal surfaces, lacrimation, 
blepharospasm, salivation, and rhinorrhea.*°7?! Inhalation 
produces a sensation of chest constriction with dyspnea, 
gagging, and burning of the respiratory tract.*°*? The 
dermal irritant effects of all agents are enhanced in the 
presence of moisture or sweat on the skin. Hot, humid 
weather can produce a similar augmentation of irritant 
effects.*!° Sensitivity to tear gas is individual and age 
dependent.® Children appear to be more susceptible to 
the toxic effects. In most instances, the effects of tear 
agents are transient and dissipate within 30 minutes of 
removal from the source of exposure.** More prolonged 
effects may be seen with higher-concentration, enclosed- 
space exposures. In addition, ocular effects may be 
prolonged. Conjunctivitis and blurred vision may persist 
for as long as 24 hours after exposure.** 

The eye is the most sensitive organ to tear gas 
agents.**° The threshold value for eye irritation is as low 
as 0.002 mg/m? for CR*.*® (see Table 105D-1). An effective 
aerosol concentration of 5 mg/ mê results in severe 
burning of the eyes, with lacrimation, blepharospasm, 
and conjunctival injection. Ocular injuries include mild 
conjunctival irritation, corneal and periorbital edema, 
focal corneal epithelial injury, iridocyclitis, and necrotizing, 
coagulative keratoconjunctivitis.*°"* Permanent corneal 
damage has occurred from CN particles becoming 
embedded on the cornea, particularly after exposure to 
aerosolized particulates.“ Epithelial recovery of the 
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cornea may take months, leaving permanent corneal 
opacities and visual loss.*° Direct spraying of CN, 
capsaicin, and similar agents onto the face from high- 
pressure aerosols has the potential to produce barotrauma 
to the eyes. 

Cutaneous injury from tear agents is more likely to 
occur with aerosol or liquid spray exposures; prolonged, 
concentrated exposures; direct contact of an agent to skin 
or exposure through wet clothing; or exposure to skin that 
is thin, moist, abraded, or has preexisting disease.*® Skin 
effects include simple stinging and burning, erythema, 
vesication, and allergic dermatitis. For instance, CN 
exposure has resulted in cutaneous allergic reactions and 
dermatitis, skin burns, and bullous eruptions from 
prolonged exposure or direct spraying of CN onto the 
skin.?”?8 Generalized papulovesicular rashes responding 
to treatment with systemic steroid therapy have also been 
reported.** Despite initial enthusiasm for the use of CS as 
a less toxic alternative to CN, reports of significant toxicity 
of CS have appeared in the medical literature. Severe 
reactions to CS have resulted from its direct spraying onto 
cutaneous surfaces. Vesicular dermatitis with blistering, 
crusting, and marked facial swelling has developed from 
12 hours to 3 days after either single or repeated 
exposures to CS.“ Allergic contact dermatitis has been 
documented in cases of recurrent exposure to CS, with 
allergy subsequently confirmed by patch testing.” Skin 
discomfort may recur up to 48 hours after CR exposure 
when exposed skin contacts water.°??! Cutaneous 
application of capsaicin over days to weeks can result in 
habituation to its irritant effects and hypalgesia of the 
skin.” In contrast, severe dermatitis, labeled Hunan hand 
syndrome, may result after skin exposure to capsaicin. This 
is particularly common in people who handle chile 
peppers with bare hands, resulting in severe pain and 
erythema of exposed surfaces.**** Relief from symptoms 
may be difficult to achieve. 

Respiratory effects from lacrimators include nasal 
irritation, rhinorrhea, sneezing, mouth burning, sore 
throat, cough, chest tightness, and bronchorrhea. Effects 
typically resolve within 30 minutes for most exposures.*® 
Tidal volume and minute ventilation have been observed 
to decrease with experimental exposure to CS.°* The 
reasons for this are uncertain. Inhalation of capsaicin 
by asthmatic and nonasthmatic volunteers resulted in 
coughing and transient increases in airway resistance. 
This is postulated to be due to stimulation of airway 
sensory nerves. 

High-concentration, enclosed-space exposures to 
lacrimators have resulted in acute laryngotracheo- 
bronchitis, pulmonary edema, and death.°® Pulmonary 
edema is delayed in onset, occurring 6 to 8 hours after 
exposure.” Death is extremely rare but has occurred from 
pulmonary edema 12 hours after exposure to CN.°°° 
Severe respiratory distress and bronchopneumonia were 
identified in a 4month-old infant after exposure to CS 
for 2 to 3 hours in an enclosed space.*’** Respiratory 
symptoms may persist for days to weeks after exposure 
and include cough, dyspnea, hemoptysis, and wheezing.*”” 
Reactive airways dysfunction has been described after 
exposure to CS and CR.°*°4! Permanent lung damage is 


unlikely to occur from lacrimator exposure; long-term 
effects typically resolve by 12 weeks after exposure.° 

Respiratory symptoms and signs are uncommon after 
exposure to capsaicin; effects are likely related to direct 
exposure of the respiratory tract to capsaicin. Laryngeal 
edema, stridor, and pulmonary edema requiring endo- 
tracheal intubation were observed in an 11-year-old boy 
4 hours after the intentional inhalation of several sprays 
of a capsaicin in a hydrofluorocarbon vehicle. His clinical 
condition improved over 24 hours.*? A 4-week-old 
infant accidentally sprayed in the face with a 5% cap- 
saicin aerosol developed respiratory failure and pul- 
monary edema, requiring extracorporeal membrane 
oxygenation.” It is difficult to ascertain the degree of 
influence that inhaled capsaicin had in the evolution of 
pulmonary injury in both cases. Exposure to high 
concentrations of hydrocarbon propellant may have also 
had a role in the development of lung injury.” 

Nausea and vomiting may result from swallowing 
saliva that contains CS. Oral ingestion of CS has resulted 
in oropharyngeal irritation and pain, nausea, vomiting, 
abdominal cramping, and diarrhea.*®°** Increases in 
pulse and blood pressure often occur immediately after 
tear agent exposure. These cardiovascular responses are 
transient and are secondary to the anxiety and pain of 
exposure rather than the direct effects of tear agents.’ 

The risk for congenital anomalies, stillbirth, and 
spontaneous abortion was not increased in areas of heavy 
tear gas use in Londonderry during the late 1960s. 
However, cytotoxic and mutagenic activity has been 
observed in mammalian cells in culture exposed to CS.* 
Animal studies have been unable to conclusively prove 
any carcinogenic or teratogenic effects after exposure to 
CR or CS tear gas.*° 


ASSESSMENT 


The diagnosis of tear agent exposure is based on a 
suggestive history and physical findings. The acute onset 
of irritant effects to the eyes, nose, and respiratory tract 
in one or more patients following an airborne chemical 
exposure suggests tear agent toxicity. Similar effects may 
occur after exposure to other irritant or corrosive gases 
(i.e., choking agents, ammonia), allergic reactions, and 
exacerbations of asthma or chronic obstructive disease. 
The history should include details of the exposure (time, 
duration, nature), associated trauma, treatment before 
arrival, and symptoms and past medical history of the 
victim. Of particular importance is whether the exposure 
occurred in an enclosed space or out in the open. The 
physical examination should focus on the patency of 
the airway and adequacy of respirations, vital signs, 
mental status, and ocular and skin findings. Patients with 
eye symptoms should have fluorescein and slit-lamp 
examination to determine the presence of corneal 
injury. Patients with respiratory symptoms must be re- 
evaluated frequently. Although lacrimators may be 
identified by gas chromatography/mass spectrometry 
and other techniques, laboratory identification of 
lacrimators is not possible or necessary at most hospitals. 


TREATMENT 


Most victims exposed to lacrimators develop transient 
symptoms and signs of skin and mucosal irritation that 
usually subside within 15 to 30 minutes of removal from 
the source of the exposure.*® Thus, medical treatment is 
often unnecessary. Treatment of victims after more 
significant exposure is supportive. The first priorities of 
treatment are health care provider self-protection and 
patient decontamination to reduce ongoing irritation. 
Health care personnel should protect themselves with 
gloves, gowns, and eyewear. Victims should be treated 
in a well-ventilated area to prevent atmospheric accumu- 
lation of the tearing agent. Contaminated clothing should 
be removed and discarded in plastic bags. Exposed skin 
areas should be washed with copious amounts of warm 
water and soap. Attempted orotracheal intubation of 
patients exposed to CS has resulted in severe 
blepharospasm and lacrimation in anesthesiologists 
performing the procedure owing to oropharyngeal 
contamination with tear gas.*’ This situation may result 
in difficulty or delay in airway control in a patient with 
otherwise normal airway anatomy. 

The eyes should be irrigated for at least 30 minutes 
with normal saline in symptomatic patients. This should 
be followed by ophthalmologic assessment for ocular 
injury, including fluorescein and slit-lamp examination 
for corneal ulceration and abrasion. Particulate matter 
should be removed carefully with a cotton swab. 
Treatment with topical antibiotics, cycloplegics, and oral 
analgesics should be provided as necessary. Persisting 
symptoms and signs require formal ophthalmologic 
follow-up. Skin erythema alone does not usually require 
any treatment and usually diminishes within 24 hours. 
Severely affected skin areas that are denuded and oozing 
may be treated with wet compresses containing avena 
(colloidal oatmeal) or aluminum acetate (Burow solu- 
tion). Contact dermatitis due to CN or CS has 
responded to topical or systemic corticosteroid therapy 
and antipruritics.4?745 Immersion of the hands in 
vinegar has been successful in providing relief if applied 
within 30 minutes of exposure to capsaicin.*? Topical 
lidocaine gel has also been successful in relief of 
irritation.** Prolonged immersion of hands in vegetable 
oil after exposure to chile slurry has also been found to 
provide better long-term relief from the pain of Hunan 
hand than bathing in cool tap water.°” Milk compresses 
and topical antacid suspensions have also been suggested 
as effective analgesics measures for the relief of 
capsaicin-induced dermal irritation.°)” 

Respiratory symptoms due to CN or CS exposure 
are usually transient and should disappear within 15 to 
30 minutes of removal from the exposure environment. 
Factors that may increase the risk for persisting 
pulmonary symptoms and development of pulmonary 
edema include prolonged exposure to CN or CS in an 
enclosed space, direct inhalation of capsaicin into the 
respiratory tract, or a history of asthma or other chronic 
lung disease. Humidified oxygen should be provided 
as necessary. Bronchospasm may respond to inhaled 
B-adrenergic agonists and oral or parenteral corticos- 
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teroids. Patients with persistent symptoms or signs of 
respiratory distress may be at risk for delayed pulmonary 
edema and require observation for 12 to 24 hours. 
Standard supportive measures and ventilatory support 
are indicated for pulmonary edema. Extracorporeal 
membrane oxygenation has been successfully used to 
support an infant with pulmonary edema after exposure 
to capsaicin aerosol.** Because reactive airways dys- 
function may be a long-term consequence of patients 
presenting with significant acute respiratory symptoms, 
pulmonary specialist follow-up may be necessary for 
severely affected patients. 

Finally, attention should also be paid to the potential 
for physical injury and burns to victims of harassing 
agents. Injury may be masked by the presence of alcohol 
or other drugs of abuse. Trauma may be due to the 
violent situations in which the individuals were involved 
or may be a direct consequence of ballistic trauma due to 
the projectiles used to propel harassing agents. 


MANAGEMENT OF MASS CASUALTIES 


Similar to other airborne toxicants, tear gas release can 
create a multiple-casualty incident. The priorities in 
management of mass casualties from tear gas include 
immediate removal of all victims from the source of 
exposure, decontamination of symptomatic patients, and 
the provision of supportive care as indicated. Fortunately, 
less than 1% of exposed patients require medical care 
because of the mild and transient nature of their 
symptoms.° In ideal situations, prehospital, hazardous 
material (Hazmat) personnel provide on-scene triage, 
initial patient assessment, decontamination, and symp- 
tomatic treatment. Hazmat personnel only transport 
patients with significant or persistent effects. In circum- 
stances in which prehospital care does not occur and 
multiple victims present unannounced to the hospital, 
symptomatic care and patient decontamination (e.g., 
clothing removal, eye and skin irrigation) should be 
delivered in a predetermined, segregated area of the 
emergency department (see Chapter 103). Activation of 
a hospital’s internal disaster plan is unlikely necessary for 
multiple casualties from a tear gas incident but will 
depend on the number and experience of hospital 
personnel, the number of victims, and the severity of 
their illness. 


PRINCIPLES OF PREPAREDNESS 


Preparation for casualties from tear gas exposure does 
not require any specialized equipment that would not 
already be present in most emergency departments (see 
Chapter 103). The presence of a decontamination area 
that is segregated from the rest of the emergency depart- 
ment and can treat multiple victims simultaneously is 
ideal. It is recommended that you be familiar with the 
treatment of chemical casualties and the principles of 
advanced Hazmat life support in order to optimize 
patient care. 
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Central Nervous System Disabling Agents 


JEFFREY R. SUCHARD, MD 


At a Glance... 


m 3-Quinuclidinyl benzilate (BZ, QNB) or similar agents may disable 
by producing antimuscarinic effects, including visual impair- 
ment, ataxia, and delirium. Treatment consists of supportive 
care and the judicious use of restraints, sedation, and/or anti- 
cholinesterase agents (e.g., physostigmine) to reverse central 
antimuscarinic toxicity. 

m Ultrapotent opioids (fentanyl derivatives) may be used as 
incapacitating agents, producing an opioid toxidrome with 
depressed mental status and respiratory drive. Treatment 
consists of airway management and opiate-receptor antagonists 
(e.g., naloxone). 


RELEVANT HISTORY 


Central nervous system (CNS) disabling or incapacitating 
agents are nonlethal compounds intended to tem- 
porarily disrupt an enemy’s ability to fight. For over 2000 
years, military planners have occasionally used chemical 
agents to alter the mental status of and temporarily 
incapacitate their enemy rather than cause death or per- 
manent physical injury. In an era before aerosol dis- 
semination of chemical agents was technically feasible, 
food or water contamination was the primary method 
used to disable the enemy; belladonna alkaloids were 
frequently used for this purpose. As early as 200 BCE, the 
Carthaginian officer Maharbal mixed wine with the anti- 
muscarinic agent “mandragora” and then abandoned 
camp during a feigned retreat. Rebellious African forces 
discovered and drank the drugged wine and sub- 
sequently were easily taken prisoner or slaughtered when 
they fell into a stupor.! 

According to the U.S. military, the ideal CNS disabling 
agent should be potent, effective, persistent, logistically 
feasible, predictable, treatable, unlikely to produce 
permanent injuries or death when used as intended 
(high therapeutic index), and affordable.* From 1953 
to 1973, the U.S. Army investigated many methods of 
incapacitation to find one suitable for standardization.! 
Nonchemical agents, such as noise, high-intensity photo- 
stimulation, microwaves, and olfactory assault, generally 
proved impractical, potentially physically damaging, or 
too easy to thwart with routine respiratory protective 
measures. Although several types of chemical and bio- 
warfare (CBW) agents (e.g., lacrimators, vomiting 
agents, staphylococcal enterotoxin B, mild exposures to 
nerve agents or vesicants) were considered for use as 
incapacitants by the U.S. military, the psychochemical 
agents—chemicals that disable by producing behavioral 
or direct CNS effects—were considered most suitable for 
study and investment. 

The psychochemical agents were classified into four 
general categories: stimulants, depressants, psychedelics, 


and deliriants. The stimulants included amphetamines, 
cocaine, caffeine, nicotine, strychnine, and metrazole. 
None of the stimulants proved effective as airborne 
incapacitating agents. In addition, it was feared that 
stimulants could enhance performance rather than 
hinder it following low- to moderate-dose exposures. 

CNS depressant agents were either insufficiently 
potent or had a relatively narrow therapeutic index (TI; 
median lethal dose + lowest median effective dose), with 
lethal doses in the range of 10 to 20 times the effective 
incapacitating dose. 

From 1959 to 1965, D-lysergic acid diethylamide 
(LSD) was the primary psychedelic agent studied by 
the U.S. military. LSD had an inhaled IDs, (the dose 
incapacitating 50% of those exposed) of only 5.6 ug/kg, 
but results were unpredictable, with exposed victims still 
occasionally capable of effective volitional activities. 

The deliriants, anticholinergic drugs with prominent 
CNS effects, were considered most suitable for use 
as military incapacitating agents. Of the deliriants, 3- 
quinuclidinyl benzilate (U.S. military designation BZ) 
was considered the most ideal for use as a CNS disabling 
agent.! BZ is stable when delivered by a thermal 
munition, environmentally persistent, and more potent 
than a variety of widely recognized anticholinergic 
agents (e.g., atropine and scopolamine).' The U.S. 
military weaponized and stockpiled BZ as its only 
incapacitating agent in the 1960s. These stockpiles 
were subsequently destroyed. The drug, however, is 
still used in medical pharmacology research as a 
muscarinic receptor antagonist; it is designated QNB 
for such purposes. 

Modern use of CNS disabling agents in warfare has 
been reported, but the veracity of such reports is not 
clear. In 1995, during the Balkan wars, Serbian military 
forces allegedly used BZ against civilians, who reported 
hallucinations associated with attacks by artillery shells 
that emitted smoke. Although BZ exposure has not been 
completely excluded, the hallucinations could be 
ascribed to exhaustion and other physical and psycho- 
logical stressors.** 

In contrast, the modern use of nonlethal agents as 
weapons against terrorists is well documented. In 
October 2002, the Russian Federal Security Service used 
CNS disabling agents to end a standoff with terrorists in 
a Moscow theater. Chechen rebels held more than 800 
hostages and threatened to detonate explosives unless 
their political demands were met. After a 3-day siege, 
“gas” was introduced into the theater’s ventilation system 
and quickly subdued both the terrorists and their 
hostages. More than 650 of the hostages were 
hospitalized, and 128 died; all but five apparently died of 
the effects of the “gas.” The identity of the agent used 
was not at first disclosed. Early reports suggested the use 
of BZ,° but the clinical findings and time course of 
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symptom onset were not consistent. Traces of halothane, 
however, were detected in two of the victims that were 
transported to Germany.’ Several days after the 
incident, the Russian Health Minister stated that the 
agent used was a derivative of fentanyl,” which was not 
expected to cause fatalities Although expert opinion is 
not uniform, current consensus holds that the “knockout 
gas” was composed of an ultrapotent opioid aerosol 
(possibly carfentanil? or remifentanil!) probably along 
with halothane. The relatively high case fatality rate 
could be due to multiple factors, including variability in 
dose, displacement of oxygen by rapid introduction of 
gas into the building, failure to adequately notify health 
care teams and supply them with antidotes, and poor 
physical condition of the hostages due to limited food 
and water and to immobility during their captivity. This 
use of an incapacitant by the Russian military as an 
antiterrorist agent has rejuvenated U.S. military interest 
in developing an effective nonlethal chemical weapon.’ 


EXPOSURE SCENARIOS 


Like most chemical and biological agents, CNS disabling 
agents would be most effective if disseminated as an 
aerosol, vapor, or gas. Incapacitating agents could be 
delivered outdoors as an aerosol from low-flying aircraft 
(e.g., crop dusters), vehicle-mounted or hand-held spray 
devices, or detonation of artillery, missiles, or bombs. If 
the agent is used outdoors, low-wind conditions would be 
preferable, to minimize rapid dissipation. The Moscow 
theater siege illustrates the prototypical exposure environ- 
ment for effective delivery of CNS disabling agents: an 
enclosed space, which allows for near-simultaneous 
respiratory exposure to all building occupants 
(particularly if a ventilation system is available for agent 
delivery). An enclosed space allows for more accurate 
estimation of the appropriate dose of incapacitant to 
achieve rapid tranquilization of multiple persons while 
minimizing permanent harm. The Moscow siege also 
illustrates the grim reality that incapacitating agents 
can have unpredictable and lethal effects, even when 
conditions a priori are presumed to be ideal. 

Because the general tactical goals of war are to kill 
combatants and destroy material goods, conventional 
weapons or physically injurious chemical or biological 
agents would have more utility. CNS disabling agents, 
however, could be used in operations in which casualties 
were to be minimized or avoided, such as capture 
scenarios or when civilians are present. Terrorist use of 
CNS disabling agents seems less probable because 
conventional weapons or other chemical agents would 
be easier to procure and because the diminished like- 
lihood of casualties would lessen the imperative to 
respond to threats. 


PATHOPHYSIOLOGY OF INJURY 


The CNS disabling agents discussed do not possess unique 
pathophysiology. Like other anticholinergic agents, 3- 


quinuclidinyl benzilate is a potent competitive antagonist 
of both peripheral and central muscarinic receptors (see 
Chapter 39). A detailed review of opiate pathophysiology 
is found in Chapter 33 and of LSD in Chapter 45. The 
features distinguishing the CNS disabling agents from 
other members of their respective classes relate mostly to 
potency and time course of effects. 


MANIFESTATIONS 


BZ produces clinical effects similar to those of atropine, 
although it is more potent. The ID;, for BZ is 6.2 ug/kg 
(approximately 0.5 mg for adults), whereas the [D5 
for atropine is 140 ug/kg (8 to 14 mg). Mild cognitive 
impairment is seen in 50% of individuals with BZ doses 
of approximately 2.5 ug/kg.! 

BZ has a slower onset and longer duration of action 
than atropine does. The effects of BZ are barely meas- 
urable 1 hour after exposure to the ID; 9 dose. Central 
effects are seen after about 4 hours, peak at 8 to 
10 hours, and then gradually subside over 24 to 72 hours. 
The duration of incapacitation from an ID;ọ dose is 
roughly 24 hours.!? Doubling the dose increases the rate 
of onset of effects and produces incapacitation within 
1 hour of exposure but also prolongs recovery an 
additional 48 hours.! In actual use, wide variation in 
dosing among exposed individuals is expected, with 
consequent variability in symptom onset and offset. It is 
estimated that the human ID;o is approximately 40-fold 
lower than the lethal dose (therapeutic index of 40).' 

Although toxicity from BZ is most likely to occur after 
inhalation of vapor or liquid aerosol, symptoms may also 
result from intravenous or intramuscular injection or, to 
a small degree, from skin contact with liquid. Effects may 
be delayed up to 24 hours after dermal absorption. 

The clinical signs and symptoms of BZ exposure are 
the typical antimuscarinic effects. Peripheral signs 
include tachycardia, mydriasis, and dry skin and mucous 
membranes. Mild exposures cause drowsiness, lapses of 
attention, and difficulty in following complex instructions. 
Moderate exposures (= 4 Ug/kg) cause somnolence or 
stupor, mumbling speech, ataxia, slowing of thought 
processes, and confusion. Higher exposures cause full 
delirium with staring, muttering, and hallucinations, 
with fluctuating lucid intervals.! Bizarre behaviors are 
often seen among individuals with antimuscarinic 
delirium, including undressing, crawling or climbing 
motions, and plucking or picking at the air or garments 
(carphology or “woolgathering”). 

As mentioned above, depressant psychochemical agents 
were found by the U.S. military either to be insufficiently 
potent or to have relatively narrow therapeutic indices, 
where lethal doses exceeded incapacitating doses by 
factors of only 10 to 20. In actual use, when precise dose 
control is not possible, unintentional lethal dosing would 
not be unexpected. A recent review by Wax et al, 
however, illustrates that some ultrapotent fentanyl 
derivatives have very high therapeutic indices and might 
therefore be considered as potential CNS disabling 


agents when aerosolized.” Morphine has a therapeutic 
index of 70. Fentanyl is roughly 300 times as potent as 
morphine and has a TI of 300, sufentanil is 4500 times as 
potent as morphine with a TI of 25,000, remifentanil is 
220 times as potent as morphine with a TI of 33,000, and 
carfentanil is 10,000 times as potent as morphine with a 
TI of 10,600. Such figures, however, are usually based on 
animal data, often from a single animal species, and do 
not necessarily apply to humans.’ Even if such agents 
were found to have remarkable safety margins in 
controlled settings, the doses required to induce rapid 
unconsciousness could also cause significant respiratory 
depression or apnea. With appropriate supportive care, 
such doses might be safe. Hypoxic brain injury might 
result, however, if exposed persons do not rapidly receive 
assisted ventilation or antidotal therapy; this is the likely 
reason for the “gas” fatalities in the Moscow theater 
incident. The aerosolized doses necessary to incapacitate 
humans and rate of onset and duration of clinical effects 
has not yet been elucidated. The clinical manifestations 
following opioid aerosolization, however, are similar to 
those experienced by other routes (see Chapter 33). 

LSD is a difficult agent to disseminate and conse- 
quently is most likely to be used in a clandestine manner, 
such as food or water contamination.’ An early stage of 
nausea is commonly seen, followed in 45 to 60 minutes 
by CNS effects (anxiety, euphoria, delusions, kaleidoscopic 
imagery, etc) and peripheral signs of sympathetic 
stimulation (see Chapter 45). 


ASSESSMENT 


The diagnosis of CNS disabling agent toxicity is based on 
a suggestive history coupled with toxidrome recognition 
on physical examination. Rapid identification of the 
chemical agents will not be possible by laboratory tests 
available at most hospitals. Diagnosis is further supported 
by the complete reversal of toxic effects following empiric 
antidotal therapy. Chemical warfare agent poisoning 
should be suspected when a group of patients have the 
acute onset of a similar constellation of signs or 
symptoms. Multiple casualties with altered mental status 
first require evaluation to rule out the more lethal chemical 
agents, such as nerve agents or cyanide. The presence of 
coma, miosis, and respiratory depression could occur with 
either nerve agents or opioids; the additional presence of 
seizures, fasciculations, and cholinergic findings suggests 
nerve agent toxicity. BZ will produce an anticholinergic 
toxidrome. Unintentional atropine overdose from nerve 
agent antidote autoinjectors may mimic BZ toxicity; 
multiple simultaneous atropine casualties may occur if a 
group believes it has been exposed to nerve agent, 
although clinical history should easily differentiate these 
exposures. Intoxication with LSD might be difficult 
to differentiate from intentional self-exposure to 
cannabinoids, but the treatment is similar and supportive 
for both. Anxiety reactions and malingering may mimic 
any potential CNS-disabling agent exposure, although 
peripheral signs of toxicity may be blunted or absent. 
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TREATMENT 


For most CNS disabling agent casualties, only sympto- 
matic and supportive treatment will be necessary. Victims 
should be rapidly removed from the exposure environ- 
ment, and airway support should be provided as 
necessary. To avoid hyperthermia with BZ intoxication, 
restrictive clothing should be removed, especially in hot 
environments. Psychomotor agitation may respond to 
verbal assurance in mildly affected individuals, while 
restraints, nonspecific sedation (e.g., with benzodi- 
azepines), or antidotal physostigmine may be indicated 
for more seriously poisoned patients. Physostigmine, a 
reversible carbamate acetylcholinesterase inhibitor, has 
been used safely to reverse antimuscarinic toxicity from 
BZ exposure.'* Intravenous doses of 30 ug/kg (about 
2 mg in 70- to 75-kg persons) are effective in reducing 
peripheral effects, but higher doses (at least 45 Uug/kg) 
are often required to significantly reverse severe central 
cognitive effects. For unclear reasons, physostigmine 
appears to be ineffective if given during the first 4 to 
6 hours after BZ exposure.'* Physostigmine is primarily 
indicated for the treatment of agitated delirium or to 
confirm diagnosis (see Chapter 39). Physostigmine has a 
short duration of action (20 minutes to 2 hours) and may 
require repeated dosing every | to 2 hours for recurrent 
agitation. Careful patient monitoring is necessary during 
physostigmine administration to avoid inducing excess 
cholinergic effects. 

Patients with suspected opioid agent toxicity may 
require emergent airway support and administration 
of an opiate-receptor antagonist (e.g., naloxone; see 
Chapter 33). Larger than usual doses of naloxone (up to 
10 mg) may be needed to completely reverse the toxic 
effects from potent, synthetic, opioid agents. Data from 
animal studies suggest that repeated administration of 
naloxone may be necessary for a period of 2 to 24 hours 
following fentanyl derivative toxicity.?!'!* The high 
lipophilicity of fentanyl derivatives allows for their 
redistribution from tissues to the CNS, making recrude- 
scent opiate toxicity (e.g., CNS and respiratory depression) 
a real possibility. The treatment of LSD intoxication is 
entirely supportive. 

Because of the possibility of prolonged and recurrent 
clinical effects, patients exposed to BZ and high-potency 
opioid derivatives require a prolonged period of hospital 
observation (12 to 24 hours). 


MANAGEMENT OF MASS CASUALTIES 


With mass casualties from BZ exposure, control and 
containment of delirious victims is the primary concern. 
These victims may be capable of injuring themselves or 
others, so dangerous objects (e.g., weapons, small items 
that may be swallowed) should be removed.* Loose 
restraints or tethers are preferable to allowing victims to 
roam freely without supervision. Separation of affected 
individuals into small groups, rather than a single large 
group, may prevent a crowd control crisis induced by a 
few agitated victims.' Intravenous physostigmine dosing 
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to multiple victims may not be feasible under field 
conditions. Intramuscular (1 to 2 mg) or oral (2 to 5 mg) 
dosing every 1 to 2 hours titrated as needed may help 
maintain victim comfort and manageability.'* Physostig- 
mine may be mixed into juice to mask its bitter taste for 
oral administration.! 

Mass casualties from opioid toxicity can easily outstrip 
resources necessary to avoid complications from 
respiratory depression. Intramuscular or subcutaneous 
naloxone administration, as opposed to the intravenous 
route, should save time and minimize permanent injury 
or death when the number of victims greatly exceeds the 
number of rescuers. 


PRINCIPLES OF PREPAREDNESS 


CNS disabling agents appear less likely to be used than 
conventional weapons or other chemical warfare agents. 
Therefore, in preparing for chemical weapons casualties, 
it would be prudent to concentrate more on the agents 
intended to inflict fatalities or permanent injuries. If 
used as intended, the CNS disabling agents should 
temporarily incapacitate, and the victims may require 
only monitoring and supportive therapy. Nevertheless, 
agents with lower therapeutic indices can cause fatalities, 
since precise control of the administered dose is not 
possible and individuals may have varying susceptibilities 
to toxic effects. If time and resources permit, prepara- 
tions for chemical casualties should include stockpiling 
and training in the use of physostigmine and naloxone, 
the antidotes for CNS disabling agents. Airway manage- 
ment equipment would likely already be part of the 
armamentarium for chemical casualty preparedness. 
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Acetylcholine 
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clinical presentation of, 304—305 
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uses and toxic effects of, 305t 
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Ackee fruit, hypoglycin in, 318, 485, 494 
Acne, occupational, 1252t 
Aconite poisoning, 1083 
cardiovascular disturbances due to, 164 
Acrolein, 1380-1381 
Acrylamide, neuropathy due to, 206t 
Acrylic nails, 1430 
Acrylonitrile, 1309 
ACTH (adrenocorticotropic hormone), 320, 
oz! 
Actinide isotopes, exposure to, 1472 
Activated charcoal 
as absorbant, 37-38 
for B-adrenergic blocker overdose, 979 
for antipsychotic overdose, 715 
for barbiturate overdose, 692 
for benzodiazepine overdose, 682 
for calcium channel blocker overdose, 969 
for chlorinated hydrocarbon ingestion, 
1359 
for clonidine overdose, 1007 
for cocaine overdose, 765 
for colchicine overdose, 862 
for cyanide poisoning, 1313 
for cyclosporine overdose, 947 
for dextromethorphan overdose, 778 
for drug overdose, gastrointestinal 
complications of, 283 
for gamma-hydroxybutyric acid overdose, 


for hallucinogen overdose, 800 

for herbicide poisoning, 1202 

for methotrexate overdose, 933 

for muscle relaxant overdose, 700 

for mushroom poisoning, 455—456 

for NSAID overdose, 873 

for organochlorine insecticide poisoning, 
1234 

for phencyclidine overdose, 778 

for phenobarbital overdose, 736 

for salicylate poisoning, 844 
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Activated charcoal (Cont'd) 
for selective serotonin reuptake inhibitor 
overdose, 556 
for sulfonylurea overdose, 1030 
for thalidomide overdose, 940 
for theophylline overdose, 1043 
for thyroid hormone overdose, 1071, 1072 
for tricyclic antidepressant overdose, 543 
for triptan overdose, 855 
multiple-dose, 38 
contraindications to, 45—46, 45b, 46b 
dosing of, 46, 46b 
efficacy of, 30b 
for barbiturate overdose, 692 
for NSAID overdose, 874 
indications for, 44—45, 45b, 46b 
postabsorptive elimination enhancement 
of, 44 
single-dose, 39 
substances not absorbed by, 29b 
Active transport, definition of, 81 
Acute exposure guideline levels (AEGLs), 
National Advisory Committee, of 
sulfur mustard, 1504, 1505t 
Acute intermittent porphyria 
in children, 395, 395f 
drug safety in, 395-396, 395b 
vs. botulism, 524t 
Acute lung injury 
criteria for, 170 
heroin overdose causing, 645, 649 
management of, 651-652 
Acute lymphoblastic leukemia, childhood, 
1475 
Acute radiation syndrome, 1467, 1468 
Acute toxic encephalopathy, work-related, 
1249t 
Acute tubular necrosis, 251, 252b, 252f 
agents associated with, 255-256, 255b 
Acyclovir, 894t-895t, 901, 901f 
Addiction therapy, for marijuana abuse, 752 
Addison’s disease, treatment of, 326 
Adefovir, 890t-891t, 899, 899f 
Adenoma, hepatic, in anabolic steroid users, 
1104 
Adenosine, 193 
for theophylline intoxication, 1042 
in ethanol tolerance and dependence, 599 
structure of, 1036f 
Adenosine diphosphate, in platelet 
aggregation inhibition, 
1060-1061, 1061t 
Adenosine monophosphate, in 
neurotransmission, 192-193 
Adenosine receptors 
activation of, 194 
classification of, 193-194 
Adenosine triphosphate, 193 
depletion of, in hepatic injury, 224b 
Adenosine triphosphate receptors, 194 
ADH (antidiuretic hormone), 115, 319 
drug-induced alterations in, 116b 
syndrome of inappropriate secretion of, 116 
Adhesive (s) 
cyanoacrylate, ocular injury due to, 308 
neonatal exposure to, 369-370 
Adolescents, selective serotonin reuptake 
inhibitor therapy for, 552 
Adrenal agents, 326t 
Adrenal cortex, 325-330 
o-Adrenergic agonists. See also specific agent. 
cardiac disturbances due to, 148 
direct-acting, 196b 
for hypotension, 715 
B-Adrenergic agonists, direct-acting, 196b 


o,-Adrenergic antagonists, 994—995, 994f. See 
also specific agent. 
B-Adrenergic antagonists, 975-981. See also 
specific agent. 
cardiac disturbances due to, 147, 147b 
treatment of, 148t 
classification of, 976t 
drug interactions with, 977-978 
for alcohol withdrawal syndrome, 602 
for thyroid hormone overdose, 1072 
for ventricular arrhythmias, due to sedative 
intoxication, 668 
history of, 975 
intoxication with, 978—981 
antidote for, 14t 
clinical manifestations of, 978, 978t 
diagnosis of, 978-979 
differential diagnosis of, 979 
epidemiology of, 975 
in elderly, 380 
management of 
antidotes in, 979—980 
decontamination in, 979 
supportive measures in, 979 
pathophysiology of, 977 
patient disposition and, 980-981 
pharmacokinetics of, 977-978 
pharmacology of, 975, 976t, 977t 
pulmonary toxicity due to, 186t 
o-Adrenergic receptors, types of, 195 
B-Adrenergic receptors, 975 
effects of, 977t 
types of, 195 
Adrenocorticotropic hormone (ACTH), 320, 
321 
Adsorbents, elimination enhancement of 29, 
29t, 30b 
Adult respiratory distress syndrome, 170 
colchicine-induced, 861 
Adverse drug reactions, in elderly, 377 
Aerosols 
definition of, 170 
fluorocarbon, cardiac disturbances due to, 
146-147 
Aflatoxins, 238f, 1243 
carcinogenicity of, 237 
Afterdepolarization, due to class IA 
antiarrhythmics, 1012, 1012f 
Age, of victim and offender, in criminal 
poisonings, 121 
Agency for Toxic Substances and Disease 
Registry (ATSDR), 1264, 1504 
Aggression, in anabolic steroid users, 1105 
Agitation, anticholinergic-induced, treatment 
of, 729-730 
Agonist(s). See also specific agonist. 
classification of, 92—93 
definition of, 92 
Agranulocytosis 
antipsychotic agents causing, 713 
thionamide-induced, 323 
Air 
contaminants in, 1262 
inhalation of, 1461. See also Hazardous 
material incident(s). 
lead in, 1131 
pollution of, 9, 9f 
Airway (s) 
compromise of, 170 
management of. See also Endotracheal 
intubation. 
advanced, 15-18 
Akathisia 
antipsychotics causing, 711 
management of, 715 


Alacramyn Fab2 fragment, for scorpion stings, 
447 
Albendazole, 912-913 
Alcohol(s). See also specific alcohol, e.g., Ethanol. 
chemical structure of, 623t 
dependence on and withdrawal from, 
598-602 
gamma-hydroxybutyric acid in, 811-812 
higher, 624-625 
in common products and medications, 589t 
molecular mass of, 608t 
molecular weight of, 26b, 623t 
neonatal exposure to, 369, 370 
signs and tests for, 63t 
toxic, removal of, 58 
Alcohol addiction, pathophysiology of, 598 
Alcohol Craving Scale scores, 812 
Alcohol dehydrogenase, in ethanol 
metabolism, 589-590, 590f 
Alcoholic cerebellar degeneration, 595 
Alcoholic dementia, 595 
Alcoholic ketoacidosis, 107-108, 596, 596t 
Alcoholic withdrawal seizures, 599—600 
Alimentary toxic aleukia, 1243 
Alkalemia, vs. acidemia, 105 
Alkali (s). See also specific alkali. 
ingestion of, gastrointestinal effects of, 281 
mechanisms of action of, 302-303, 303f 
ocular injury due to, 302-304 
structure-activity relationships of, 1408 
uses and toxic effects of, 303t 
Alkali therapy, for methanol poisoning, 609 
Alkaline diuresis, forced, for salicylate 
poisoning, 845 
Alkalinization, urinary. See Urinary 
alkalinization. 
Alkaloids, 473, 475-476, 478b—480b. See also 
specific alkaloid, e.g., Theophylline. 
belladonna, 200 
anticholinergic properties of, 723b 
diterpene ester, 476 
ergot, 198 
pulmonary toxicity due to, 187t 
nicotine, 482—483 
toxicity of, 497—498 
plant, gastrointestinal irritation due to, 477 
pyrrolizidine, 476 
hepatotoxicity of, 239b, 494, 1082 
in herbal teas, 1082-1083, 1082t 
tropane, 483 
xanthine-derived, 194 
Alkalosis 
metabolic. See Metabolic alkalosis. 
respiratory, 112-113, 113b 
definition of, 105 
Alkylating agents, pharmacologic parameters 
of, 929t 
Alkyltryptamines, 794—795, 795t, 798t 
Allamanda, 489f 
Allergic alveolitis, extrinsic, 173-174, 175t, 176 
Allergic contact dermatitis 
occupational chemicals causing, 1245 
plant-induced, 495 
Allergy 
drug, 878. See also Hypersensitivity 
reactions. 
latex, in health care workers, 1246 
Allopurinol, hepatitis due to, 235b 
Allyl chloride, neuropathy due to, 206t 
Almotriptan, pharmacokinetics of, 852t 
Alocasia, 489f 
Alopecia 
eyebrow and eyelid, systemic substances 
causing, 309b 
scalp, colchicine-induced, 862 


Alprazolam 
recommended dosage of, 672t 
structure of, 673f 
Alternative medicine, 1085-1087 
homeopathy in, 1085-1086 
hyperoxygenation therapy in, 1087 
lead contamination in, 1132 
nutritional supplements in, 1086-1087 
tonics, extracts, and elixirs in, 1087 
Aluminum, 1157-1158 
occupational exposure to, 183 
Aluminum phosphide, in rodenticides, 1218 
Alveolar epithelial cells, 168—169 
Alveolar macrophages, 169 
Alveolus(i), diffuse damage to, 171 
Amanita mushrooms, 455, 457-458, 458b, 
459f, 461f 
maturation of, 459f 
poisoning with, 234 
clinical presentation of, 459, 462—463 
diagnosis of, 459-460, 459f, 463 
management of, 460-461, 463 
pathophysiology of, 458—459, 462 
Amanita smithiana mushrooms, 468 
Amantadine, 894t—895t, 904, 904f 
for neuroleptic malignant syndrome, 217 
American Academy of Forensic Sciences 
(AAFS), 122 
American Association of Poison Control 
Centers (AAPCC) data, on 
pulmonary toxicity, 167 
American Conference of Governmental 
Industrial Hygienists (ACGIH), 
1265 
American ticks, 200 
Americium isotope, accidental inhalation of, 
1469 
o-Amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid (AMPA) 
receptors, 202 
y-Aminobutyric acid. See Gamma-aminobutyric 
acid entries. 
Aminoglutethimide, mechanism of toxicity of, 
328 
Aminoglycosides 
nephrotoxicity of, 255 
overdose of, 882 
4-Aminopyridine, for calctum channel blocker 
intoxication, 969 
Amitraz, in insecticides, 1188-1189, 1188f 
Amitriptyline 
cardiac disturbances due to, 148-149, 150f, 
155f 
pharmacokinetic parameters of, 539t 
Ammonia, 303-304, 1399-1402 
anhydrous, 1399 
aqueous, 1399 
elevated levels of, in ornithine 
transcarbamylase deficiency, 392, 
392f 
exposure to 
clinical manifestations of, 1400-1401 
epidemiology of, 1399 
management of, 1401-1402 
pathophysiology of, 1400, 1400t 
structure-activity relationships of, 1399 
Ammonium bifluoride, ingestion of, 
1327-1328 
Ammonium chloride, for strontium 
inhalation accident, 1470 
Ammonium hydroxide 
ocular injury due to, 303-304 
uses and toxic effects of, 303t 
Amnestic shellfish poisoning, 516, 517 
Amobarbital, 689t 


Amodiaquine, hepatitis due to, 235b 
Amoxapine 
pharmacokinetic parameters of, 539t 
structure of, 538f 
Amoxicillin-clavulanic acid, hepatitis due to, 
235b 
Amphetamines, 781—790, 782b. See also related 
compounds. 
complications associated with, 781b 
history of, 781-782 
intoxication with, 784—790, 784f 
cardiovascular complications in, 143, 786 
CNS complications in, 785—786 
diagnosis of, 788 
epidemiology of, 782-783 
management of, 788, 789t—790t, 790 
obstetric and prenatal complications in, 
787-788 
pathophysiology of, 783 
pulmonary complications in, 786-787 
systemic complications in, 787 
neurologic effects of, 196 
pharmacokinetics of, 783—784 
pharmacology of, 783 
social use of, 231 
structure-activity relationships of, 783 
tolerance to, 785 
Amphotericin B, 884 
toxic effects of, in neonate, 370-371 
Ampicillin, for shigellosis, 532 
Amprenavir, 892t—893t, 902, 903f 
Amrinone 
for calcium channel blocker intoxication, 
969 
in emergency care, 20t, 21 
Amygdalin, 484—485 
Amyl nitrite pearls, for cyanide poisoning, 
1312 
Anabolic steroids, 1101—1106 
abuse of 
adverse effect(s) of, 1101, 1102t 
anabolic, 1103-1104 
cardiovascular, 1105 
erythropoiesis as, 1104 
feminization as, 1104 
hepatotoxicity as, 1104-1105 
psychological, 1105—1106 
reproductive, 1104 
virilizing, 1104 
common agents in, 1102-1106, 1103t 
diagnosis of, 1107 
management of, 1108 
pharmacology of, 1102 
structure of, 1101-1102, 1102f 
Anabolic Steroids Control Act, 1101 
Anamirta species, toxicity of, 484 
Anaphylactic reactions 
to Crotalidae antivenom, 409-410, 413-417, 
416t 
to hymenoptera stings, 163, 449 
to jellyfish stings, 514 
Anaphylaxis 
antibiotic-induced, 878-880, 879t 
clinical presentation of, 879 
pathophysiology of, 879 
treatment of, 879-880, 880f 
Anaplastic anemia, benzene-induced, 1364, 
1367 
Androctonus australis, 443, 443f 
Androgens 
anabolic effects of, 330, 331-332, 1103 
biosynthesis of, 1103f 
Androstenedione 
abuse of 
diagnosis of, 1107 
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Androstenedione (Cont'd) 
abuse of (Cont'd) 
management of, 1108 
potential adverse effects of, 1102t 
structure and pharmacology of, 1106 
Anemia 
anaplastic, benzene-induced, 1364, 1367 
hemolytic 
antibiotic-induced, 881 
Heinz body, 289 
in acute and chronic poisoning, 298, 298b 
Anesthesia toxicity, inhaled 
in children with folate and vitamin By» 
metabolic disorders, 394 
malignant hyperthermia due to, 213 
in children, 395 
Anesthetics. See specific agent. 
Angel dust. See Phencyclidine (PCP). 
Angioedema, ACE inhibitors causing, 992 
Angiotensin II receptor antagonists, 993 
hepatotoxicity of, 236 
pulmonary toxicity due to, 186t 
Angiotensin-converting enzyme (ACE) 
inhibitors, 991-993, 991f 
hepatotoxicity of, 236 
nephrotoxicity of, 253 
toxicity of, 992 
management of, 992-993, 993f 
Animal products, occupational exposure to, 
disorders associated with, 175t 
Animal venom. See Envenomation. 
Anion gap 
elevated, metabolic acidosis with, 106-109, 
106b 
causes of, 25b 
vs. ketoacidosis, 107-108 
in ethylene glycol poisoning, 615 
in methanol poisoning, 607, 608f 
normal, metabolic acidosis with, 109-110, 
109b 
Anionic surfactants, ocular injury due to, 308 
Anorectic agents, pulmonary toxicity due to, 
187t 
ANS (autonomic nervous system), herbal teas 
affecting, 1082 
Antagonists. See also specific antagonist. 
classification of, 92—93 
definition of, 92 
Anthozoa, 507 
Antiandrogens, 332, 335 
Antiarrhythmic agents. See also specific agent. 
class IA, 151, 152t, 153b, 1009-1016 
drug interactions with, 1015, 1015b 
history of, 1009 
intoxication with 
pathophysiology of, 1009-1013, 
1010f-1013f 
treatment of, 1015-1016 
noncardiac effects of, 1010t 
pharmacokinetics of, 1009 
toxicology of, 1013-1015, 1014f 
class IB, 151, 152t, 153b 
class IC, 151, 152t, 153b 
pulmonary toxicity due to, 186t 
Anti-asthmatic agents, pulmonary toxicity due 
to, 186t 
Antibiotics, 877-883, 877b. See also specific 
agent. 
essential oils as, 1435—1436 
for smoke inhalation victims, 1292 
history of, 877 
hypersensitivity reactions to, 877-881, 878t 
multisystem involvement in, 878-880, 
880f 
organ-specific, 880-881 
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Antibiotics (Cont'd) 
nephrotoxicity of, 255, 255b, 264 
pharmacologic parameters of, 929t 
prophylactic 
for corrosive injury, 1412 
for Elapidae bites, 430 
pulmonary toxicity due to, 186t 
toxic effects of, in neonate, 370 
Anticholinergic(s), 721-732. See also specific 
agent. 
cardiac disturbances due to, 148-149, 149b, 
150f 
classification of, 721—722 
gastrointestinal disturbances due to, 283 
history of, 721 
intoxication with 
antidote for, 14t 
clinical manifestations of, 727-728, 727b 
death from, 728 
diagnosis of, 728-729 
differential diagnosis of, 729, 729b 
in elderly, 380 
in special populations, 727 
management of, 729-731 
patient disposition and, 732 
signs and symptoms of, 723t 
signs and tests for, 63t 
special considerations in, 731-732 
vs. botulism, 524t 
pharmacokinetics of, 725, 725t 
pharmacology of, 724 
structure of, 722f 
Anticholinergic syndrome 
agents producing, 722—724 
central, 724 
management of, 715 
toxic and medical conditions confused 
with, 729b 
Anticholinergic toxins, 498 
Anticholinesterases, for non-native Elapidae 
snakebites, 430—431 
Anticoagulants, 1053-1062, 1062f. See also 
specific agent. 
exposures and overdoses of, 1051t 
for non-native Elapidae snakebites, 431 
in rodenticides, 1220 
leech-derived, 1059 
mechanism of action of, 1053-1061 
Anticonvulsant(s), 735-743. See also specific 
agent. 
for alcohol withdrawal syndrome, 602 
for epilepsy, 735 
pulmonary toxicity due to, 187t 
Anticonvulsant hypersensitivity syndrome, 
690, 735 
Antidepressants. See also specific agent. 
intoxication with 
in children with ornithine 
transcarbamylase deficiency, 392 
in elderly, 380 
tricyclic, 540-545. See also Tricyclic 
antidepressants. 
Antidiuretic hormone (ADH), 115, 319 
drug-induced alterations in, 116b 
syndrome of inappropriate secretion of, 


Antidotes 

development of, 28-29 

emergency, 14t—15t 

for acetaminophen poisoning, 14t, 830-831 

for B-adrenergic blocker poisoning, 
979-980 

for anticholinergic poisoning, 730-731 

for arsenic poisoning, 14t, 1152-1153, 
Lio ot 


Antidotes (Cont'd) 

for arsine poisoning, 1155 

for benzodiazepine poisonoing, 682 

for calcium channel blocker poisoning, 14t, 
969-971 

for cardiovascular plant poisoning, 501 

for clonidine poisoning, 1007 

for colchicine poisoning, 863 

for Crotalidae snakebites, 408—419, 409t, 
410t. See also Antivenom therapy. 

for cyanide poisoning, 1313 

for digitalis poisoning, 14t, 960-961, 960f, 
961b 

for ethylene glycol poisoning, 616-619, 
618b, 618t, 619t 

for gamma-hydroxybutyric acid poisoning, 


for hazardous material toxins, 1465, 1465t 
for hepatotoxicity, 501 
for hydrofluoric acid toxicity, 14t 
for iron poisoning, 14t, 1126-1127, 1126b 
for mercury poisoning, 14t 
for methanol poisoning, 14t 
for muscle relaxant intoxication, 700-701, 
701t 
for nerve gas poisoning, 732, 1495-1496 
in pediatric population, 1492-1493, 
1493t 
for neurologic plant toxicity, 501 
for organophosphate poisoning, 15t, 
1178-1180 
for overdose, in pregnant patient, 350, 350t 
for plant-induced multisystem organ 
failures, 501 
for selective serotonin reuptake inhibitor 
poisoning, 557 
for tricyclic antidepressant poisoning, 
543-545 
placental permeability of, 350t 
Antiestrogens, 330-331, 334, 335 
Antifungals, 884. See also specific agent. 
toxic effects of, in neonate, 370-371 
Antihelmintics, 911-917. See also specific agent. 
Antihistamines, 201, 721—732. See also 
Histamine entries; specific agents. 
anticholinergic properties of, 723b 
classification of, 722 
for anaphylaxis, 880, 880f 
intoxication with 
clinical manifestations of, 728 
death from, 728 
diagnosis of, 728—729 
in special populations, 727 
management of, 729-731 
patient disposition and, 732 
special considerations in, 731-732 
nonsedating, 726t, 731 
pharmacokinetics of, 725, 726t 
pharmacology of, 724-725 
sedating, 722, 726t 
structure of, 723f 
Antihyperglycemic agents, 317-318, 317t, 
318t, 1020t. See also specific agent. 
adverse effects of, 1026-1028 
history of, 1019 
intoxication with, 1026, 1026b 
diagnosis of, 1028-1029 
epidemiology of, 1019-1020 
management of, 1030-1031 
patient disposition and, 1031-1032 
mechanism of action of, 317 
pharmacokinetics of, 1024—1025 
pharmacology of, 1022-1024 
structure and classification of, 1020-1022, 
1021f 


Antihypertensive agents. See also specific agent. 
nephrotoxicity of, 253-254 
sympatholytic, cardiac disturbances due to, 
148, 149f 
Anti-inflammatory agents. See also specific agent. 
nonsteroidal. See Nonsteroidal anti- 
inflammatory drugs (NSAIDs). 
pulmonary toxicity due to, 186t 
Antimetabolites, nephrotoxicity of, 255—256 
Antimitotice, pharmacologic parameters of, 
929t 
Antimony, 917, 1158 
Antimuscarinic compounds, structure of, 
721-722, 722 
Antimuscarinic plants, 483 
Antineoplastic agents. See Chemotherapeutic 
agents; specific agent. 
Antiparkinsonism agents, anticholinergic 
properties of, 723b 
Antiperspirants, 1432 
Antiprogestin, 334 
Antipsychotic agents, 703-717. See also specific 
agent. 
adverse effects of, 710-713 
cardiac disturbances due to, 156, 707, 712 
management of, 715 
classification of, 704, 705t 
dosage of, 705t 
drug interactions with, 709 
extrapyramidal side effects of, 707—708, 
710-712 
management of, 715-717 
hematologic toxicity of, 713 
history of, 703-704 
intoxication with, 709—717 
clinical manifestations of, 709-710 
diagnosis of, 713, 714b 
differential diagnosis of, 713 
epidemiology of, 703-704 
in special populations, 708-709 
management of, 714—717 
pathophysiology of, 707-708 
patient disposition and, 717 
metabolic effects of, 712—713 
neuroreceptor affinities for, 706t 
pharmacokinetics of, 708-709, 709t 
pharmacology of, 704—707 
seizures due to, 707, 712 
management of, 714—715 
structure-activity relationships of, 704, 706f 
terminology associated with, 703 
Antipyrine, in breast milk, 366t 
Antiretroviral agents, 890t-897t. See also 
specific agent. 
toxic effects of, in neonate, 371 
Antischistosome agents, 915 
Antiseptic properties, of iodine, 1389 
Antiseptics, essential oils as, 1435 
Antispasmodics. See also specific agent. 
anticholinergic properties of, 723b 
Antithrombin III inhibition, of factor II and 
factor X, 1058-1059 
Antitoxin, equine, for botulism, 525 
Antituberculous agents. See also specific agent. 
hepatotoxicity of, 233 
Antivenom therapy 
for black widow spider bites, 434—435, 435t 
for Crotalidae snakebites 
administration of, 408—419, 410t 
characteristics of, 409t 
Crotalidae immune Fab (CroFab), 
413-419 
coagulopathies with, late-onset and 
persistent, 416t, 417-418 
complications with, 413-417, 415t, 416t 


Antivenom therapy (Cont’d) 
for Crotalidae snakebites (Cont'd) 
contraindications to, 413 
dosage of, 415t, 418 
premarketing clinical trials for, 414b 
recurrent complications with, 415t 
redosage of, 419 
studies of, 414t 
guidelines for use of, 410t 
median lethal dose (LD50) neutralizing 
units in, 409t 
Wyeth-Ayerst ACP, 409-413 
complications of, 409-411 
dosage of, 411 
infusion guidelines for, 411—412, 412b 
route of administration of, 411 
skin test for, 411 
for Elapidae snakebites 
native, 425 
non-native, 430 
for hymenoptera stings, 450 
for jellyfish stings, 514—515 
for scoprion stings, 446-447 
for sea snake bites, 515 
Antiviral agents, 889, 890t-897t, 896-906. See 
also specific agent. 
Ants, 447—448 
Aphenol, in clove oil, 1439 
Apidae, 447. See also Hymenoptera stings. 
Apnea, clonidine-induced, 1005 
Apneustic breathing, 24 
Apoptosis, in hepatic injury, 224b 
Appendicitis, vs. botulism, 524t 
Appetite suppressants, cardiac complications 
of, 786 
Areca catechu, toxicity of, 496 
Areflexia, 205 
Argyria, 1165 
Aristolochia fangchi, 1083 
Aromatherapy, definition of, 1435b 
Aromatic hydrocarbons, 1363-1375. See also 
Benzene; Hydrocarbons. 
exposure to, 1363 
treatment protocol for, 1367b 
Arrhythmias, 134-139. See also specific 
arrhythmia. 
abnormal conduction impulse causing, 134, 
135f 
alcohol-induced, 597 
drug-induced 
recognition and management of, 
140-164. See also under specific 
agent. 
tricyclic antidepressants in, 541 
in poisoned patients, 135-136, 136f, 137f 
management of, 136-139, 137t 
mechanisms of, 134-135 
toxic causes of, 24—25, 25b 
triggered rhythms causing, 134-135 
Arrhythmogenesis, in poisoned patients, 
135-136, 136f, 137f 
Arsenic, 6, 1147-1154 
history of, 1147 
in rodenticides, 1218 
inorganic, 1148t, 1152t 
hepatotoxicity of, 235-236 
organic, 1148t 
pentavalent, 1148-1149, 1149f 
pharmacokinetics of, 1149 
sources of, 1147-1148, 1148b 
trivalent, 1149, 1149f 
uses of, 1148 
Arsenic poisoning, 1149-1150 
acute vs. chronic, 1149-1150, 1150t 
cardiac disturbances due to, 158t, 163 


Arsenic poisoning (Cont'd) 
diagnosis of, 1151 
differential diagnosis of, 1151-1152, 1152b 
gastrointestinal disturbances due to, 280 
in children, 1149 
management of 
antidotes in, 14t, 1152-1153, 1152t 
extracorporeal elimination in, 1153 
supportive measures in, 1152 
neuropathy due to, 205, 206t, 1150 
patient disposition in, 1153-1154 
Arsine, 1152t, 1154-1155 
cardiac disturbances due to, 158t, 163 
Arthritis, gouty, colchicine for, 860 
Arthropods, venomous, 433-453. See also 
specific arthropod. 
beetles, 452 
centipedes, 452-453, 453f 
hemiptera, 451—452 
hymenoptera, 447-451 
lepidoptera, 451, 451f, 452f 
millipedes, 453 
scorpions, 440—447 
spiders, 433—438 
ticks, 452 
Asbestos, exposure to, 182-183 
Asbestosis, 182 
Ascorbic acid. See Vitamin C. 
Asphyxia, in smoke inhalation victims, 1284t, 
1286 
signs and symptoms of, 1289 
Asphyxiants 
chemical, 176 
cardiac disturbances due to, 158t, 162-163 
simple, 176 
workplace gases as, 1246 
Aspirin. See also Salicylate entries. 
anticoagulant properties of, 1061 
gastrointestinal disturbances due to, 279 
hepatitis due to, 235b 
hypersensitivity reactions to, 842 
Reye’s syndrome and, 836 
Asthma, 171-173 
occupational, 171, 1248t 
classic form of, 171-172 
irritant-induced, 171 
sensitizer-induced, 171-173 
high-molecular-weight agents and jobs 
associated with, 173t 
low-molecular-weight agents and jobs 
associated with, 172, 174t 
treatment of, 173 
vs. acute inhalation syndromes, 181t 
Atazanavir, 894t—895t, 903, 903f 
Atherosclerosis 
ethanol consumption and, 597 
work-related, 1251t 
Atractylis gummifera, hepatotoxicity of, 494—495 
Atracurium, in rapid sequence intubation, 16t 
Atraxotoxin (funnel-web spider toxin), 200 
Atrial fibrillation, alcohol-induced, 597 
Atrial flutter, alcohol-induced, 597 
Atrioventricular block 
drug-induced, 135, 136f 
in digitalis intoxication, 954, 956f 
Atropine 
for B-adrenergic blocker intoxication, 980 
for bradycardia, 959 
for cholinergic symptoms, 200 
for muscarine mushroom poisoning, 465 
for muscle relaxant intoxication, 700, 701t 
for nerve gas poisoning, 1178, 1491, 
1495-1496 
in pediatric population, 1492-1493, 
1493t 
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Atropine (Cont‘d) 

for organophosphate poisoning, 1178 

in pregnant patient, 358 

in rapid sequence intubation, 16t 

intoxication with, antidote for, 14t 

structure of, 722f 

usage of, during pregnancy and lactation, 727 
Australian funnel web spider, 437-438 
Autism, thimerosal in vaccines and, 1279 
Autoimmunity, drug-induced, 880 
Automatic dishwashing detergent 

statistics of, 1444t, 1445t 

toxicity of, 1446-1447 

management of, 1447-1448 
Automobile emissions, lead in, 1131 
Autonomic nervous system (ANS), herbal teas 
affecting, 1082 

Autoreceptors, in neurotransmission, 192f, 193 
Avermectines, 1189-1190, 1189f 
Axonopathy(ies), 205 
Ayahuasca, hallucinogenic effects of, 499 
Ayurvedic medicine, 1085 
Azathioprine, 944—945 

drug interactions with, 945 

intoxication with, 945, 945b 
Azotemia, in acute renal failure, 250 


B 
Baby powder, 1415-1416 
inhalation of, 1416-1417 
Bacillus cereus, food poisoning due to, 529-530 
Baclofen 
intoxication with, 698 
properties of, 696t 
withdrawal from, 699 
Bag-mask-valve device, in opioid toxicity 
therapy, 650 
BAL. See British antilewisite (BAL). 
Balsam azalea, 493f 
Barbiturates, 687—692, 687f. See also specific 
agent. 
abuse of, 689 
classification of, 688t 
dependence on, 689-690 
drug interactions with, 690-691, 691t 
for alcohol withdrawal syndrome, 602 
history of, 687 
in rapid sequence intubation, 16t, 17 
mechanism of action of, 203 
overdose of 
clinical presentation of, 691, 691f, 691t 
deaths from, 660, 660f 
management of, 691-692 
pharmacology and pharmacokinetics of, 
687-688, 688t 
signs and tests for, 63t 
therapeutic uses of, 688—689, 689t 
tolerance to, 689 
Barium, 1158-1159 
Barium carbonate, in rodenticides, 1219 
Barium sulfate, for strontium inhalation 
accident, 1470 
Base(s), pK of, 81, 81f 
Bath oils, 1428-1429 
Batrachotoxin, 201 
Battery(ies), impaction of, in gastrointestinal 
tract, 281 
Beetle stings, 452 
Behavioral sensitization, in amphetamine 
toxicity, 785 
Belladonna alkaloids, 200 
anticholinergic properties of, 723b 
Bentazon herbicides, 1206-1207, 1206f 
Benzalkonium chloride 
for hydrofluoric acid burns, 312 
ingestion of, 1447 
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Benzene, 1363-1368 
exposure to, 1363-1364, 1367-1368 
bone marrow depression associated with, 
1365, 1366 
OSHA standards for, 1367 
metabolism of, 1365 
factors altering, 1365-1366 
poisoning with 
diagnosis of, 1366 
evidence of, 1366 
management of, 1367, 1367b 
synonymous terms for, 1363 
urinary excretion of, 1366-1367 
Benzethonium chloride, for hydrofluoric acid 
burns, 312 
Benzodiazepine(s). See also specific agent. 
absorptions rates of, 675-676, 675t 
classification of, 676t 
CNS effects of, 1518 
drug interactions with, 678 
duration of action of, 676 
for alcohol withdrawal syndrome, 600-602, 
601t 
for cocaine toxicity, in pregnant patients, 354 
for hyperthermic syndromes, 216 
for nerve gas poisoning, 1496 
in pediatric population, 1493, 1493t 
for neuroleptic malignant syndrome, 216 
for seizures 
alcoholic-related, 602 
NSAID-induced, 873 
strychnine-induced, 1217 
theophylline-induced, 1042 
history of, 671-673 
in elderly, 677-678 
in patients with hepatic and renal 
impairment, 678 
in pregnancy, 678 
in rapid sequence intubation, 16t, 17 
metabolic pathway of, 675f 
pharmacokinetics of, 674-678, 675f, 675t, 
676t 
pharmacology of, 673-674 
recommended dosage of, 672t 
structure-activity relationships of, 673, 673f 
tolerance to, 677 
Benzodiazepine poisoning, 679-680 
acute, 680 
adverse effects of, 679-680 
CNS effects of, 1518 
diagnosis of, 680-681 
differential diagnosis of, 681 
in children with maple syrup disease, 393 
in elderly, 380 
in pregnancy, 679-680 
management of, 681-683, 1519 
antidotes in, 14t, 682-683, 682f 
decontamination in, 682 
supportive measures in, 681—682 
manifestations of, 679 
patient disposition in, 683 
signs and tests for, 64t 
Benzothiazepine(s), structure of, 963, 964f 
Benztropine, for acute dystonia, 715 
Benzydamine, toxic effects of, 871 
Benzyl alcohol, 623t, 625 
neonatal exposure to, 370 
overdose of, 883 
Bephenium hydroxynaphthoate, 917 


Beryllium 
exposure to 
acute, 1159 


long-term, 1160 
occupational, 183 
hepatotoxicity of, 236b 


Beta-blockers, signs and tests for, 64t 
Betel nuts, toxicity of, 497 
Bhopal, India, hazardous material incident in, 
9, 1456 
Bicarbonate-—carbonic acid system, 105 
Bicuculline, 204 
Biguanides 
contraindications to, 1027b 
duration of action of, 318t 
history of, 1019 
intoxication with, 1026 
adverse effects of, 1027 
management of, 1030-1031 
mechanism of action of, 318 
pharmacokinetics of, 1024 
pharmacology of, 1022-1023 
structure and classification of, 1020, 1021f 
Bile, secretion of, 272 
Bile acid sequestrants, 336, 338 
Bilirubin-albumin ratio, calculation of, 394 
Binge drinkers, cardiac disturbances in, 146 
Bioavailability, of drugs, 91 
Biologic agents 
gastrotoxicity of, 277-279 
nephrotoxicity of, 256 
Biologic toxins, 399-431. See also specific 
animal bites and stings. 
epidemiology of, 399-401, 400t, 401t 
etiology of, 399 
Biopsy, muscle, for malignant hyperthermia, 
215 
Biotransformation, of drugs, 84—86 
in elderly, 379 
in neonate, 364—365, 365t 
in pregnancy, 348 
interactions involving, 99-101, 100t 
nonmicrosomal, 101-103 
phase I metabolism in, 84—80, 85f, 85t 
phase II metabolism in, 86, 86f-87f 
subtypes and sites of, 84t 
Biphenyls, polychlorinated. See 
Polychlorinated biphenyls (PCBs). 
Bipyridyl herbicides, 1195-1200. See also 
specific compound. 
Bis-[2-chloroethyl] sulfide. See Sulfur mustard. 
Bismuth, 1160 
Bisphosphonates, 324-325, 325t 
for steroid-induced osteoporosis, 325 
toxicity of, 325 
Bites 
centipede, 453, 453f 
sea snake, 513 
snake. See Snakebite (s). 
spider, 163, 433-438. See also under specific 
spider. 
Bithionol, 917 
Black foot disease, 1151 
Black locust pods, 490f 
Black widow spider(s), 200 
species of, 433 
venomous bites of 
clinical presentation of, 434 
pathophysiology of, 433-434 
treatment of, 434-435, 435t 
Bleach(es), 1448-1451. See also specific agent, 
e.g., Chlorine. 
hair, 1426 
ingestion of, 1408 
management of, 1450 
oxygen, 1450 
sources of, 1448 
toxicity of, 1448-1449 
management of, 1450-1451 
manifestations of, 1449-1450 
Blepharospasm, chloroform—induced, 1356 


Blister(s), coma, in barbiturate overdose, 691 
Blister beetle, 452 
Blood concentrations, toxicant, 56 
Blood flow, fetal-placental, 348 
Blood levels 
of lead 
health effects of lowest observed 
in adults, 1133t 
in children, 1138t 
in children, 1137t 
of toluene, 1372-1373 
Blood studies, toxicologic, 27b 
Blood transfusion. See Transfusion. 
Blood urea nitrogen, in acute renal failure, 
250, 255, 258 
Blood-brain barrier, 83 
Blue-ringed octopus, 509, 509f 
stings from, 513 
BMAA (B-N-methylamino-L-alanine) , 203 
BOAA (B-N-oxalylamino-L-alanine) , 202-203 
Body paint, 1431-1432 
Body stuffers /packers 
asymptomatic, management of, 652, 652b 
illicit drug smuggling by, 648, 762, 768 
Opiate toxicity in 
delayed and prolonged, 649 
management of, 652 
Body water. See Water, total-body. 
Bone marrow, effect of benzene on, 1365, 1366 
Borate 
hepatotoxicity of, 235-236 
poisoning with, 1431 
Boric acid 
antiseptic effects of, 1417 
intoxication with, 1417-1418 
gastrointestinal disturbances due to, 281 
management of, 1418-1419 
patient disposition and, 1419, 1419t 
pharmacokinetics of, 1417 
Boron, 1379-1380 
Botanicals, anticoagulant properties of, 1061 
Botulism, 521—526 
bacteriology of, 521 
differential diagnosis of, 524t 
food-borne 
clinical manifestations of, 522—523, 523t 
diagnosis of, 523 
management of, 523, 525 
restaurant-acquired, 522 
iatrogenic, 521, 526 
infant, 521, 525-526 
intestinal, 521 
pathophysiology of, 522 
types of, 521-522 
wound, 521, 526 
Bowen’s disease, 1150 
Bowman’s membrane, 301 
Bradyarrhythmias 
cholinomimetics-induced, 150 
digitalis-induced, treatment of, 959 
management of, 137t, 139 
work-related, 1251t 
Bradycardia 
carbamazepine-induced, 738 
clonidine-induced, 1004-1005 
digitalis-induced, treatment of, 959 
Brain death, toxicologic testing in, 78 
Brainstem auditory evoked potential, 
abnormal, toluene-induced, 1373 
Breast milk 
clonidine in, 1003 
neonatal toxic exposures through, 365, 
365t, 366t 
salicylates in, 366t, 837 
styrene in, 1368 


Breast-feeding 
antipsychotic use during, 708 
as risk factor in infant botulism, 526 
cocaine abuse and, 368 
contraindications to, 367t 
Breath ethanol analyzer, 593-594 
Breath odor, in toxin identification, 23 
Brimonidine 
dosage of, 1004t 
structure of, 1002f 
British antilewisite (BAL), 1168t, 1501, 1505 
for arsenic poisoning, 1152-1153 
for lead poisoning 
in adults, 1135 
in children, 1141 
for mercury poisoning, 1116 
Bromates, 1387-1388, 1388b 
in hair products, 1427 
Bromethalin, in rodenticides, 1220 
Bromide 
intoxication with, 1386-1387, 1386b 
diagnosis and management of, 1387 
pharmacokinetics of, 1386 
relevant history of, 1385-1386, 1385t 
Bromine, 1388-1389, 1389t 
Bromine compounds, 1385-1389. See also 
specific compound. 
Bromism, clinical manifestations of, 1386, 1386b 
Bromocriptine 
for MAO inhibitor overdose, 568 
for neuroleptic malignant syndrome, 216, 
716 
L-dopa with, serotonin syndrome due to, 
212, 573 
Bromoderma, 1386 
Bronchial pneumonia 
diquat-induced, 1196 
in smoke inhalation victims, 1290 
Bronchiolitis obliterans, in microwave 
popcorn workers, 184-185 
Bronchiolitis obliterans fibrosa, 171 
Bronchiolitis obliterans with organizing 
pneumonia, 171 
therapeutic drug-induced, 188t 
Bronchoalveolar lavage, for lead poisoning, in 
pregnant patient, 357 
Bronchodilators, inhaled or parenteral, for 
smoke inhalation victims, 1292 
Bronchopulmonary injury, in smoke 
inhalation victims, signs and 
symptoms of, 1289-1290 
Bronchoscopy, for smoke inhalation victim, 
1292 
Bronchospasm 
B-adrenergic blocker—induced, 978 
management of, 980 
therapeutic drug-induced, 188t 
Bronstead-Lowry expression, 81-82 
Brown recluse spider 
species of, 435-436 
venomous bites of, 436 
treatment of, 436-437 
Buckeye, 490f 
Buckthorn, hallucinogenic effects of, 499 
Buckthorn toxin, 205 
Bufotenin (bufotenine), 198, 794, 795t 
formulations and route of administration 
of, 797 
structure of, 796f 
Bulimia nervosa, laxative abuse in, 284 
Bullets, retained, lead absorption from, 1132 
Bumblebees, 447 
Buprenorphine, 636, 647 
chemical structure of, 637f 
liver metabolism of, 642, 643f 


Bupropion, 550 
overdose of, 555 
pharmacokinetics of, 551t 
Burns 
chemical. See also under specific agent. 
classification of, 1409, 1409t 
decontamination of, 34 
esophageal, 1410 
ocular. See also Ocular injury. 
acids causing, 304—307, 305t, 306b 
alkalis causing, 302-304, 303t 
solvents causing, 307 
dermal 
hydrofluoric acid causing, 1326 
treatment of, 1328-1330, 1329f 
iodine causing, 1389 
esophageal, caustic ingestions causing, 1410 
radiation, 1468, 1476 
“Bush” tea, hepatotoxicity of, 497 
Buspirone, serotonin syndrome due to, 212, 
573 
Busulfan, pharmacologic parameters of, 929t 
Butabarbital, 689t 
1,4-Butanediol, 803-804, 807f, 808t 
Buthus occitanus, 444, 444f 
Buttercup, 490f 
y-Butyrolactone, 803-804, 807f, 808t 
Byssinosis, 180t 


C 
Cadmium, 1160-1161 
nephrotoxicity of, 268 
occupational exposure to, 183-184 
Caffeine, 1044-1046 
cardiovascular effects of, 144-145, 145f 
clinical pharmacology of, 1044-1045 
in beverages, foods, and pharmaceuticals, 
1044t 
in breast milk, 366t 
overdose of, 1045-1046 
in neonate, 371 
management of, 1046 
structure of, 1036f 
Caffeinism, 1045 
Cage compounds, 1231. See also 
Organochlorine insecticides. 
Caladium, 491f 
Calcitonin, 325 
for cholecalciferol poisoning, 1220 
Calcium 
as food supplement, 1087 
in emergency care, 20t, 21 
Calcium carbonate, dimethyl sulfoxide with, 
for hydrofluoric acid burns, 1328 
Calcium channel blockers, 963-972. See also 
specific agent. 
cardiac disturbances due to, 151, 152t, 153, 
978, 978t 
drug interactions with, 967t 
for thyroid hormone overdose, 1072 
gastrointestinal disturbances due to, 283 
intoxication with, 966—972 
acute, 966-968 
chronic, 968 
diagnosis of, 968 
in elderly, 380 
management of, 968-972, 971f 
antidotes in, 14t, 969-971 
decontamination in, 969 
elimination in, 971 
supportive measures in, 968—969 
patient disposition and, 971-972 
pharmacokinetics of, 966, 966t 
pharmacology of, 965-966, 965f 
pulmonary toxicity due to, 186t 
structure of, 963-965, 964f 
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Calcium chloride 
for B-adrenergic blocker intoxication, 980 
for calcium channel blocker intoxication, 
969-970 
Calcium gluconate 
for fish poisoning, 518 
for hydrofluoric acid burns, 312, 1328, 1331 
intralesional injections of, 1329 
for strontium inhalation accident, 1470 
Calcium homeostasis, 324, 324f 
Calcium hydroxide 
ocular injury due to, 304 
treatment of, 311-312, 311t 
uses and toxic effects of, 303t 
Calcium ions, in neurotransmission, 193 
Calcium oxalate, plants containing, 
gastrointestinal irritation from, 
477, 480, 496 
Calcium oxalate crystalluria, in ethylene 
glycol poisoning, 615, 616f 
Calcium salts, for calcium channel blocker 
intoxication, 969-970 
Callilepsis laureoa, hepatotoxicity of, 494—495 
Calorie requirements 
daily, 117t 
in acute renal failure, 258 
Camphor 
hepatotoxicity of, 239b 
history of, 1419 
ingestion of, 1420-1421 
neonatal exposure to, 370 
pharmacokinetics of, 1420t 
pharmacology of, 1419-1420 
Campylobacter jejuni, food poisoning due to, 
O20 
Cancer. See also specific type. 
baseline, 1483 
chemotherapy for, 927. See also 
Chemotherapeutic agents. 
gastrointestinal, 284 
hepatic 
agents associated with, 237-238, 238f 
in anabolic steroids users, 1105 
lung, work-related, 1248t—1249t 
radiation-induced, 1474, 1483 
Cannabis sativa, 747. See also Marijuana. 
Capillary endothelial cells, 169 
Caplan syndrome, 182 
Capsaicin, 1512. See also Lacrimators. 
Capsicum peppers, toxicity of, 499-500 
Carbamates, 1171-1172, 1173t 
cardiac disturbances due to, 149-151, 150b 
intoxication with, antidote for, 15t 
pharmacokinetics of, 1174 
pharmacology of, 1174-1175 
structure of, 1172, 1173f 
Carbamazepine 
intoxication with, 738 
management of, hemodialysis or 
hemoperfusion in, 59 
mechanism of action of, 194 
pharmacokinetics of, 738 
Carbamide peroxide, in teeth whitening 
products, 1430 
Carbidopa, for neuroleptic malignant 
syndrome, 716 
Carbon dioxide, in smoke, 1283, 1288 
Carbon disulfide, 197 
neuropathy due to, 206t 
Carbon monoxide, 1297 
exposure to, biochemical events associated 
with, 1298-1299 
in smoke, 1283, 1286 
pharmacokinetics of, 1299 
sources of, in fatal poisoning, 1297t 





1528 INDEX 





Carbon monoxide (Cont'd) 
structure-activity relationships of, 
1297-1298 
Carbon monoxide poisoning, 1297-1306. See 
also Smoke inhalation. 
cardiovascular disturbances due to, 158t, 
162-163 
clinical manifestations of 
acute effects in, 1299, 1299t, 1300t 
chronic effects in, 1299-1300 
diagnosis of, 1300-1302, 1300t 
differential diagnosis of, 1302 
epidemiology of, 1297, 1297t 
fatalities due to, 1297, 1297t 
organ donation after, 127-128, 128t 
in pregnancy, 355-356, 355f, 356b 
in special populations, 1299 
management of, 1293, 1302-1306, 1305f 
decontamination in, 1302 
hyperbaric oxygen therapy in, 1302, 
1303t, 1304-1305, 1304t 
supportive measures in, 1302 
neurotoxic effects of, 197 
pathophysiology of, 1298—1299 
patient disposition in, 1305-1306 
quantitation and interventions for, 71t 
vs. botulism, 524t 
Carbon tetrachloride, 1347, 1348t 
absorption of, 1351 
intoxication with, 234-235 
liver necrosis due to, 229 
metabolic activation of, 230f, 1355, 1355f 
placental permeability of, 1357 
Carbonyl chloride, 1225-1226 
Carboxyhemoglobin (COHb), 295t, 298 
fetal, 1299 
in carbon monoxide poisoning, 1298 
diagnostic testing of, 1300-1301, 1300t 
in smoke inhalation injuries, 1285, 1286 
elevation of, 1289 
Carboxypeptidase, methotrexate toxicity 
limited with, 934 
Carcinogen (s). See also specific carcinogen. 
hepatic, 237-238, 238f 
work-related, 1252t 
in herbal teas, 1082 
in smoke, 1288 
sulfur mustard as, 1504 
Carcinogenicity, of chlorinated hydrocarbons, 
1357 
Cardiac arrhythmias. See Arrhythmias; specific 
arrhythmia. 
Cardiac conduction system 
abnormal, 134, 135f 
effect of B-adrenergic blockers on, 978 
effect of cocaine on, 760 
effect of tricyclic antidepressants on, 540, 
541f 
Cardiac glycoside poisoning, 497 
Cardiac pacing 
difficulties in, drug overdose and, 139, 140f 
for B-adrenergic blocker intoxication, 980 
for bradycardia, 959 
Cardiomyopathy 
amphetamine-induced, 786 
antipsychotic agents associated with, 712 
beer-drinkers’, 1162 
cocaine-induced, 760 
Keshan’s, 1164 
Cardiotoxicity, chemotherapy-induced, 
930-931 
rescue agents limiting, 935 
Cardiovascular toxicity 
amphetamine-induced, 143, 786 
anabolic steroid—induced, 1105 


Cardiovascular toxicity (Cont’d) 
arrhythmias associated with, 134-139. See 
also Arrhythmias. 
chemical asphyxiants associated with, 158t, 
162-163 
chlorinated hydrocarbon-induced, 
1353-1355 
class IA antiarrhythmic—induced, 1014, 
1014f 
cocaine-induced, 141-143, 758—760 
management of, 142, 142t, 765, 
766t-767t, 767 
colchicine-induced, 861 
Crotalidae envenomation associated with, 
405t 
heavy metals associated with, 158t, 163 
herbal teas associated with, 1082 
hypotension associated with, 133-134 
industrial chemical—induced, 1246-1247 
iron-induced, 1120 
marijuana-induced, 750 
natural products associated with, 163-164 
opioid-induced, 644 
plant-induced, 481—482 
pulmonary edema associated with, 139-140 
specific drugs associated with, 140-163 
stings and bites associated with, 163 
theophylline-induced, 143-144, 144f, 
1038-1039 
triptan-induced, 853-854 
Cardioversion, for arrhythmias, 960 
Carisoprodol 
properties of, 696t 
withdrawal from, 699 
Carminative agent, definition of, 1435b 
Carrier oils, definition of, 1435b 
Cascara sagrada, hepatotoxicity of, 239b 
Castor beans, 486f 
Castor oil plant seeds, ingestion of, 
gastrointestinal effects of, 278 
Cataracts, systemic substances causing, 309b 
Catecholaminergic system, 194-197, 196b 
Catecholamines. See also Dopamine, 
Epinephrine; Norepinephrine. 
drugs affecting neurotransmission of, 195 
effects of, 194-195 
for B-adrenergic blocker intoxication, 980 
Catechol-O-methyl transferase, 561 
Caterpillars, 451, 451f, 452f 
Catfish, 510 
stings from, 513 
venom of, 511-512 
Catharsis, 39 
Cationic surfactants, ocular injury due to, 308 
Cefazolin, in breast milk, 366t 
Ceftriaxone poisoning, in children with 
Crigler-Najjar disease, 394, 394b 
Cell sensitivity, to radiation damage, 1474 
Center for Study of Criminal Poisoning 
(GSGF),; 122-123, 1251 
Centipedes, 452 
bites from, 453, 453f 
Central hyperexcitation syndrome, 197 
Central nervous system (CNS) 
Crotalidae envenomation affecting, 405t 
depression of. See Depression, CNS. 
effect of amphetamines on, 785—786 
effect of chlorinated hydrocarbons on, 
1353 
effect of class IA antiarrhythmics on, 
1013-1014 
effect of cocaine on, 760—761 
management of, 767—768 
effect of hallucinogens on, 798-799 
effect of herbal teas on, 1082 


Central nervous system (CNS) (Cont‘d) 
effect of lead poisoning on, 1134, 1138 
effect of marijuana on, 749 
effect of nerve gas on, 1488, 1490t, 1491t 
effect of NSAIDs on, 872 
effect of opioids on, 642, 644, 649 
effect of salicylates on, 840-841 
pediatric, environmental toxicants and, 

1272 
Central nervous system (CNS) disabling 
agents 
exposure to, 1518 
assessment of, 1519 
manifestations of, 1518-1519 
mass casualties following 
management of, 1519-1520 
principles of preparedness in, 1520 
pathophysiology of, 1518 
treatment of, 1519 
relevant history of, 1517-1518 

Centruroides extlicauda, 440, 440£ 

Centruroides sculpturatus, 440 
envenomation of 

goat serum antivenom for, 446 
grades of, 443, 444t 

Centruroides vitatus, 444, 444f 

Century plant, 486f 

Cephalosporins 
cross-reactivity of, 878 
nephrotoxicity of, 255 

Cerebellar degeneration, alcoholic, 595 

Cerebral edema, salicylate-induced, 840 

Cerebrospinal fluid levels, in lithium toxicity, 

583 

Cesium isotopes, exposure to, 1470-1471 

Cestodes, 912 

Chamomile, allergic reactions to, 1082 

Chamomile oil, 1440t 

Chaparral leaf, hepatotoxicity of, 239b 

Charcoal, activated. See Activated charcoal. 

Charcoal hemoperfusion cartridges, 54 

“Chasing the dragon,” 644 
consequence of, 645 

Cheese, tyramine in, 568, 569b 

Chelation therapy. See also specific chelator. 
for heavy metal poisoning, 1167—1168, 

1168t 
for inhalation actinide accidents, 1472 
for iron poisoning, 1126-1127 
in pregnancy, 352-353 
for lead poisoning 
in adults 
agents for, 1135 
indications for, 1135-1136 
in children 
indications for, 1141-1142 
oral agents for, 1141 
parenteral agents for, 1140-1141 
in pregnancy, 357, 368 
for mercury poisoning, 1116 
Chemical (s) 
corrosive, 1407-1413, 1407t 
effect of, on gastrointestinal tract, 281 
ingestion of 
clinical manifestations of, 1409-1410 
diagnosis of, 1410-1411 
in special populations, 1409 
management of, 1411-1413 
patient disposition and, 1413 
ocular injuries due to, 302-307 
acids as, 304-307, 305t, 306b 
alkalis as, 302-304, 303f, 303t 
solvents as, 307 
structure-activity relationships of, 
1408-1409 


Chemical(s) (Cont'd) 
dose response curve of, 1269, 1270f 
hepatotoxic, 225, 228t, 234-236 
high-production-volume. See also Industrial 
toxicant(s). 
in commercial use, 1237 
information sources for, 1254t, 1255 
industrial, threshold limit values for, 
1461-1462 
occupational exposure to, disorders 
associated with, 175t 
uncontrolled release of, 1461. See also 
Hazardous material incident(s). 
Chemical antagonism, 92 
Chemical asphyxiants, cardiac disturbances 
due to, 158t, 162-163, 176 
Chemical burns 
classification of, 1409, 1409t 
decontamination of, 34 
to esophagus, 1410 
to eyes 
acids causing, 304-307, 305t, 306b 
alkalis causing, 302-304, 303t 
solvents causing, 315 
Chemical irritant dermatitis, plant-induced, 
495 
Chemical spot tests, 66 
Chemical warfare material. See also Chemical 
weapons. 
stockpiled, 1502, 1502t 
Chemical weapons, 1487-1520. See also specific 
agent for details. 
anticholinergics as, 732 
choking agents as, 1507-1510 
CNS disabling agents as, 1517-1520 
lacrimators as, 1511-1515 
nerve gases as, 1487-1499 
vesicants as, 1500-1506 
Chemical Weapons Convention (CWC) 
demilitarization program of, 1502 
named chemicals and chemical abstract 
service number scheduled under, 
1508, 1508t 
Chemoprotectants, limitation of drug toxicity 
with, 934-935 
Chemotherapeutic agents, 927-936. See also 
specific agent. 
leukopenia due to, 298, 299b 
mechanism of action of, 927—928 
nephrotoxicity of, 255-256, 255b, 267 
overdose of, 927—928 
diagnosis of, 932-933 
management of, 933-935 
enhanced elimination in, 935 
rescue agents in, 934—935 
manifestations of, 930-932 
pharmacology of, 928, 929t, 930 
pulmonary toxicity due to, 187t 
CHEMTRECG, rapid emergency information 
from, 1461 
Chenopodium oil, 1440t 
Chernobyl 
childhood thyroid cancer near, 1475 
hazardous material incident in, 1456-1457 
Chest pain 
amphetamine-induced, 786 
cocaine-induced, 758 
Cheyne-Stokes breathing, 24 
Children. See also Neonates. 
acute intermittent porphyria in, drug safety 
and, 395-396, 395b, 395f 
acute lymphoblastic leukemia in, 1475 
arsenic poisoning in, 1149 
aspirin-related fatalities in, 836, 836f 
caustic ingestions in, 1409 


Children (Cont'd) 
Crigler-Najjar disease in, ceftriaxone 
toxicity with, 393-394, 394b 
cyclosporine clearance in, 946 
effects of radiation on, 1475 
environmental toxins in, 1269-1273, 1269b 
assessing risk of, 1269-1270, 1270f, 1270t 
developmental pharmacology for, 
1270-1271, 1271f 
governmental and nongovernmental 
approaches to, 1272-1273 
physiologic susceptibilities of, 1271-1272, 
1271f 
ethanol metabolism in, 591 
fatty acid metabolic disorder in, valproate 
toxicity with, 390-391, 391f 
folate metabolic abnormality in, 
methotrexate toxicity with, 394, 
394f 
glucose-6-phosphate dehydrogenase 
deficiency in, oxidant toxicity 
with, 393 
hemodialysis and hemoperfusion in, 56 
lead poisoning in, 1136-1142. See also Lead 
poisoning, in children. 
malignant hyperthermia in, inhaled 
anesthetic toxicity with, 394-395 
maple syrup disease in, benzodiazepines 
toxicity with, 392-393, 393f 
nerve gas poisoning in, 1492-1494, 1493t, 
1494f 
organochlorine insecticide toxicity in, 1232 
ornithine transcarbamylase deficiency in, 
antidepressant toxicity with, 
391-392, S926 
poison prevention in, 383-389 
active vs. passive strategies for, 383 
educational programs in, 386-387 
general strategies for, 384 
physician’s responsibility in, 388-389 
poison control centers and, 387-388, 
388t 
product packaging changes in, 384—386, 
385t 
specific strategies for, 384-388 
sticker trials for, 386 
salicylate pharmacokinetics in, 838 
selective serotonin reuptake inhibitor 
therapy for, 552 
thyroid cancer in, after Chernobyl, 1475 
tricyclic antidepressant exposure in, 
537-538 
triptan use in, 853 
vitamin A deficiency in, 1093 
vitamin Bə metabolic abnormality in, 
methotrexate toxicity with, 394 
warfarin-based rodenticide ingestion by, 
1056-1057 
China, Gaogqiao, hazardous material incident 
in, 1457 
Chinaberry, 486f 
Chinese herbal medicine, 1078-1079 
Chinese proprietary medicine, 1080, 1084 
Chloracne, work-related, 1252t 
Chloral hydrate 
drug interactions with, 662, 663t 
history and structure of, 659, 659f 
intoxication with 
management of, 668 
manifestations of, 662-663 
pharmacokinetics of, 661-662, 662t 
toxic effects of, in neonate, 371 
Chlorambucil, pharmacologic parameters of, 
929t 


Chloramphenicol, overdose of, 883 
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Chlorbenzylidene malonitrile, 1512. See also 
Lacrimators. 
Chlordiazepoxide 
for alcohol withdrawal syndrome, 600, 601t 
recommended dosage of, 672t 
Chlordimeform, in insecticides, 1188-1189, 
1188f 
Chlorinated hydrocarbon insecticides. See 
Organochlorine insecticides. 
Chlorinated hydrocarbons, 1347-1359. See 
also Hydrocarbons, chlorinated; 
specific compound. 
Chlorine, 1391-1396 
as choking agent, 1507, 1507t, 1508 
chronic exposure to, 1395-1396 
intoxication with, 1392-1393 
case studies of, 1394-1395, 1394t 
diagnosis of, 1392 
management of, 1393-1394 
triage algorithm for, 1393f 
relevant history of, 1391 
structure of, 1392, 1392f 
Chlorine bleach, toxicity of, 1449-1450 
management of, 1450-1451 
Chlormethiazole 
drug interactions with, 663t 
history and structure of, 660 
intoxication with, 663 
diagnosis of, 666 
pharmacokinetics of, 662t 
Chlormezanone 
adverse effects of, 664 
drug interactions with, 663t 
intoxication with, 663-664 
pharmacokinetics of, 662t 
Chloroacetophenone, 1511. See also 
Lacrimators. 
Chloroethylnitrosoureas, nephrotoxicity of, 
267 
Chlorofluorocarbons 
chemical formulas of, 1378t 
history of, 1377 
inhalation of 
clinical manifestations of, 1378 
management of, 1378-1379 
pathophysiology of, 1378 
pharmacokinetics of, 1378 
structure of, 1377-1378 
Chloroform, 1347, 1348t, 1350 
absorption of, 1351 
exposure to, blepharospasm caused by, 1356 
hepatotoxicity of, 236 
Chlorophenoxy herbicides, 1200-1202, 1200f 
Chloropicrin, as choking agent, 1507, 1507t 
Chlorothiazide, in breast milk, 366t 
Chlorphenesin, properties of, 696t 
Chlorpheniramine, prophylactic, for non- 
native Elapidae snakebites, 430 
Chlorpromazine 
for neonatal opiate withdrawal, 368t 
for serotonin syndrome, 217 
history of, 659 
Chlorzoxazone 
intoxication with, 699 
properties of, 696t 
Choking agents 
exposure to, 1508-1509 
assessment of, 1510 
manifestations of, 1509 
pathophysiology of, 1509 
prenatal and pediatric issues following, 
1509-1510 
treatment of, 1510 
relevant history of, 1507-1508 
select military, 1507t 
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Cholecalciferol, in rodenticides, 1219-1220 
Cholecystokinin, in regulation of 
gastrointestinal function, 271 
Cholera, 528-529 
management of, 529 
Cholestasis, without hepatitis, drug- or toxin- 
induced, 237, 237b 
Cholestatic jaundice, in anabolic steroid 
users, 1104-1105 
Cholestyramine 
for fecal excretion of organochlorine 
insecticides, 1234-1235 
for thyroid hormone overdose, 1071, 1072, 
1073f 
mechanism of toxicity of, 337 
Choline acetyltransferase, in acetylcholine 
synthesis, 199 
Cholinergic system, 199-201 
Cholinesterase 
inhibition of 
by carbamates, 1174-1175 
by organophosphates, 1175-1176, 1175t, 
1489 


pharmacology of, 1174 
true, 199 
Cholinomimetics, cardiac disturbances due 
to, 149-151, 150b 
Choreoathetosis/salivation syndrome, 
pyrethroid-induced, 1187 
Chromatographic assays, 67-69, 70f, 71f 
Chromium, 1161-1162 
Chronic fatigue syndrome, 1281. See also 
Idiopathic environmental 
intolerance. 
Chronic obstructive pulmonary disease, 
177-178 
definition of, 177 
Cicutoxin, in water hemlock, 498 
Cidofovir, 896t-897t, 905-906, 905f 
Cigarettes, clove, 1439 
Ciguatera fish poisoning, 516 
cardiovascular disturbances due to, 
163-164 
clinical manifestations of, 517 
management of, 518 
Ciguatoxin, 201 
Cimetidine 
for acetaminophen poisoning, 831 
for anaphylaxis, 880, 880f 
for methemoglobinemia, 294 
usage of, during pregnancy and lactation, 
127 


Cinchonism, 1014 
Cinnamon oil, 1436, 1440t 
Ciprofloxacin, for shigellosis, 532 
Circulatory shock, management of, 133-134 
Circulatory support, in emergency care, 
18-21, 19b, 20t 
Cirrhosis 
drug- or toxin-induced, 237 
Indian childhood, 1162 
Cisplatin 
nephrotoxicity of, 267, 932 
rescue agents limiting, 934-935 
pharmacologic parameters of, 929t 
Citalopram 
overdose of, 554 
pharmacokinetics of, 551t 
Clara cells, 169 
Cleaners, household, corrosives in, 
1407-1408, 1407t 
Clearance, of drugs, 90-91 
Clinical toxicologists, roles of, 1259 
Clinic-based education, in childhood 
poisoning prevention, 386-387 


Clitocybe mushrooms, 464, 464f 
Clomipramine, pharmacokinetic parameters 
of, 539t 
Clonazepam 
overdose of, cardiac disturbances due to, 
156, 156f 
recommended dosage of, 672t 
Clonidine, 1001-1007 
adverse effects of, 1005-1006 
cardiac disturbances due to, 148, 149f 
drug interactions with, 1004 
for akathisia, 715 
for neonatal opiate withdrawal, 368t 
history of, 1001 
intoxication with 
clinical manifestations of, 1004-1005, 1005t 
diagnosis of, 1006 
epidemiology of, 1001 
management of, 1006-1007 
pathophysiology of, 1003 
patient disposition and, 1007 
pharmacokinetics of, 1003, 1003t 
pharmacology of, 1001-1002 
structure of, 1002f 
Clonidine patch, 1007 
pharmacokinetics of, 1003t 
Clonidine withdrawal syndrome, 1006 
Clopidogrel, 1060-1061, 1061t 
Clorazepate, recommended dosage of, 672t 
Clorgyline, 565 
Clostridium botulinum, 200, 521. See also 
Botulism. 
Clostridium perfringens, food poisoning causing, 
527-528 
Clove cigarettes, 1439 
Clove oil, 1439, 1441t 
Clubionid spider, 437 
Clupeotoxin poisoning, 516 
CNS. See Central nervous system (CNS). 
Coagulation, 1051-1053 
intrinsic and extrinsic pathways of, 1052 
platelet, 1051-1052, 1052f 
vitamin K and, 1052-1053, 1053f 
Coagulation cascade, 1052, 1053f, 1053t 
control of, 1052 
Coagulation factors, 1053t 
antithrombin III inhibition of, 1058-1059 
decreased production of, salicylate 
poisoning and, 841 
half-lives of, 1056t 
Coagulopathy 
late-onset and persistent, CroFab antivenin 
causing, 416t, 417-419 
warfarin /superwarfarin-induced, reversal 
of, vitamin K for, 1056, 1056t 
Coal worker’s pneumoconioses, 179, 182 
Cobalt, 1162 
occupational exposure to, 184 
Cobra(s), 425, 427f 
Cobra bites, 426—428, 429t 
Cocaine, 6, 755—769 
history of, 755 
neurologic effects of, 196 
pharmacokinetics of, 757—758 
pharmacology of, 757 
structure-activity relationships of, 756, 757f 
toxicity of, 758-769 
clinical manifestations of, 758-763, 759t 
diagnosis of, 763—764 
differential diagnosis of, 764—765 
management of, 765, 766t—767t, 767—768 
patient disposition and, 768-769 
transport of, by body stuffers and packers, 
762, 768. See also Body 
stuffers / packers. 


Cocaine (Cont'd) 
use/abuse of 
cardiovascular complications in, 141-143, 
758-760 
management of, 142, 142t, 765, 
766t-767t, 767 
CNS complications in, 760-761 
management of, 767-768 
during pregnancy, 354-355, 762-763 
endocrine complications in, 763 
epidemiology of, 755—756 
fatal, 756 
organ donation after, 130 
gastrointestinal complications in, 762 
head and neck complications in, 762 
hematologic complications in, 763 
hepatic complications in, 231, 763 
hyperthermias associated with, 761-762 
pulmonary complications in, 761 
management of, 768 
renal failure associated with, 762 
management of, 768 
rhabdomyolysis associated with, 762 
management of, 768 
urologic complications in, 763 
withdrawal from, in neonate, 367-368 
Cocaine abstinence syndrome, phases of, 761 
Cocaine washed out syndrome, 761 
Cockroach powder ingestion, suicide by, 235 
Codeine, 645 
pharmacology of, 636 
Coenzyme Q, for progressive spongiform 
leukoencephalopathy, 652 
Cognitive functioning, effect of marijuana on, 
749 
COHb. See Carboxyhemoglobin (COHb). 
Colchicine, 476, 859-863 
classification and structure of, 859, 859f 
drug interactions with, 860 
history of, 859 
pharmacokinetics of, 859-860 
Colchicine poisoning 
clinical manifestations of, 860—862 
diagnosis of, 862 
effects of, 860 
gastrointestinal effects of, 277-278 
leukopenia due to, 298, 299b 
multisystem organ failure due to, 499 
pathophysiology of, 860 
phases of, 862t 
treatment of, 862-863 
Colchicum autumnale, 859 
Colesevelam, mechanism of toxicity of, 337 
Colestipol, mechanism of toxicity of, 337 
Colitis, Clostridium difficile, 2'77 
Colognes, 1429 
Colon 
cathartic, 283 
structure and function of, 273—274 
Color vision. See also Visual entries. 
styrene affecting, 1368 
Coma 
barbiturate-induced, stages of, 691t 
benzodiazepine-induced, 682 
chlorophenoxy-induced, 1201 
clonidine-induced, 1004-1005 
diquat-induced, 1196 
isoniazid-induced, 922 
paraquat-induced, 1197 
tricyclic antidepressant-induced, 541 
Coma blisters, in barbiturate overdose, 691 
Combustion, smoldering vs. flaming, 1283 
Committee on Environmental Health 
(COEH) statements, on pediatric 
environment health, 1273 


Common oleander, 493f 
Community education, in childhood 
poisoning prevention, 386 
Compartment syndrome, Crotalidae 
snakebites causing, 412 
Comprehensive Environmental Response, 
Compensation and Liability Act 
(CERCLA), Good Samaritan 
provision of, 1459 
Conditioner, hair, 1428-1429 
Cone shells, 509-510 
Congestive heart failure, risk of, in anabolic 
steroid abusers, 1105 
Coniine, in poison hemlock, 498 
Connective tissue disease, silicosis associated 
with, 182 
Consciousness 
assessment of, 24 
definition of, 24 
Constipation, toxic disorders presenting with, 
282-284 
Constriction band therapy, for Crotalidae 
snakebites, continual adjustment 
of, 407 
Consumer Product Safety Commission 
(CPSC), 1262 
Contact dermatitis 
antibiotic-induced, 881 
lacrimator-induced, 1515 
occupational chemicals causing, 1245, 
1252t 
plant-induced, 495, 500 
Contact urticaria, plant-induced, 495 
Continuous arteriovenous hemofiltration, for 
paraquat poisoning, 1200 
Continuous renal replacement therapy, for 
lithium toxicity, 585, 586t 
Continuous venovenous hemodiafiltration 
for lithium toxicity, 585, 585f, 586t 
for salicylate poisoning, 846 
Continuous venovenous hemofiltration, 
47-48, 47b, 47t, 48b 
for lithium toxicity, 585, 585f, 586t 
Contraceptive pills, estrogens in, 333 
Controlled Substances Act (1970), 755 
Convallaria majalis, 1081t, 1082 
Cooling measures, for hyperthermic 
syndromes, 216 
Co-oximetry, in methemoglobinemia 
diagnosis, 292, 293 
Copper, 1162 
hepatotoxicity of, 236 
occupational exposure to, 184 
Copper chromium arsenate, 1148 
Coprine, chemical structure of, 465f 
Coprine-containing mushrooms, 458b, 
465-466, 465f 
Coprinus mushrooms, 465, 465f 
Coral(s), 509 
hydroid, 508-509 
stings from, 512 
management of, 514 
Coral snake(s), 423 
Coral snakebites 
clinical manifestations of, 424 
diagnosis of, 424 
pathophysiology of, 423—424 
prognosis of, 425, 426f 
treatment of, 424—425 
Coriaria species, toxicity of, 484 
Cornea, anatomy and physiology of, 301, 302f 
Coronary atherosclerotic disease, ethanol 
consumption and, 597 
Corrosives. See Chemical(s), corrosive; specific 
agent. 


Corticosteroids. See also specific agent. 
for anaphylaxis, 879-880, 880f 
for baby powder inhalation, 1417 
for chlorine exposure, 1394 
for corrosive injury, 1412 
for smoke inhalation victims, 1292 
for thyroid hormone overdose, 1072 
topical, neonatal exposure to, 370 
Cortinarius mushrooms, 467—468, 468f 
Cosmetics, 1423-1433. See also specific cosmetic 
product. 
dermatitis caused by, 1423t 
history of, 1423-1425 
product categories of, 1424t 
toxicology of, 1427-1429 
Cough, therapeutic drug-induced, 188t 
Coumaphos, 1172t 
Covalent binding, in hepatic injury, 224b 
COX. See Cyclooxygenase (COX) entries. 
Coyotillo, hallucinogenic effects of, 499 
Crack baby behavior, 763 
Crack cocaine, 755. See also Cocaine. 
Crack dancing, 761 
Crack eye, 762 
Crack lung, 761 
Crank. See Methamphetamines. 
Creatine 
abuse of, 1107 
management of, 1107-1108 
potential adverse effects of, 1102t 
structure and pharmacology of, 1106-1107, 
1106f 
Creatinine clearance, reduced, salicylate 
poisoning causing, 841 
Crigler-Najjar disease, in children, 393-394 
drugs to avoid in, 394, 394t 
Criminal poisoning. See Forensic toxicology. 
Crotalidae 
envenomation of, 399—420. See also 
Snakebite (s). 
North American species of, 399, 400t 
Crotalidae immune Fab (CroFab) antivenin, 
413-419 
coagulopathies with, late-onset and 
persistent, 416t, 417-419 
complications with, 413-417, 415t, 416t 
contraindications to, 413 
dosage of, 415t, 418 
premarketing clinical trials for, 414b 
redosage of, 419 
studies of, 414t 
Crown-of-thorns starfish, 509 
stings from, 513 
venom of, 511 
Crystal meth. See Methamphetamines. 
Crystalluria, calcium oxalate, in ethylene 
glycol poisoning, 615, 616f 
Cubozoa, 507 
Cupboard spider, 433 
Cushing’s syndrome, treatment of, 326, 
330 
Cyad tree fruit, hepatotoxicity of, 239b 
Cyanide, 6—7, 7f 
chronic exposure to, 1309-1310 
in smoke, 1285, 1287 
lethal blood level of, definition of, 1285 
toxicodynamics of, 1311 
toxicokinetics of, 1310-1311 
Cyanide poisoning, 1309-1314 
cardiac disturbances due to, 158t, 163 
clinical manifestations of, 1311 
diagnosis of, 1311-1312 
differential diagnosis of, 1312 
due to nitroprusside therapy, 983-985 
epidemiology of, 1310 
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Cyanide poisoning (Cont'd) 
fatalities due to, organ donation after, 128, 
129t 
in smoke inhalation, 1286, 1287 
management of 
antidotes in, 1313 
decontamination in, 1313 
elimination in, 1313-1314 
hydroxycobalamin in, 985 
in smoke inhalation victims, 1293 
supportive measures in, 1312 
neurologic effects of, 204 
pathophysiology of, 1310 
patient disposition in, 1314 
Cyanoacrylates, ocular injury due to, 308 
treatment of, 311, 312 
Cyanogenic plants, 484—485, 499 
Cyanosis 
in methemoglobinemia, 292-293 
work-related, 1249t 
Cyclobenzaprine 
intoxication with, 698-699 
properties of, 696t 
Cyclooxygenase (COX), acetaminophen 
inhibition of, 825 
Cyclooxygenase (COX) inhibitors, 865 
nephrotoxicity of, 263 
nonselective, 868t 
Cyclopeptide-containing mushrooms, 
457-461, 458b 
overview of, 457—458 
pathophysiology of, 458—459 
toxic effects of 
clinical presentation of, 459 
diagnosis of, 459-460, 459f 
management of, 460-461 
Cyclophosphamide 
cardiotoxicity of, 930-931 
pharmacologic parameters of, 929t 
Cyclosarin 
general properties of, 1490t 
history of, 1488 
Cyclosporine, 945-947 
drug interactions with, 914 
intoxication with, 914-915 
nephrotoxicity of, 264-266, 265f, 266f 
CYP1A2 isoenzyme, 100, 552 
substrates, inhibitors, and inducers of, 85t, 
100t 
CYP2C9 isoenzyme, 100 
substrates, inhibitors, and inducers of, 85t, 
100t 
CYP2C19 isoenzyme, 100-101, 539 
substrates, inhibitors, and inducers of, 85t, 
100t 
CYP2D6 isoenzyme, 101, 539, 552, 708-709 
in dextromethorphan metabolism, 776 
substrates, inhibitors, and inducers of, 85t, 
100t 
CYP2E1 isoenzyme, 101 
in benzene metabolism, 1366 
in ethanol metabolism, 589-590, 590f 
substrates, inhibitors, and inducers of, 85t, 
100t 
CYP3A4 isoenzyme, 101, 553 
substrates, inhibitors, and inducers of, 85t, 
100t 
CYP4A4 isoenzyme, 552 
Cyproheptadine 
for akathisia, 715 
for muscle relaxant intoxication, 701t 
for serotonin syndrome, 217, 574 
Cyproterone acetate, hepatitis due to, 235b 
Cytochrome oxidase, inhibition of, formic 
acid causing, 309 
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Cytochrome P-450 system 
barbiturate interaction with, 690 
changes in activity of, at various ages, 1271, 
1271f 
chlorinated hydrocarbon metabolism 
involving, 1351-1352, 1352f 
class IA antiarrhythmic interaction with, 
1015 
drug interactions involving, 99-101, 100t 
drug metabolism involving, 84-86, 85f 
major isoenzymes in, 85t 
polymorphisms in, 93, 93t 
SSRI metabolism involving, 552 
Cytochrome-b; reductase 
deficiency of, in congenital 
methemoglobinemia, 292 
in methemoglobin reduction, 291, 292f 
Cytotoxic plants, causing multiorgan failure, 
481 


D 
Ds receptor antagonism, antipsychotics and, 
704—706, 706t 
Dancing mania, 10, 1280 
Dantrolene 
for malignant hyperthermia, 218 
for MAO inhibitor overdose, 568 
for neuroleptic malignant syndrome, 216, 
716 
for serotonin syndrome, 218 
hepatitis due to, 235b 
properties of, 696t 
Dapsone 
for brown recluse spider bites, 437 
overdose of, 883-884 
Date rape, gamma-hydroxybutyric 
acid—related, 804 
Datura stramonium, 1081t, 1082 
Daunorubicin 
cardiotoxicity of, 930 
pharmacologic parameters of, 929t 
DDT (dichlorodiphenyltrichloroethane), 
1231. See also Organochlorine 
insecticides. 
pathophysiology of, 1232 
Deadly nightshade, 200 
Death adder bites, 428, 429t 
Débridement 
of brown recluse spider bites, 437 
of snakebite wounds, 412—413 
Decongestants, cardiovascular complications 
of, 143 
Decontamination, 31—41. See also specific 
product or procedure. 
controversy and consensus regarding, 31 
decision analysis for, 40 
dermal, 27—28, 28b, 28t, 31-34 
for plant-related poisonings, 501 
in mass casualty situations, 33-34, 33f-35f 
dual-corridor emergency, 1497, 1497f 
duration of, 33 
extracorporeal 
principles of, 55 
toxic substances amenable to, 57, 58t 
for flammable material exposures, 34 
for fluoride exposures, 34 
for hazardous material exposures 
in field, 1462-1464, 1463f 
in hospital, 1464-1465 
for high-pressure injection injuries, 34, 36 
for hymenoptera stings, 450 
for nerve gas exposures, 1495, 1497-1498, 
1497f 
for phenol exposures, 34 
for radionuclide exposures, 34 
for vesicant exposures, 1504-1505 


Decontamination (Cont'd) 
for water-reactive material exposures, 34 
gastrointestinal. See Gastrointestinal 
decontamination. 
in mass casualty situations 
management of, 1497-1498, 1497f 
personnel associated with, 33-34, 33f-35f 
principles of, 1497 
in pregnant patient, 349-350 
integrated approach to, 40, 41f 
methods of, 31 
ocular, 31-34 
for lacrimator exposures, 1515 
for plant-related poisoning, 501 
personnel associated with, 33-34 
temperature for, 33 
tetanus prophylaxis and, 36 
Decontamination foam (EasyDECON 200), 
a2 
Decontamination solutions, choice of, 32—33 
Deferoxamine, 1168t 
adverse effects of, 1127 
for iron poisoning, 1126-1127, 1126b 
in pregnancy, 352-353 
Deferoxamine challenge test, 1126 
Degreaser’s flush, trichloroethylene associated 
with, 1356 
Dehydroepiandrosterone 
abuse of 
diagnosis of, 1107 
management of, 1108 
potential adverse effects of, 1102t 
structure and pharmacology of, 1106 
Delavirdine, 892t—893t, 900, 900f 
Delirium 
anticholinergic-induced, 727 
treatment of, 729-730 
calcium channel blocker—induced, 968 
tricyclic antidepressant-induced, 541 
Delirium tremens, in alcohol withdrawal, 600 
Dementia, alcoholic, 595 
Demyelinating neuropathy, 205 
Dendrocnide species, toxicity of, 500 
Dental amalgams 
mercury-containing, 1113 
release of mercury from, 1277-1279, 1278f 
Dental fluorosis, 1326 
Dental products 
essential oils in, 1435-1436 
sodium fluoride in, 1325-1326 
Dentrifices, 1430-1431 
Denture cleaners, 1430 
Deodorants, 1432 
Deoxyhemoglobin, 295t 
Department of Transportation (DOT) 
Emergency Response Guidebook, 
1459, 1460f, 1463 
Depilatories, 1432-1433 
Depression 
CNS 
B-adrenergic blockers causing, 978 
antipsychotics causing, 710 
benzodiazepine intoxication causing, 680 
phenobarbital causing, 736 
thiazide-induced, 995 
tricyclic antidepressant intoxication 
causing, 541 
valproate intoxication causing, 739 
epidemiology of, 549 
in elderly, 377 
Dermal. See also Skin entries. 
Dermal absorption 
of drugs, 83 
of herbicides, 1198, 1201-1202, 1204 
of nerve gases, 1491-1492 


Dermal absorption (Cont'd) 
systemic toxicity after, toxins associated 
with, 28b 
Dermal burns 
hydrofluoric acid causing, 1326 
treatment of, 1328-1330, 1329f 
iodine causing, 1389 
Dermal decontamination, 27—28, 28b, 28t, 
31—34. See also Decontamination. 
for plant-related poisonings, 501 
in mass casualty situations, 33-34, 33f-35f 
Dermal exposure 
to bleaches, 1450 
to soaps and detergents, 1448 
Dermatitis 
chlorinated hydrocarbon-induced, 1356 
contact 
antibiotic-induced, 880 
occupational chemicals causing, 1245, 
l292t 
cosmetic, ingredients causing, 1423t 
lacrimatorinduced, 1515 
plant-induced, 495—496 
toxin-induced, 499-500 
Dermatologic disorders, colchicine-induced, 
862 
DES (diethylstilbestrol), 334 
in utero exposure to, 335 
Descemet’s membrane, 301 
Desipramine, pharmacokinetic parameters of, 
39t 
Desmopressin, 319 
Desoxycorticosterone, mechanism of toxicity 
of, 329 
Detergent(s), 1443-1448 
cationic, 1447 
enzyme-containing, 1443-1444 
ocular injury due to, 307-308 
sources of, 1444 
statistics for, 1444t 
synthetic, surfactants used in, 1443, 1446b 
toxicity of, 1444-1445 
management of, 1447-1448 
manifestations of, 1445-1446 
Dexamethasone 
for hair straightener burns, 1428 
for ocular mustard injury, 312 
for thyroid hormone overdose, 1072 
Dexmedetomidine 
dosage of, 1004t 
pharmacokinetics of, 1003t 
structure of, 1002f 
Dexrazoxane 
cardiotoxicity of, rescue agents limiting, 935 
doxorubicin toxicity limited with, 935 
Dextromethorphan, 648 
intoxication with 
clinical effects of, 776—777 
diagnosis of, 777 
epidemiology of, 773 
treatment of, 777-778 
neuropharmacology of, 773-774 
pharmacology of, 776 
serotonin syndrome and, 573 
structure of, 773f 
Dextrose 
dosage of, 1028t 
for insulin overdose, 1028t, 1031 
for sulfonylurea overdose, 1028t, 1029-1030 
Diabetes insipidus, nephrogenic, lithium- 
induced, 581, 582 
Diabetes mellitus 
agents for, 1019-1032. See also specific agent. 
antipsychotic-induced, 712 
glucocorticoid-induced, 329-330 


Diabetic ketoacidosis, antipsychotic-induced, 
712 
Dialysis. See also Hemodialysis; Peritoneal 
dialysis. 
for acetaminophen poisoning, 831 
for acute renal failure, 259 
Diaphoresis, intoxication associated with, 
23 
Diarrhea, intoxicants causing, 277 
Diarylaminopropylethers, structure of, 963, 


Diazepam 
for acute dystonia, 715 
for alcohol withdrawal syndrome, 601, 
601t 
for camphor-induced seizures, 1421 
for hyperthermic syndromes, 216 
for neuroleptic malignant syndrome, 216, 
717 
for seizures, organophosphate-induced, 
1177 
for serotonin syndrome, 218 
in breast milk, 366t 
recommended dosage of, 672t 
structure of, 673f 
Diazinon, 1172t 
Diazoxide, 318 
for sulfonylurea overdose, 1030 
Dibenzoxazepine, 1512. See also Lacrimators. 
Dichlorodiphenyltrichloroethane (DDT), 
1231. See also Organochlorine 
insecticides. 
pathophysiology of, 1232 
Dichloromethane. See Methylene chloride. 
1,3-Dichloropropene, 1225 
Diclofenac 
for ocular mustard injury, 312 
toxic effects of, 870 
Didanosine, 890t—891t, 898, 898f 
Dieffenbachia, 486f 
Dietary exposure, to bromides, 1 
Dietary nutrients, absorption of, 273 
Dietary supplements 
gamma-hydroxybutyric acid in, 804, 805f 
Internet resources on, 1441b 
Diethylcarbamazine, 914—915 
Diethyldithiocarbamate, ethanol interactions 
with, 592 
Diethylene glycol, 623t, 626, 626t 
N,N-Diethyl-m-toluamide 
in insecticides, 1191—1192, 1191f 
toxicity of, 1192 
Diethylstilbestrol (DES), 334 
in utero exposure to, 335 
Diffuse alveolar damage, 171 
Diffusion 
definition of, 81 
facilitated processes in, 81 
Diflunisal, toxic effects of, 870 
Digestion, drugs inhibiting, 276, 276t 
Digitalis 
altering sensitivity to, 953 
cardiac disturbances due to, 157, 158t, 159, 
159f, 160f 
chronotropic effect of, 952 
drug interactions with, 952-953, 952t, 
1015 
inotropic effect of, 951-952 
intoxication with, 949, 952-953 
cardiac symptoms of, 953-955, 954b, 
0571, 958f 
clinical presentation of, 953-955 
diagnosis of, 956-958, 959f 
factors predisposing to, 953b 
noncardiac symptoms of, 955, 958t 


Digitalis (Cont'd) 
intoxication with (Cont'd) 
rhythm and conduction disturbances in, 
954b, 955, 958f 
treatment of, 958—961 
antidotal therapy in, 14t, 960-961, 
960f, 961b 
dysrhythmia therapy in, 959 
ectopy therapy in, 959-960 
electrolyte disorder correction in, 959 
gastrointestinal decontamination in, 
958 
pharmacology of, 949-953, 950f, 950t, 951f, 
952t 
therapeutic and toxic concentrations of, 
956-958, 959f 
therapeutic use for, 951-952 
Digitalis body load, calculation of, 961b 
Digitoxin. See also Digitalis. 
pharmacokinetics of, 950f, 951f 
pharmacologic characteristics of, 950t 
Digoxin. See also Digitalis. 
in breast milk, 366t 
intoxication with 
gastrointestinal effects of, 281 
quantitation and interventions for, 71t 
pharmacokinetics of, 950f, 951f 
pharmacologic characteristics of, 950t 
Dihydralazine, hepatitis due to, 235b 
Dihydropyridines, structure of, 963, 964f 
2,6-Diisocyanate 
physicochemical properties of, 1317, 1318t 
sources of, 1317 
toxicity of, 1318-1321. See also Isocyanates, 
intoxication with. 
Diltiazem 
for ocular mustard injury, 312 
for thyroid hormone overdose, 1072 
Dimercaprol, for lead poisoning, in adults, 
1135 
2,3-Dimercaptopropanol-sulfonic acid, 1168t 
for arsenic poisoning, 1153 
2,3-Dimercaptosuccinic acid, 1168t 
for arsenic poisoning, 1153 
for lead poisoning, in pregnant patient, 
357 
for mercury poisoning, 1116 
Dimethyl sulfoxide, with calcium carbonate, 
for hydrofluoric acid burns, 1328 
Dimethylnitrosamine, carcinogenicity of, 
237-238 
Diphenhydramine 
for acute dystonia, 715 
for anaphylaxis, 880, 880f 
usage of, during pregnancy and lactation, 
727 


Diphenoxylate, 646 
gastrointestinal disturbances due to, 283 
Diphosgene, as choking agent, 1507, 1507t 
Diphoterine, for ocular injury irrigation, 311 
Diphtheria, vs. botulism, 524t 
Diquat, 1195-1197, 1195f 
Disaster cycle. See also Emergency 
management. 
four-phase, FEMA defined, 1454-1455, 
1454f 
sequence of events in, 1459 
Dishwashing detergents 
statistics of, 1444t, 1445t 
toxicity of 
management of, 1447-1448 
manifestations of, 1445-1447 
Disopyramide 
cardiac disturbances due to, 151, 152t, 153b 
pharmacokinetics of, 1009 
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Disseminated intravascular coagulation—like 
syndrome, Crotalidae snakebite 
causing, 402, 403t 

Dissociative agents, 773—778. See also 
Dextromethorphan; Ketamine; 
Phencyclidine (PCP). 

Distribution, 83 

of drugs 
in elderly, 379 
in neonate, 363-364, 365t 
in pregnancy, 348 
interactions involving, 98—99 
of thyroid hormones, 1067 
volume of, estimation of, 83 
Disulfiram 
ethanol interactions with, 592 
hepatitis due to, 235b 

Disulfoton, 1172t 

Diterpene alkaloids, 476, 482 

Dithiothreitol, in reversal of knockdowns, 
1338 

Di-tryptophan animal of acetaldehyde 
(DTAA), 7, 7i 

Diuresis 

for bromide poisoning, 1387 
forced, for salicylate poisoning, 845 
in renal failure, 254—255 

Diuretics, 995-996, 995f, 996f 

for vitamin A overdose, 1094 
nephrotoxicity of, 253 
pulmonary toxicity due to, 187t 
toxicity of, management of, 996 

DNA damage, in hepatic injury, 224b 

DNA synthesis, chemotherapeutic disruption 
of, 927-928 

Dobutamine, in emergency care, 20, 20t 

Dogbane, 491f 

Domoic acid, in food poisoning, 203 

L-Dopa, bromocriptine with, serotonin 
syndrome due to, 212 

Dopamine 

for prerenal failure, 258 
in emergency care, 20, 20t 
in neurotransmission, 194 
synthesis of, 194 

Dopamine agonists, 196 

Dopamine antagonists, 196 

Dopamine receptors 

blockade of, 196-197 
subtypes of, 195 

Dose-response curves, 91—92, 92f 

Dothiepin, pharmacokinetic parameters of, 
boot 

Down-regulation, of drug receptor density, 


Doxepin, pharmacokinetic parameters of, 
boot 
Doxorubicin 
cardiotoxicity of, 930 
rescue agents limiting, 935 
pharmacologic parameters of, 929t 
Drug(s). See also named drug and drug group. 
adverse reactions of, in elderly, 377 
bromide-containing, 1385t 
response of, genetic difference in, 93-94, 
94t 
therapeutic administration of, pulmonary 
toxicity due to, 185, 186t-187t, 
188t 
Drug Abuse Warning Network (DAWN), 13, 
773 
opioid overdose estimates by, 635 
Drug action, targets of, 91-92, 92f 
Drug allergy, 878. See also Hypersensitivity 
reactions. 
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Drug disposition, 81—88. See also Absorption; 
Biotransformation; Distribution; 
Excretion. 
Drug interactions, 97-103 
direct receptor effects in, 103 
drugs commonly involved in, 97b 
epidemiology of, 97-98 
indirect receptor effects in, 103 
mechanisms of 
pharmacodynamic, 102 
pharmacokinetic, 98-103, 98b, 98t, 
100t 
primary, 97, 97b 
nutrients involved in, 102-103, 102b 
Drug overdose. See also under specific drug. 
activated charcoal for, gastrointestinal 
complications of, 283 
cardiac pacing in, difficulties of, 139, 140f 
during pregnancy, neonatal toxic effects of, 
365, 367-368 
fatalities due to 
multiple organ procurement after, 
127-130 
organ donation after, 130 
pulmonary toxicity due to, 187t 
screening for. See Toxicologic screens. 
serum quantitation of, 69-73 
altered analytic, pharmacokinetic, and 
pharmacodynamic relationships 
in, 72-73, 72f 
availability and accuracy of, 71—72 
rationale and use of, 69-71, 71t 
vs. poisoning, 13 
Drug safety, in children with acute intermittent 
porphyria, 395-396, 395b 
Drug screening, drugs and toxins not 
detected by, 28b 
DTAA (di-tryptophan animal of 
acetaldehyde), 7, 7f 
Dual-corridor emergency decontamination, in 
mass casualty situations, 1497, 
1497f 
DUMBELS mnemonic, 1489 
Dusts, definition of, 170 
Dysentery, Shigella causing, 532 
Dysgeusia, 274 
Dyskinesia, tardive 
antipsychotic agents causing, 711 
management of, 716 
Dyspnea 
amphetamine-induced, 786 
cocaine-induced, 761 
in paraquat poisoning, 1197 
Dystonia, acute 
antipsychotics causing, 711 
management of, 715 


E 

Ear(s), examination of, 23 

Ecstasy. See 3,4-Methylenedioxymetham- 
phetamine (MDMA). 

Eczema, radiation therapy for, facial 
carcinomas following, 1476, 
1477£ 

Edema 

cerebral, salicylate-induced, 840 
laryngeal, caustic ingestions causing, 1410 
pulmonary. See Pulmonary edema. 

Edrophonium, for non-native Elapidae 
snakebites, 430 

EDTA. See Ethylenediaminetetraacetic acid 
(EDTA). 

Educational programs, in childhood 
poisoning prevention 

clinic-based, 386-387 
community-wide, 386 


Efavirenz, 892t—893t, 900, 900f 
Effective dose, median (ED;,)), 92 
Efficacy, of drug, 91 
Elapidae 
bites of, 422-431. See also Snakebite (s), 
Elapidae. 
non-native, 425-431 
North American, 423—425 
Elderly 
adverse drug reactions in, 377 
anatomic and physiologic changes in, 
378-380, 378t 
anticholinergic intoxication in, 379b, 380 
antipsychotic use in, 708 
benzodiazepine sensitivity in, 677—678 
cardiovascular drug intoxication in, 379b, 
380 
cyclosporine clearance in, 946 
depression in, 377 
ethanol metabolism in, 591 
hypoglycemic drug intoxication in, 379b, 
380 


organochlorine insecticide toxicity in, 1233 
pharmacodynamic features in, 378-379 
pharmacokinetics in, 379 
poisoning in 
evaluation of, 380 
high-risk drugs associated with, 379-380, 
379b 
prevention of, 381 
treatment of, 380—381, 381t 
unintentional, 377 
psychotherapeutic drug intoxication in, 
379b, 380 
salicylate intoxication in, 379-380, 379b, 
838 
selective serotonin reuptake inhibitor 
therapy in, 550 
suicide among, 377-378 
toxicologic issues in, 377-381 
epidemiology of, 377-378 
Electrocardiography, of tricyclic 
antidepressant intoxication, 541f, 
542 
Electroconvulsive therapy, for neuroleptic 
malignant syndrome, 217 
Electrolyte (s) 
daily requirements of, 117t 
imbalance of, 115-116, 117t. See also specific 
disorder. 
digitalis-induced, correction of, 959 
fluoride-induced, 1331 
salicylate-induced, 840 
Eletriptan, pharmacokinetics of, 852t 
Elimination. See Excretion. 
Elixirs, 1087 
for childhood lead poisoning, 1140 
Emergency antidotes, 14t—15t 
Emergency department episodes, related to 
gamma-hydroxybutyric acid, 804, 
804f 
Emergency management 
assessment of toxicity in, 24 
circulatory support in, 18—21, 19b, 20t 
clinical evaluation in, 21—27, 22t 
evidence of arrhythmia in, 24—25, 25b 
evidence of gastrointestinal disturbances 
in, 25-26, 26b 
evidence of metabolic acidosis in, 25, 25b 
evidence of osmolality disturbances in, 
20, 26b 
evidence of seizures in, 26, 26b 
comprehensive, 1453-1454 
decontamination procedures in, 27—30. See 
also Decontamination. 


Emergency management (Contd) 
effective, 1454 
history taking in, 21 
laboratory evaluation in, 26-27, 27b 
of poison patients, 13, 14t—15t, 15-18 
physical examination in, 21, 23-24 
principles of, 1453-1455 
Emesis 
caffeine-induced, 1045 
management of, 1046 
in gastrointestinal decontamination, 
36 
intoxicants causing, 277 
theophylline-induced 
frequency of, 1042f 
management of, 1042 
Emmenagogue agent, definition of, 1435b 
Emtricitabine, 890t-891t, 899, 899f 
Encephalopathy 
lead-induced, in children, 1138 
toxic, work-related, 1249t 
Wernicke’s, 594-595 
Endocrine system 
cocaine-induced toxicity of, 763 
pediatric, environmental toxicants and, 
1272 
B-Endorphins, receptor selectivity of, 
198 
Endoscopy, in gastrointestinal 
decontamination, 37 
Endotracheal intubation, 13, 15-18 
age-specific tube sizes for, 16t 
clinical conditions necessitating, 15b 
complications of, 18 
equipment for, 16, 16b 
in children, 18 
of smoke inhalation victim, 1292 
pharmacotherapy used in, 16t 
postintubation management of, 18 
rapid sequence technique of, 18. See also 
Rapid sequence intubation. 
Enflurane, hepatitis due to, 235b 
Enfuvirtide, 894t-895t, 903-904, 904f 
Enteritis, Campylobacter causing, 533 
Enterobiasis (oxyuriasis), poquil for, 916 
Enterocapillary exsorption, for theophylline 
overdose, 1043 
Envenomation 
marine, 507-515 
clinical manifestations of, 512-513 
diagnosis of, 513 
epidemiology of, 507-511, 508f—512f, 
511t, 512t 
management of, 513-515 
pharmacology of, 511-512 
relevant history of, 507, 508t 
nephrotoxicity of, 256 
scorpion, 163, 440, 442-447. See also 
Scorpion stings. 
snake, 399-431. See also Snakebite (s). 
spider, 163, 433-438. See also under specific 
spider. 
Environmental endocrine disrupters, 1233 
Environmental intolerance, idiopathic, 1275, 
1280-1281 
toxicogenic and psychogenic theories of, 
1281 
Environmental laws, 1261 
Environmental Protection Agency (EPA), 
1261-1262 
Environmental Protection Agency (EPA) 
guidelines 
for maximum mercury exposure, 369 
for reference dose or reference 
concentration, 1270 


Environmental toxicology. See also Air; 
Carcinogen (s); specific toxin. 
clinical considerations in, 1258—1259 
federal agencies concerned with, 
1261-1265 
formal approach to, 1259-1260, 1259f 
history of, 1257-1258 
nongovernmental organizations concerned 
with, 1265-1266 
Environmental toxins 
clear-cut exposure to, 1258 
neonatal exposure to, 368-369 
nephrotoxicity of, 267-268 
nonoccupational exposure to, limits in, 1261 
occupational exposure to, limits in, 
1260-1261 
pediatric exposure to, 1269-1273, 1269b. 
See also Children, environmental 
toxins in. 
poorly defined exposure to, 1258-1259 
situational factors associated with, 1258 
toxicologic testing for, 78 
Enzyme (s). See also specific enzyme. 
drug interactions involving, 99-101, 100t 
nonmicrosomal, 101—103 
drug-metabolizing, 93, 93t. See also 
Biotransformation; Cytochrome 
P-450 system; specific isoenzyme. 
inhibition of, in hepatic injury, 224b 
pancreatic, 272 
Eosinophilia 
antibiotic-induced, 881 
pulmonary, therapeutic drug-induced, 188t 
Eosinophilia-myalgia syndrome, 7 
Ephedrine, 781, 782f 
cardiovascular complications of, 143 
hepatotoxicity of, 239b 
Epilepsy, anticonvulsants for, 735 
Epinephrine 
for anaphylaxis, 879, 880f 
for Irukandji syndrome, 514 
for jellyfish stings, 514 
in emergency care, 20, 20t 
in neurotransmission, 194 
prophylactic, for non-native Elapidae 
snakebites, 430 
Epirubicin, cardiotoxicity of, 930 
Eplerenone, mechanism of toxicity of, 329 
Erasmus syndrome, 182 
Ergot(s), cardiac disturbances due to, 158t, 
161-162, 162f 
Ergot alkaloids, 198 
pulmonary toxicity due to, 187t 
Ergotamine, cardiac disturbances due to, 
161-162 
Erythema multiforme, antibiotic-induced, 881 
Erythema nodosum leprosum, thalidomide 
for, 938 
Erythrocyte (s) 
disorders of, 289-299, 298b, 299b. See also 
specific disorder. 
hemolysis of, 289-291, 290b, 290f 
metabolism of, 289f 
oxidant stress of, 289, 289f 
Erythrocytic mean cell volume, elevation of, 
agents causing, 298, 298b 
Erythromycin, for Campylobacter enteritis, 533 
Erythropoiesis, anabolic steroid—induced, 
1104 
Erythroxylum coca, 755. See also Cocaine. 
Esmolol, for thyroid hormone overdose, 1072 
Esophageal burns, caustic ingestions causing, 
1410 
Esophageal stricture, caustic injury—induced, 
1410 


Esophagus 
disorders of, 274 
function of, 272 
Essence, definition of, 1435b 
Essential oils, 1435-1442. See also specific oil. 
definitions of, 1435b 
Internet resources on, 1441b 
therapeutic uses of, 1435-1436 
toxicity of, 1436, 1440t-1441t 
management of, 1440 
Estonia, residential radiation accident case 
study in, 1477, 1478f 
Estrogens, 332-334 
biosynthesis of, 1103f 
in contraceptive pills, 333 
medroxyprogesterone acetate with, 335 
postmenopausal use of, 332-333 
Ethanol, 589-602, 589t. See also Alcohol 
entries. 
blood concentration of, 590—591, 590t 
in non—alcohol-dependent population, 
DOSE 
cardiovascular effects of, 146, 146f, 596-597 
consumption of, cancers associated with, 
284 
drug interactions with, 592-593, 592t 
for ethylene glycol poisoning, 618-619, 
619t 
dosage of, 619t 
gastrointestinal effect of, 279, 597 
hypoglycemia due to, 318 
illicit making of, lead exposure resulting 
from, 1132 
in body paint and makeup, 1432 
in breast milk, 366t 
in colognes and perfumes, 1429 
intoxication with, 593-602 
acute, 593-594, 593t 
chronic, 594-597 
addiction, tolerance, dependency, and 
withdrawal in, 598-602 
neuropsychiatric effects of, 594-595 
other effects of, 595-597, 596f, 596t, 
597f£ 
pathophysiology of, 598-599 
signs and symptoms of, 593t 
metabolic pathway of, 605f 
metabolism of, 590-591, 591f 
in special populations, 591 
neonatal exposure to, 370 
pharmacokinetics of, 589-591, 590f, 590t, 
591f 
withdrawal from, 599—602 
gamma-hydroxybutyric acid in, 811-812 
management of, 600-602, 601t 
pathophysiology of, 598-599 
severity of, 598 
symptoms of, 599-600 
Ethchlorvynol 
drug interactions with, 663t, 664 
intoxication with, 664 
diagnosis of, 666 
pharmacokinetics of, 662t, 664 
structure of, 659f 
Ethers, glycol, 627-631, 628t 
ingestion of, 629t—630t 
Ethylene glycol, 611-612 
lethal dose of, 612 
metabolic pathway of, 605f 
physical properties of, 612t 
toxokinetics and toxicology of, 612-614, 
613f, 613t 
Ethylene glycol poisoning, 611-621 
clinical presentation of, 614, 614t 
diagnosis of, 614-616, 615t, 616f 
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Ethylene glycol poisoning (Cont'd) 
fatalities due to, organ donation after, 
129-130 
management of, 616-620 
algorithm for, 621f 
antidotes in, 616-619, 618b, 618t, 619t 
critical analysis of, 620-621, 621f 
hemodialysis in, 58, 619-620, 619b 
metabolic acidosis in, 108-109 
pathogenesis of, 613f 
Ethylene oxide, neuropathy due to, 206t 
Ethylenediaminetetraacetic acid (EDTA), 1168t 
for calcium hydroxide burns, 311-312 
for lead poisoning 
in adults, 1135 
in children, 1141-1142 
in pregnancy, 357 
Etidronate, 325 
for steroid-induced osteoporosis, 329 
Etomidate, in rapid sequence intubation, 16t 
Etorphin, chemical structure of, 637f 
Eucalyptus oil, 1436-1437, 1441t 
Eugenol, in clove oil, 1439 
Exchange transfusion. See Transfusion, 
exchange. 
Excitotoxicity, of neurons, 202 
Excretion 
fecal, of organochlorine insecticides, 
1234-1235 
of drugs, 87-88, 88b 
in adult vs. neonate, 365t 
in breast milk, 366t 
in pregnancy, 348 
interactions involving, 101-102 
of herbicides, 1199-1200 
of thyroid hormones, 1067 
Exposure (s), occupational. See Occupational 
exposure (s). 
Extracorporeal decontamination, principles 
of, 55 
Extremity (ies), examination of, 24 
Eye (s) 
anatomy of, 301, 302f 
decontamination of, 31—34. See also 
Decontamination. 
for lacrimator exposures, 1515 
for plant-related poisoning, 501 
movement of, disturbance of, 24 
physiology of, 301 
toxic injury to. See Ocular injury. 
Eyebrows, alopecia of, systemic substances 
causing, 309b 
Eyelids, alopecia of, systemic substances 
causing, 309b 


F 
F(ab). immunoglobulin, for coral snakebites, 


Fab fragments 
for colchicine overdose, 863 
for coral snakebites, 425 
for Crotalidae snakebites, 413—419 
for digitalis poisoning, 157, 960-961, 960f, 
961b 
for scorpion stings, 447 
Fabric softeners, cationic surfactants in, 1447 
Facial makeup, 1424t, 1431-1432 
Factor I, antithrombin III inhibition of, 
1058-1059 
Factor Xa inhibitors, 1059, 1059f 
Fair Packaging and Label Act (1966), 1423 
False nails, 1430 
Famciclovir, 894t-895t, 902, 902f 
Fasciotomy 
for Crotalidae snakebites, 412 
for Elapidae snakebites, 430 





1536 INDEX 





Fat maldistribution, nucleoside reverse- 
transcriptase inhibitors causing, 
898 
Fatalities 
aspirin-related, in children, 836, 836f 
drug overdose—induced 
multiple organ procurement after, 
127-130 


organ donation after, 130 


fire-related, 1284. See also Smoke inhalation. 


forensic investigations in, 1284-1285 
occupational, U.S. Bureau of Labor 
Statistics on, 1237 
Fat-soluble vitamins, 1089, 1090-1096, 1091t. 
See also specific vitamin. 
Fatty acid metabolism, 390-391, 391f 
disorders of, in children, valproate toxicity 
with, 391 
Fatty liver, 228-229, 229b 
Fecal discoloration, agents causing, 277, 277t 
Fecal excretion, of organochlorine 
insecticides, 1234-1235 
Federal Agencies, concerned with 
environmental toxicology, 
1261-1265 
Federal Caustic Poison Act (1927), 1407 
Federal Emergency Management Agency 
(FEMA), 1453 
four-phase disaster cycle defined by, 
1454-1455, 1454f 
Federal Hazardous Labeling Act (1960), 384 
Federal Hazardous Substances Act (1960), 
1407 
Felbamate 
intoxication with, 740 
pharmacokinetics of, 740 
Feminization, anabolic steroid—induced, 1104 
Fenofibrate, mechanism of toxicity of, 338 
Fenoprofen, toxic effects of, 871 
Fentanyl, 645-646 
chemical structure of, 640f 
in rapid sequence intubation, 16t, 17 
therapeutic index of, 1519 
toxic effects of, in neonate, 371 
Ferritin, 1119 
Ferrous salts, 1119, 1119t. See also Iron. 
Fetal alcohol syndrome, 1474 
Fetus 
carboxyhemoglobin (COHb) levels in, 
1299 
development of, effects of maternal 
marijuana use on, 750 
effects of radiation on, 1474-1475 
exposure of 
to amphetamines, 787-788 
to benzodiazepines, 679-680 
to choking agents, 1509-1510 
to cocaine, 762 
to mercury, 1114, 1115 
to salicylates, 837, 841 
placental transfer of substances to, 348 
Fever 
inhalational, 178-179, 180t-181t 
work-related, 1250t 
Fibric acid derivatives, 336, 338 
Fibrosis, asbestos-induced, 182-183 
Field decontamination, of hazardous 
material—contaminated patient, 
1462-1464, 1463f 
Fipronil, 1190-1191, 1190f 
Fire 
fatalities due to, 1284. See also Smoke 
inhalation. 
forensic investigations in, 1284—1285 
toxic products of, 1288 


Fire ants, 447—448 
stings of, 448, 449 
First aid, for Crotalidae snakebites, 406-407, 
407t 
ineffective or dangerous, 407—408 
First responders, hazardous materials training 
for, 1458 
Fish, tyramine in, 568, 569b 
Fixed oil, definition of, 1435b 
FK506. See Tacrolimus. 
Flaming combustion, vs. smoldering 
combustion, 1283 
Flammable materials, cutaneous 
decontamination from, 34 
Flashbacks, hallucinogen-induced, 799 
Flatworms (flukes), 911-912 
Flavonoids, in ginkgo, 483 
Flora, gastrointestinal, altered, 276 
Flubendazole, 913 
Fludrocortisone, mechanism of toxicity of, 
329 
Fluid(s) 
body 
intracellular composition of, 113-114 
redistribution of, cellular responses to, 
114-115 
regulation of, 113, 113f, 115 
tonicity of, 113 
daily requirements of, 117t 
Fluid balance 
assessment of, 116 
daily, regulation of, 115-116, 116b 
management of, 115-116, 117t 
Fluid imbalance 
diuretic-induced, 995, 996 
salicylate-induced, 840 
Fluid spaces, intracellular and extracellular, 
movement of water between, 114 
Fluid therapy 
for clonidine overdose, 1006 
for colchicine overdose, 862 
for hypotension, 133, 715 
for jellyfish stings, 514 
for lithium poisoning, 584 
for malignant hyperthermia, 218 
for salicylate poisoning, 843 
for smoke inhalation, 1292 
in emergency care, 19 
Flukes (flatworms), 911-912 
Flumazenil 
chemical structure of, 682f 
for benzodiazepine overdose, 682-683 
for muscle relaxant intoxication, 701t 
for sedative intoxication, 667 
Fluoride (s) 
adverse effects of, 325 
alternate forms of, 1332, 1332t 
cardiac disturbances due to, 158t 
cutaneous decontamination from, 34 
electrolyte abnormalities due to, 1331 
gastrointestinal disturbances due to, 280 
in dental products, 1325-1326, 1431 
sulfuryl, 1227-1228 
Fluoride ions, pathophysiologic effects of, in 
hydrofluoric acid, 1324 
Fluoroacetate, in rodenticides, 1217 
Fluorocarbons 
history of, 1377 
inhalation of 
cardiac disturbances due to, 146-147 
clinical manifestations of, 1378 
management of, 1378-1379 
pathophysiology of, 1378 
pharmacokinetics of, 1378 
structure of, 1377-1378 


Fluoroquinolones, overdose of, 882 
Fluorosis 

dental, 1326 

skeletal, 1326 
5-Fluorouracil 

cardiotoxicity of, 931 

pharmacologic parameters of, 929t 
Fluoxetine 

overdose of, 554 

pharmacokinetics of, 551t 
Flurazepam, recommended dosage of, 672t 
Flurbiprofen, toxic effects of, 871 
Fluvoxamine 

overdose of, 554 

pharmacokinetics of, 551t 
Folate metabolism, 394f 

abnormal, in children, methotrexate 

toxicity with, 394 

Folk remedy(ies), 1084-1085, 1085t 

definition of, 1084 

lead contamination in, 1132 

childhood poisoning due to, 1137 


Fomepizole 
for ethylene glycol poisoning, 616-618, 
618b, 618t 
for methanol poisoning, 14t, 610 
Food (s) 


lead in, 1132 
MAO inhibitor interaction with, 568—5609, 
569b 
mercury-contaminated, ingestion of, 1114 
styrene in, 1368 
vitamin A-rich, 1091-1092 
warfarin interaction with, 102b 
Food and Drug Administration (FDA), 
1263 
Food and Drug Administration (FDA) 
assignment, of drug categories for 
pregnancy, 347-348, 347t 
Food poisoning. See also Seafood poisoning. 
Bacillus cereus causing, 529-530 
Campylobacter causing, 533 
Clostridium botulinum causing, 521—526. See 
also Botulism. 
Clostridium perfringens causing, 527-528 
domoic acid in, 203 
illness caused by, 526 
Salmonella causing, 530-532 
Shigella causing, 532-533 
Staphylococcus causing, 527 
Vibrio cholerae causing, 528-529 
Forensic toxicology, 119-131 
analytical tests used in, historical 
development of, 120 
arousal of suspicion in, 122 
case examples of, 124-125 
clinical issue(s) in, 126-131 
criteria for organ and donor acceptability 
as, 126-127 
specific substance fatalities as, 127-130 
definition of, 119 
historical development of, 119-120 
homicidal poisoner’s characteristics in, 
121-122 
investigative issues in, 120-121 
legal issues in, 123-124 
organizations and resources for, 122-123, 
123f 
trial strategies in, 124 
victim in, sources of poison in, 121 
Formamidines, 1188-1189, 1188f 
Formic acid 
ocular injury due to, 307 
removal of, hemodialysis in, 57 
uses and toxic effects of, 305t 


Formicidae, 447—448. See also Hymenoptera 
stings. 
Foscanet, 896t—897t, 905, 905f 
Fosphenytoin 
intravenous, vs. intravenous phenytoin, 737 
pharmacokinetics of, 737 
Four o’clocks, 491f£ 
Foxglove, 487f 
Fragrance preparations, 1424t, 1429 
Free-basting, 756. See also Cocaine entries. 
Freon, 1377-1379 
Frovatriptan, 850-851, 850f, 850t 
pharmacokinetics of, 852t 
Fuller’s earth, as absorbant, 38 
Fume (s) 
definition of, 170 
elemental mercury, exposure to, 1114 
Fume fever syndrome, work-related, 1251t 
Fumigants, 1225-1228 
Fungicides. See also specific compound. 
toxicity of, 229t 
Funnel-web spider toxin (atraxotoxin), 200 
Furosemide, 996, 996f 
for prerenal failure, 258 
for vitamin A overdose, 1094 


G 
G protein—linked receptors, in 
neurotransmission, 192-193, 192f 
GABAergic system, 203-204. See also Gamma- 
aminobutyric acid entries. 
Gabapentin, 204 
intoxication with, 741 
pharmacokinetics of, 740 
Gallbladder 
diseases of, 275-276 
structure and function of, 272—273 
Gallium-desferrioxamine, for ocular mustard 
injury, 312 
Gamma-aminobutyric acid, 538 
effect of isoniazid on, 920 
inborn error of metabolism of, 814 
inhibition of activity of, insecticide-induced, 
1242 
Gamma-aminobutyric acid receptors, 194 
benzodiazepine action at, 674, 677, 677f 
ethanol effects on, 598 
types of, 203, 673-674 
Gamma-butyrolactone, 803-804, 807f, 808t 
Gamma-hexachlorocyclohexane (lindane), 
1231. See also Organochlorine 
insecticides. 
Gamma-hydroxybutyric acid, 803-818 
analogs of, 806 
as anesthetic, 811 
as food supplement, 1086 
clinical trials of, 812 
distributors of, 806 
dose-response effects of, in vivo and in 
vitro, 813t 
drug interactions with, 812 
endogenous, 807, 809-810 
production of, 815 
exogenous, 810, 810f 
for alcohol dependence and withdrawal, 
811-812 
for narcolepsy, 811 
history of, 803-804 
overdose of, cardiovascular disturbances 
due to, 163 
pharmacokinetics of, 810-812, 811t, 812t 
pharmacology of, 806-807, 809-810, 810f 
street names for, 806 
structure of, 807f 
structure-activity relationships of, 806, 
808t 


Gamma-hydroxybutyric acid (Cont’d) 
use/abuse of 
acute overdose in, 816-817, 816b 
clinical manifestations of, 813-814, 813b, 
813t 
diagnosis of, 814-816 
qualitative and quantitative screening 
methods in, 815-816 
specimen collection and storage in, 
815 
differential diagnosis of, 816 
epidemiology of, 804—806, 804f, 805f 
management of 
antidotes in, 817 
decontamination in, 817 
supportive measures in, 816-817, 
816b 
patient disposition in, 817-818 
Gamma-hydroxybutyric acid withdrawal 
syndrome, 814 
Ganciclovir, 894t—895t, 901, 901f 
Gaoqiao, China, hazardous material incident 
in, 1457 
Gas(es). See also specific gas. 
combustible, 1283 
definition of, 170 
irritant, 176-177, 178t 
poison, in smoke inhalation injuries, 1285. 
See also Carbon monoxide 
poisoning; Smoke inhalation. 
volcanic, 9 
water-soluble irritant, inhalation and 
toxicity of, 1245-1246 
Gas chromatography, 69, 71f 
Gas chromatography analysis, of 
organochlorine insecticides, 
1233-1234 
“Gas eye,” hydrogen sulfide—induced, 1337 
Gasping-baby syndrome, 7-8, 370 
Gastric. See also Stomach. 
Gastric emptying, 36-37 
drugs altering, 274-275 
Gastric inhibitory peptide, in regulation of 
gastrointestinal function, 271 
Gastric lavage 
for antipsychotic overdose, 715 
for calcium channel blocker overdose, 969 
for carbamazepine overdose, 738 
for clonidine overdose, 1007 
for iron poisoning, 1124-1125 
for organochlorine insecticide poisoning, 
1234 
for salicylate poisoning, 844 
for sedative overdose, 667 
in decontamination, 37 
Gastric perforation, salicylate poisoning 
causing, 841 
Gastrin, in regulation of gastrointestinal 
function, 271 
Gastritis, toxic disorders mimicking, 276-277, 
277t 
Gastroenteritis 
plant-induced, 480—481 
Salmonella causing, 530-532 
toxic disorders mimicking, 276-277, 277t 
with hemorrhage, 278 
Gastrointestinal decontamination 
absorbants in, 37-38 
aggressive, for theophylline overdose, 1043 
catharsis in, 39 
decision analysis for, 40 
emetics in, 36 
endoscopy in, 37 
for digitalis intoxication, 958 
for neonatal poisoning, 372 
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Gastrointestinal decontamination (Cont’d) 
for plant-related poisonings, 500 
for thyroid hormone overdose, 1071 
integrated approach to, 40, 41f 
laparotomy in, 37 
lavage in, 37. See also Gastric lavage. 
toxin absorption in, 28, 29b, 29t 
elimination enhancement of, 29, 29t, 30b 
whole bowel irrigation in, 39. See also Whole 
bowel irrigation. 
Gastrointestinal tract 
altered flora of, 276 
cancer of, 284 
Crotalidae envenomation affecting, 405t 
drug absorption from, 98, 98b, 98t 
in pregnancy, 348 
effect of arsenic on, 1150 
effect of class IA antiarrhythmics on, 1014 
effect of cocaine abuse on, 762 
effect of colchicine on, 861 
effect of herbal teas on, 1080-1081 
effect of iron on, corrosive, 279-280, 1120 
effect of nerve gas on, 1490, 1490t, 1491t 
effect of opioids on, 644 
effect of poisoning on, 25-26, 274-282 
treatment for, 284-285 
effect of salicylates on, 279, 841 
effect of theophylline on, 280-281, 1038 
irritation of, plant-induced, 477, 480, 644 
clinical manifestations of, 496-497 
malabsorption by 
drug-induced, 276, 276t 
treatment of, 285 
mechanical injury to, 284 
pediatric, environmental toxicants and, 
1272 
structure, function, and regulation of, 
271-274 
toxin elimination from, 28, 29b, 29t. See also 
Gastrointestinal decontamination; 
specific procedure. 
Gell and Coombs classification, of immune 
reactions, 878, 878t 
Gels, teeth-cleaning, 1430 
Gemfibrozil, 336 
Gender relationships, in criminal poisonings, 
121 
Genetic mutations, in malignant 
hyperthermia, 214 
Genetic variability, in drug response, 93—94, 
94t 
Germander, hepatotoxicity of, 239b, 494 
GH (growth hormone), 320 
toxicity of, 320 
Gingivitis, 274 
Ginkgo tree, 483 
Ginseng, toxicity of, 1083 
Glasgow Coma Scale score, in heroin user, 
651 
Glomerular filtration rate, in acute renal 
failure, 255 
Glucagon, 318 
for B-adrenergic blocker intoxication, 
979-980 
for calcium channel blocker intoxication, 
970-971 
for hypoglycemia, 318-319, 319t 
for sulfonylurea overdose, 1030 
in emergency care, 20t, 21 
Glucocorticoid (s), 326-327, 326t 
adverse effects of, 329-330 
mechanism of toxicity of, 327 
Glucocorticoid antagonists 
adverse effects of, 330 
mechanism of toxicity of, 328-329 


1538 INDEX 





Glucose 
for hypoglycemia, 318, 319t 
in GABA synthesis, 203 
physiologic disturbances of. See also 
Hyperglycemia; Hypoglycemia. 
Glucose-6-phosphate dehydrogenase (G6PD) 
deficiency, in children, oxidant 
toxicity with, 393 
o-Glucosidase inhibitors 
intoxication with, 1026 
adverse effects of, 1027-1028 
management of, 1031 
pharmacokinetics of, 1024 
pharmacology of, 1023 
structure and classification of, 1020, 1021f 
Glutamate (s), 202 
Glutamate receptors, 202 
Glutamic acid, in GABA synthesis, 203 
Glutaminergic system, 202-203 
Glutethimide 
drug interactions with, 663t, 664 
intoxication with, 664—665 
pharmacokinetics of, 662t, 664 
structure of, 659f 
Glycine, 204 
as neurotransmitter, 204 
Glycoalkaloids, plants containing, 
gastroenteritis from, 481 
Glycol(s), toxic removal of, 58 
Glycol ethers, 627-631, 628t 
ingestion of, 629t-630t 
P-Glycoprotein, substrates, inhibitors, and 
inducers of, 88, 88b 
Glycoprotein IIB/IIIA inhibition, 1060, 1060t 
Glycopyrrolate, for muscarine mushroom 
poisoning, 465 
Glycosides, 476-477, 478b 
cardiac, 497 
cyanogenic, 484—485, 499 
saponin, 485 
Glycyrrhizic acid, in licorice root, 485 
Glyphosate herbicides, 1202-1205, 1202f, 1204t 
surfactants in, 1203 
Goat serum antivenom, for Centruroides 
sculpturatus envenomation, 446 
Gold, 1162-1163 
antidote for, 14t 
Golden orb weaver spider, 438 
GoLYTELY. See Polyethylene glycol. 
Gonadal agents, 330-335, 335t 
Gonadotropin (s) 
suppression of, anabolic steroid—induced, 
1104 
treatment with, 320-321 
Gonadotropin-releasing hormone (GRH), 
319-320 
Gouty arthritis, colchicine for, 860 
Granulocyte colony-stimulating factor, for 
colchicine overdose, 863 
Grayanotoxins, 476, 482 
Gray-baby syndrome, chloramphenicol- 
induced, 1270 
Greater celandine, hepatotoxicity of, 239b 
GRH (gonadotropin-releasing hormone), 
319-320 
Growth arrest, childhood lead poisoning 
causing, 1139 
Growth hormone (GH), 320 
toxicity of, 320 
Guanabenz 
dosage of, 1004t 
pharmacokinetics of, 1003t 
Guanfacine 
dosage of, 1004t 
pharmacokinetics of, 1003t 


Guanosine analogs, 894t—895t, 900-902 
Guanosine monophosphate, in 
neurotransmission, 192—193 
Guanosine triphosphate, in 
neurotransmission, 192 
Guillain-Barré syndrome, vs. botulism, 523, 
524t 
Gyromitra mushrooms, 463, 463f 
Gyromitrin 
chemical structure of, 463f 
mushrooms containing, 458b, 463-464, 
463f 


H 
Haber’s rule, 1503 
Hagedorn agents, for nerve gas poisoning, 
1496 
Hair, mercury accumulation in, 1115 
Hair care products, 1424t, 1425-1427 
Hair coloring preparations, 1424t, 1425-1426 
Hair conditioner, 1428-1429 
Hair lighteners, 1426 
Hair loss. See Alopecia. 
Hair sprays, 1428 
Hair straighteners, 1427-1428 
Hair waving agents, 1426-1427 
Halazepam, recommended dosage of, 672t 
Haldane effect, 1298 
Half-life 
distribution, 88, 89f 
elimination, 88, 89f 
Hallucinations 
definition of, 793 
in alcohol withdrawal, 599 
plant-induced, 484, 498—499 
with ketamine anesthesia, 775 


Hallucinogen (s), 793-801. See also specific agent. 


cardiovascular effects of, 146 
classification of, 794—796, 795t 
formulations and administration of, 797 
history of, 793 
intoxication with, 798-801 
chromosomal abnormalities associated 
with, 799 
diagnosis of, 800, 800b 
dose-response characteristics of, 799 
“flashbacks” associated with, 799 
management of, 800-801 
morbidity and mortality due to, 799 
patient disposition and, 801 
physiologic disturbances associated with, 
798 
psychedelic effects of, 798-799 
psychiatric disorders associated with, 799 
natural, 794—795, 795t 
pharmacokinetics of, 797, 798t 
structure of, 796f 
structure-activity relationships of, 796-797 
Hallucinogen persisting perceptual disorder, 
799 
Halogen (s), 1385-1396. See also specific 
compound, e.g., Bromide. 
Halogenated hydrocarbons. See also 
Hydrocarbons. 
neonatal exposure to, 368-369 
Haloperidol, for phencyclidine intoxication, 


Halothane, hepatotoxicity of, 232-233 
Hand dishwashing detergent 

statistics of, 1444t, 1445t 

toxicity of, 1445-1446 

management of, 1447-1448 
Harassing agents, 1511. See also Lacrimators. 
Hard metal disease, 1162 
Hard water, decreased soap effectiveness in, 
1443 


Harrison Narcotics Act (1914), 755 
Hawaiian baby woodrose seeds, 
hallucinogenic effects of, 498 
Hazardous material(s). See also Chemical (s); 
Chemical weapons; Industrial 
toxicant(s). 
antidotes for, 1465, 1465t 
classification of, 1239-1240, 1239b, 1240b, 
1240f 
exposure to, 1455 
release of, identification of, 1459, 1460f, 
1461 
Hazardous material incident(s). See also Mass 
casualty incident(s). 
diagnostic patient studies in, 1462 
exposure in 
assessment of, 1461-1462 
regional, 1464 
field decontamination in, 1462-1464, 1463f 
hospital decontamination in, 1464-1465 
identification of materials in, 1459, 1460f, 
1461 
in Bhopal, 1456 
in Chernobyl, 1456-1457 
in Gaoqiao, 1457 
in Neyshabur, 1457 
management of, 1455-1461 
hospital, 1464-1465 
of greatest magnitude, 1455-1457 
preparedness for, 1457-1459 
response to, 1459 
triage following, 1462-1464, 1463f 
Hazardous materials training, of first 
responders, 1458 
Hazardous Substances Emergency Events 
Surveillance (HSEES) system, 
1455 
HCG (human chorionic gonadotropin), 
320-321 
Head and neck, cocaine abuse affecting, 762 
Headaches, withdrawal, following triptan 
overuse, 855 
Heart. See also Cardiac; Cardio- entries. 
examination of, 23 
toxic effects on, 133-164. See also 
Cardiovascular toxicity. 
Heart block 
drug-induced, 135, 136f 
in digitalis intoxication, 954, 955f 
Heavy metal(s), 1111-1116. See also specific 
metal. 
Heavy metal poisoning, 1157-1168. See also 
specific metal. 
antidotes for, 14t 
cardiac disturbances due to, 158t, 163 
chelation therapy for, 1167-1168, 1168t 
gastrointestinal disturbances due to, 279-280 
in neonate, 368—369 
nephrotoxicity due to, 255b, 256 
neuropathies due to, 205 
Hedeoma pulegiodes, 1437 
Heinz body, 289, 290 
Heinz body hemolytic anemia, 289 
Helminths, 911-912 
Hemangioma, radiation therapy for, atrophy 
and facial deformity following, 
1476, 1476f 
Hematologic system 
antipsychotic agents affecting, 713 
cocaine abuse affecting, 763 
colchicine intoxication affecting, 861 
Crotalidae envenomation affecting, 405t 
herbal teas affecting, 1081-1082 
NSAID overdose affecting, 872 
salicylate intoxication affecting, 841 


Hematologic toxicants, in workplace, 1250t 
Hematopoietic system 
iron poisoning affecting, 1121 
lead poisoning affecting, 1134 
in children, 1139 
Heme synthesis pathway, 395f 
Hemiptera stings, 452 
Hemlock 
poison, 488f 
coniine in, 498 
water, 489f 
cicutoxin in, 498 
Hemlock water dropwort, 483—484 
Hemodialysis, 54. See also Dialysis; Peritoneal 
dialysis. 
complications of, 56-57, 56b 
considerations for, 55—56 
efficacy of, evaluation of, 57 
for arsenic poisoning, 1153 
for barbiturate poisoning, 692 
for biguanide poisoning, 1031 
for bromide poisoning, 1387 
for busulfan poisoning, 935 
for colchicine poisoning, 863 
for cyclopeptide mushroom poisoning, 461 
for ethylene glycol poisoning, 619-620, 
619b 


for herbicide poisoning, 1202 
for isoniazid poisoning, 924 
for lithium poisoning, 584—585, 585f, 586t 
for methanol poisoning, 610 
for phenobarbital poisoning, 736 
for procainamide poisoning, 1015 
for salicylate poisoning, 846-847 
in pregnancy, 353, 354 
for sedative poisoning, 668 
for theophylline poisoning, 1043-1044, 
1044b 
for thyroid hormone overdose, 1072 
in pregnant patient, 350 
in special populations, 56 
risk and cost-benefit considerations in, 57 
substances removed by, 58-59 
Hemofiltration, continuous venovenous, 
47-48, 47b, 47t, 48b 
Hemoglobin 
maternal and fetal, oxygen dissociation 
curve of, 355, 355f 
oxidation of, 289f 
Hemoglobin pigment, comparison of, 295t 
Hemolysis, 289-291, 290b, 290f 
Heinz body, 290 
Hemolytic anemia 
antibiotic-induced, 881 
Heinz body, 289 
Hemoperfusion, 54 
complications of, 56-57, 56b 
considerations for, 55—56 
evaluation of, 57 
for carbamazepine poisoning, 738 
for cyclopeptide mushroom poisoning, 
461 
for methotrexate poisoning, 935 
for muscle relaxant overdose, 700—701 
for paraquat poisoning, 1199-1200 
for phenobarbital poisoning, 736 
for sedative overdose, 668 
for sulfonylurea poisoning, 1030 
for theophylline poisoning, 1043-1044, 
1044b 
for tricyclic antidepressant overdose, 545 
in pregnant patient, 350 
in special populations, 56 
risk and cost-benefit considerations in, 57 
substances removed by, 58-59 


Hemorrhage 
gastroenteritis with, 278 
intracerebral, amphetamine-induced, 785 
Hemosiderin, 1119 
Henderson-Hasselbalch equation, 105 
Henna, 1431 
Heparin 
for non-native Elapidae snakebites, 431 
low-molecular-weight, 1058-1059 
unfractionated, 1058 
Hepatic. See also Liver entries. 
Hepatic adenoma, in anabolic steroid users, 
1105 
Hepatic carcinogens, work-related, 1252t 
Hepatic disease 
benzodiazepine pharmacokinetics and, 
678 
drug- or toxin-induced 
general management of, 238-239 
specific management of, 239-240 
selective serotonin reuptake inhibitors and, 
pou, 092 
Hepatic failure 
acute, 238-239 
treatment of, 239, 240 
antipsychotic-induced, 708 
thionamide-induced, 323 
valproate-induced, 739 
Hepatic injury 
molecular mechanisms of, 224b 
toxin-induced, 223. See also Hepatotoxicity. 
diversity and classification of, 228, 229t 
Hepatic metabolism 
altered, antibiotic-induced, 881 
of opioids, 642, 643f 
Hepatic tumors, drug- or toxin-induced, 
237-238, 238f 
Hepatic zones, 223, 223f 
Hepatitis 
acute, 229-230, 229t, 230f 
cholestatic, drug- or toxin-induced, 237, 
237b 
hepatocellular 
chemical-induced, 234-236 
drug-induced, 230-234, 235b 
mushroom-induced, 234 
herbal, 1081 
mixed, drug- or toxin-induced, 236-237, 
236b 
peliosis, in anabolic steroid users, 1105 
Hepatocellular carcinoma, in anabolic steroid 
users, 1105 
Hepatocytes, 223 
Hepatomegaly, arsenic-induced, 1150 
Hepatotoxic agents, 225, 226t-227t. See also 
specific agent. 
in workplace, 1252t 
Hepatotoxicity, 223—240 
anabolic steroid—induced, 1104-1105 
chemical-induced, 234-236 
chlorinated hydrocarbon-induced, 
1355-1356, 1355f 
cocaine-induced, 231, 763 
drug-related, 230-234, 236-238, 787, 872, 
900 
diagnosis of, 225, 226t-227t, 228, 228b, 
220 
epidemiology of, 223-225 
mechanisms of, 230—234 
industrial chemical—induced, 1246 
iron-induced, 232, 1120 
management of, 238-240 
mushroom-induced, 234 
plant-induced, 238, 239b, 485, 494 
salicylate-induced, 841 
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Herb(s). See also specific herb. 
barbiturate interactions with, 690t 
contamination of, 1080, 1081t 
hepatotoxicity of, 238, 239b 
improper identification of, 1080 
Internet resources on, 1441b 
nephrotoxicity of, 256 
Herbal hepatitis, 1081 
Herbal medicine, 1077-1084 
adverse effects of, 1079-1080 
Chinese, 1078-1079 
patent (proprietary), 1084 
clinical toxicity of, 1081t, 1083-1084 
definition of, 1078 
FDA regulation of, 1078 
teas in, 1080-1083, 1082t 
terminology in, 1079 
Herbicides, 1195-1207. See also specific compound. 
bentazon, 1206-1207, 1206f 
bipyridyl, 1195—1200 
chemical classification of, 1195t 
chlorophenoxy, 1200-1202, 1200f 
effect of, on gastrointestinal tract, 279 
glyphosate, 1202-1205, 1202f, 1204t 
toxicity of, 229t 
triazine, 1205 
urea, 1205-1206, 1205f, 1206t 
Heroin, 644-645 
chemical structure of, 637f 
overdose of, 645 
acute lung injury due to, 645, 649 
in pregnancy, 355 
pharmacology of, 636 
Hexacarbons, neuropathy due to, 206t 
y-Hexachlorocyclohexane (lindane), 1231. See 
also Organochlorine insecticides. 
Hexachlorophene, neonatal exposure to, 369 
Hexafluorine, for hydrofluoric acid burns, 
312 
Hexamethylene diisocyanate 
physicochemical properties of, 1317, 1318t 
sources of, 1317 
toxicity of, 1318-1321. See also Isocyanates, 
intoxication with. 
High-density lipoprotein, in anabolic steroid 
abusers, 1105 
High-molecular-weight sensitizing agents, 
associated with occupational 
asthma, 173t 
High-performance liquid chromatography, 69 
High-pressure injection injuries, 
decontamination concerns 
regarding, 34, 36 
Hippuric acid, as marker of toluene exposure, 
1372-1373 
Hirudins, 1059 
Histamine, 201 
Histamine metabolism, MAO inhibitors in, 
567 
Histamine receptor(s), 201, 724-725, 726t 
Histamine receptor blockers, 732 
Histaminergic system, 201 
Hobbies, lead exposure in, 1131-1132 
Hobo spider, 437 
Holly berries, toxicity of, 496 
Homeopathy, 1085-1086 
Homicidal poisoner, characteristics of, 
121-122 
Homicidal poisoning case registry reporting 
form, 123, 123f 
Honeybees, 447 
Hospital admission 
for coral snakebites, 424—425 
for Crotalidae snakebites, 408 
recurrent, 417 
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Hospital decontamination, of hazardous 
material—contaminated patient, 
1464-1465 
Hospital response, to terrorist attack, 1498 
Hot water immersion therapy, for sea urchins 
toxin, 514 
Household products. See also specific product. 
age-related statistics for, 1444t 
corrosives in, 1407—1408, 1407t. See also 
Chemical(s), corrosive. 
hepatotoxic, 229t 
hydrofluoric acid-containing, 1323, 1325. 
See also Hydrofluoric acid, 
exposure to. 
outcome-related statistics for, 1445t 
5-HT. See Serotonin. 
Huffer’s rash, 1372 
Hugh’s classification, of ocular injury, 310, 
310t 
Human chorionic gonadotropin (HCG), 
320-321 
Humidifier fever, 179 
Huntington’s chorea, amphetamine 
exacerbation of, 785 
Hycanthone, 915 
Hydralazine 
hepatitis due to, 235b 
pharmacology and pharmacokinetics of, 
987-988 
toxicity of, diagnosis and management of, 
988 
Hydrazines, 920, 1380 
Hydrocarbons. See also specific compound. 
aromatic, 1363-1375. See also Benzene. 
exposure to, 1363 
treatment protocol for, 1367b 
cardiac disturbances due to, 146-147 
chlorinated, 1347-1359 
absorption of, 1351 
prevention of, 1358-1359 
carcinogenicity of, 1357 
commonly encountered, 1348t-1349t 
distribution of, 1351 
exposure to, 1350-1351 
cardiovascular effects of, 1353-1355 
CNS effects of, 1353 
dermal effects of, 1356 
hepatic effects of, 1355-1356, 
1355f 
ocular effects of, 1356-1357 
pulmonary effects of, 1357 
renal effects of, 1356 
metabolism and elimination of, 
1351-1353, 1352f 
physicochemical properties of, 1347, 
1350, 1350f 
poisoning with 
diagnosis of, 1357-1358 
management of, 1358-1359 
patient disposition and, 1359 
teratogenicity of, 1357 
toxicokinetics of, 1351-1353 
from petroleum distillates, 1343. See also 
Petroleum distillates. 
halogenated, 1377-1379 
neonatal exposure to, 368-369 
inhaled, signs and tests for, 64t 
plant, 1344 
poisoning with, management of, 
1345-1346 
polyaromatic, fires generating, 1288 
Hydrochloride acid 
ocular injury due to, 306 
uses and toxic effects of, 305t 
Hydrochlorothiazide, 995, 995f 


Hydrocortisone 
for anaphylaxis, 879 
for thyroid hormone overdose, 1072 
prophylactic, for non-native Elapidae 
snakebites, 430 
Hydrofluoric acid, 1323-1332 
exposure to 
clinical effects of, 1325-1328 
dermal burns in, 1326 
treatment of, 1328-1330, 1329f 
diagnosis of, 1328 
differential diagnosis of, 1328 
home and industrial, 306b, 1323 
inhalational, 1327 
treatment of, 1331 
management of, 1328-1332 
antidotes in, 14t 
ocular burns in, 306-307, 1327 
treatment of, 311t, 312, 1330-1331 
oral, 1327-1328 
treatment of, 1331 
pathophysiology of, 1323-1325 
structure-activity relationships of, 1323 
systemic, 1331-1332 
toxic effects of, 305t 
Hydrogen cyanide. See also Cyanide entries. 
in smoke, 1285, 1287 
Hydrogen peroxide, in hair products, 1426, 
1427 
Hydrogen peroxide poisoning, 
gastrointestinal disturbances due 
to, 281 
Hydrogen sulfide, 1335-1341 
exposure to 
cardiovascular disturbances due to, 158t, 
162 
chronic sequelae of, 1339 
clinical manifestations of, 1336-1337 
emergency planning and response to, 
guidelines for, 1340t 
health effects of, 1336t 
laboratory features of, 1337 
OSHA-permissible limits of, 1340 
pathophysiology of, 1336 
patient disposition with, 1338 
prevention of, 1339-1341, 1340t 
treatment of, 1337-1338 
lethality of, exposure-response curve for, 
1340-1341 
mechanism of action of, 1335 
toxicokientics of, 1335-1336 
Hydroid corals, 508-509 
Hydroxocobalamin, for cyanide poisoning, 
1313 
y-Hydroxybutyric acid. See Gamma- 
hydroxybutyric acid. 
4-Hydroxybutyric aciduria, 814 
Hydroxycobalamin, for cyanide poisoning, 
985 
4-Hydroxycoumarin, 1055, 1056f 
Hydroxymethylglutaryl-CoA inhibitors, 
336-337, 338 
hepatotoxicity of, 236 
pulmonary toxicity of, 187t 
5-Hydroxytryptamine (5-HT). See 
Serotonin. 
Hydroxyzine, for anaphylaxis, 880 
Hydrozoa, 507 
Hygiene products, 1424t, 1432 
oral, 1424t, 1430-1431 
Hymenoptera 
classification of, 447—448, 447f 
envenomation of 
pharmacokinetics of, 449 
pharmacology of, 448—449 


Hymenoptera stings 
cardiovascular disturbances due to, 163 
clinical manifestations of, 449—450 
diagnosis of, 450 
epidemiology of, 448 
in special populations, 449 
management of, 450 
nephrotoxicity of, 256 
pathophysiology of, 448—449 
patient disposition after, 450—451 
prevention of, 448b 
Hyperamylasemia, 275 
Hyperbaric oxygen therapy. See also Oxygen 
therapy. 
for brown recluse spider bites, 437 
for carbon monoxide poisoning, 1302, 
1303t, 1304-1305, 1304t 
in pregnant patient, 356, 356b 
for cyanide poisoning, 1312, 1313 
for hydrogen sulfide poisoning, 1338 
Hyperchloremic metabolic acidosis, 109 
Hyperglycemia 
calcium channel blocker—induced, 968 
protease inhibitor—induced, 902 
Hyperglycemic agents, 318, 319, 319t 
Hyperkalemia, 117t 
hydrofluoric acid-induced, 1324, 1325 
in hydrofluoric acid injury, 1332 
NSAID-induced, 872 
Hyperlipidemia, protease inhibitor—induced, 


Hypermagnesemia, 1163 
Hypernatremia, 117t 
Hyperoxygenation therapy, 1087 
Hyperprolactinemia, cocaine-induced, 763 
Hyperpyrexia, salicylate poisoning and, 841 
management of, 844 
Hypersensitivity pneumonitis, 173-174, 175t, 
176, 180t 
work-related, 488, 1246, 1248t, 1251t 
Hypersensitivity reactions, 171-176. See also 
Anaphylactic reactions. 
quinidine-induced, 1010 
to antibiotics, 877-881, 878t 
multisystem involvement in, 878-880, 
879t, 880f 
organ-specific, 880-881 
to irritant gases, 1246 
to lamotrigine, 741 
to salicylate products, 841 
Hypersensitivity vasculitis, antibiotic-induced, 
880, 881 
Hypertension 
clonidine-induced, 1005 
contraceptive pills causing, 333-334 
glucocorticoid-induced, 330 
scorpion stings causing, 446 
Hypertensive reactions, with MAO inhibitors, 
foods implicated in, 568-569, 569b 
Hyperthermia 
cocaine-induced, 142-143, 761-762 
management of, 767 
intoxication associated with, 23 
malignant. See Malignant hyperthermia. 
treatment of, 238 
work-related, 1250t 
Hyperthyroidism, treatment of, 323 
Hypnotics. See Sedative-hypnotics; specific 
agent. 
Hypocalcemia, in hydrofluoric acid injury, 
1924-1329, 1332 
Hypochlorite solutions 
for organophosphate decontamination, 
1177 


for vesicant decontamination, 1504 


Hypoglycemia 
B-adrenergic blocker-induced, 978 
causes of, 1029b 
diabetic control agent-induced, 1026-1027 
diagnosis of, 1028 
management of, 1029-1031 
disopyramide-induced, 1010 
ethanol causing, 318 
signs and symptoms of, 1025b 
sulfonylureas causing, 317 
treatment of, 318-319, 319t 
vacor causing, 318 
Hypoglycemic agents, 317-319, 317t, 318t, 
1020t. See also specific agent. 
adverse effects of, 1026-1027, 1028 
history of, 1019 
intoxication with 
clinical manifestations of, 1025, 1025b, 
1026 
diagnosis of, 1028-1029, 1029b 
epidemiology of, 1019-1020 
in elderly, 379b, 380 
management of, 1029-1030, 1031 
patient disposition and, 1031-1032 
signs and tests for, 64t 
mechanism of action of, 317 
pharmacokinetics of, 1024—1025 
pharmacology of, 1022-1024 
structure and classification of, 1020-1022, 
1021f 
Hypoglycin, in ackee fruit, 318, 485, 494 
Hypokalemia, 117t 
theophylline-induced, 1039-1040 
management of, 1043 
thiazide-induced, 995 
Hypomagnesemia, in hydrofluoric acid injury, 


Hyponatremia, 117t 
treatment of, 320 
vasopressin causing, 319 
Hypotension 
ACE inhibitor—induced, 992 
antihypertensive drug-induced, 148 
calcium channel blockers—induced, 151 
clonidine-induced, 1004-1005 
deferoxamine-induced, 1127 
intoxications associated with, 19b 
management of, 133-134, 715 
mechanism of, 133 
opiate overdose causing, 649 
orthostatic, antipsychotics causing, 707, 710 
refractory, tricyclic antidepressant 
intoxication causing, 541 
sympathetic-inhibiting drug-induced, 147 
theophylline-induced, 144 
tricyclic antidepressant-induced, 156 
Hypothalamic agents, 319-320 
Hypothalamus-pituitary axis, 319 
Hypothalamus-pituitary-adrenal axis, 
suppression of, 329 
Hypothalamus-pituitary-gonadal axis, 
interruption of, anabolic 
steroid—induced, 1104 
Hypothalamus-pituitary-thyroid axis, 321, 322f 
Hypothermia, intoxication associated with, 
23 
Hypovolemia, in poisoned patient, 
management of, 116, 118 
Hypoxemia, definition of, 1289 
Hyssop oil, 1441t 


I 

Iatrogenic botulism, 521, 526. See also 
Botulism. 

Ibogaine, hallucinogenic effects of, 498 

Ibotenic acid, chemical structure of, 462f 


Ibotenic acid—containing mushrooms, 458b, 
461-463, 462f 
Ibuprofen, toxic effects of, 870, 870f 
Idarubicin, pharmacologic parameters of, 929t 
Idiopathic environmental intolerance, 1275, 
1280-1281 
toxicogenic and psychogenic theories of, 
1281 
Ifosfamide, pharmacologic parameters of, 
gent 
Illicit drug(s) 
abuse of. See also under specific drug. 
fatalities due to, 636 
organ donation after, 130 
serotonin syndrome due to, 212 
transport of, 648, 762, 768. See also Body 
stuffers / packers. 
Imidacloprid, in insecticides, 1191, 1191f 
Imidazoles, 884, 912-914. See also specific agent. 
Imidazolines, 1004t. See also specific agent. 
Imipramine, pharmacokinetic parameters of, 
539t 
Immediately dangerous to life or health 
(IDLH) levels 
of hazardous materials, 1461 
of sulfur mustard, 1504 
Immune reactions, Gell and Coombs 
classification of, 878, 878t 
Immune system 
effect of antiarrhythmics on, 1010, 1014 
effect of marijuana on, 750 
in infants, environmental toxicants and, 
1272 
Immunoassays, 66, 69f 
Immunoglobulin (s), F(ab)», for coral 
snakebites, 425 
Immunoglobulin E (IgE)-independent 
reaction, 878 
Immunosuppressives, 943—948. See also specific 
agent. 
nephrotoxicity of, 264-266, 265f, 266f 
Impila, hepatotoxicity of, 239b 
Impotence, cocaine-induced, 763 
Impulse, abnormal, arrhythmias due to, 134 
Inamrinone, for B-adrenergic blocker 
intoxication, 980 
Inandione, 1055, 1056f 
India, Bhopal, hazardous material incident in, 
1456 
Indian childhood cirrhosis, 1162 
Indinavir, 892t—893t, 903, 903f 
Indole-containing mushrooms, 458b, 
466-467, 466f 
Indomethacin, toxic effects of, 871 
Industrial emissions, lead in, 1131 
Industrial poisoning, 1237-1255 
chemical agents in, information sources for, 
1254t, 1255 
classification of hazardous materials in, 
1239-1240, 1239b, 1240b, 1240f 
historical perspectives of, 1237-1238 
inadequate physician training regarding, 
1239 
laboratory evaluation of, 1253, 1255 
occupational fatalities due to, 1237 
occupational history in, 1240-1245, 1241f 
assessing causation in, 1242-1243 
current job and, 1240-1241 
environment in, 1242 
exposure characterization in, 1243-1244 
exposure route in, 1244—1245 
previous job and, 1242 
routine survey in, 1240 
workplace exposure levels and 
monitoring in, 1244 
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Industrial poisoning (Cont’d) 
organ-specific, 1246-1247, 1248t-1253t, 
1253 
pathophysiology of, 1245-1246, 1247t 
recognition of occupational diseases in, 
1238-1239 
Industrial radiation accident, at Yanango 
hydroelectric power plant, 
1479-1480 
Industrial toxicant(s). See also Chemical (s); 
specific toxicant. 
contamination of, 1238 
inhalation absorption of, 1246 
latency of, 1238 
nonoccupational conditions affecting 
response to, 1239 
unavailable information regarding, 
1238-1239 
Industrial toxicology, of radioisotopes, 1469 
Infant botulism, 521, 525—526. See also 
Botulism. 
Infant toxicologic screening, 78 
Infertility, gonadotropin-releasing hormone 
for, 320 
Ingestion, of herbicides, 1198, 1201, 
1203-1204 
Inhalants. See also specific inhalant. 
abuse of. See Solvents, abuse of. 
hydrocarbon, signs and tests for, 64t 
toxic, 176-185 
Inhalation 
occupational, of organic and inorganic 
materials, 178-179, 180t-181t, 182 
of fluorocarbons, cardiac disturbances due 
to, 146-147 
of herbicides, 1196, 1202, 1204 
of hydrofluoric acid, 1327 
treatment for, 1331 
of nerve gases, 1491 
passive, of marijuana, 751 
smoke, 1283-1293. See also Smoke 
inhalation. 
Inhalational fevers, 178—179, 180t-181t 
Innervation, of gastrointestinal tract, 271 
Inocybe mushrooms, 464, 464f 
Inorganic acids, 305-307, 305t. See also specific 
acid. 
Insect stings, 447-453. See also specific insect 
sting. 
Insecticides. See also specific compound. 
arsenic-based, 1148t 
carbamate. See Carbamates. 
hepatotoxicity of, 236b 
ingestion of, in pregnancy, 357-358 
organochlorine, 1231-1235. See also 
Organochlorine insecticides. 
organophosphate. See Organophosphates. 
toxicity of, 229t 
Insulin (s), 317, 317t 
currently available preparations of, 
properties of, 1023t 
for calcium channel blocker intoxication, 
970 
history of, 1019 
intoxication with, 1026 
adverse effects of, 1028 
management of, 1031 
pharmacology of, 1024 
structure and classification of, 1021-1022, 
1021f 
Intelligence quotient, childhood lead 
poisoning affecting, 1138-1139 
Intensive care unit, admission to, 57 
Intermediate syndrome, organophosphate- 
induced, 1180 





1542 INDEX 





International Classification of Diseases codes, 
nerve gas—related, 1499b 
Internet resources 
for chemical agents, 1254t 
for essential oils, herbs, and dietary 
supplements, 1441b 
Interstitial nephritis, acute, 256-257, 257b 
Interstitial pneumonitis, 171 
Intestinal botulism, 521. See also Botulism. 
Intoxication. See Poisoning; under specific agent. 
Intracellular organelles, damage to, in hepatic 
injury, 224b 
Intracerebral hemorrhage, amphetamine- 
induced, 785 
Intraocular pressure, increased, steroid- 
induced, 330 
Intubation, endotracheal. See Endotracheal 
intubation. 
Investigative issues, in forensic toxicology, 
120-121 
Iodides, 1390 
for thyroid hormone overdose, 1072 
Iodine, 1389-1390 
radioactive, therapeutic use of, 322-323 
during pregnancy, 1470 
Iodism, 1390, 1390b 
Iodophores, 1390-1391 
Ipecac, 36 
for NSAID overdose, 873 
Ipratropium, structure of, 722f 
Iran, Neyshabur, hazardous material incident 
in, 1457 
Iraq, use of chemical warfare in, 1487 
Iris, 490f 
Iron 
dietary, 1119-1120 
lethal dose of, 1122 
minimum toxic dose of, 1122 
occupational exposure to, 184 
pharmacology and pharmacokinetics of, 
1119-1120 
plasma, 1120 
preparations of, 1119, 1119t 
serum concentrations of, 1122-1123 
Iron poisoning, 1121-1127 
cardiovascular manifestations of, 158t, 163, 
1120 
clinical manifestations of, stages in, 1121-1122 
diagnosis of, 1122-1123, 1124f 
differential diagnosis of, 1123-1124 
gastrointestinal manifestations of, 279-280, 
1120 
hematopoietic manifestations of, 1121 
hepatotoxicity due to, 232, 1120 
in pregnancy, 352-353, 352f 
management of, 1124-1127, 1125f 
antidote in, 14t, 1126-1127, 1126b 
decontamination in, 1124-1126 
elimination enhancement in, 1127 
metabolic acidosis in, 1121 
neurologic manifestations of, 1121 
pathophysiology of, 1120-1121 
patient disposition in, 1127 
range of toxicity in, 1122 
signs and tests for, 64t 
Iron sulfur elixir, for lead poisoning, in 
children, 1140 
Irrigation 
for ocular injury 
duration of, 311 
solutions in, 310—311 
whole bowel. See Whole bowel irrigation. 
Irritant dermatitis 
occupational chemicals causing, 1245 
plant-induced, 495 


Irritant gases, water-soluble, inhalation and 
toxicity of, 1245-1246 
Irritant incapacitants, 1511. See also 
Lacrimators. 
Irukandji syndrome, 512, 513 
management of, 514 
Ischemia, in hepatic injury, 224b 
Isocyanates, 1317-1321 
exposure to 
prenatal and pediatric issues concerning, 
1320 
regulations and advisories concerning, 
1321, 1321t 
sources of, 1317 
intoxication with, 1318-1319 
assessment of, 1320-1321 
clinical manifestations of, 1319—1320 
management of, 1321 
prevention of, 1321 
physicochemical properties of, 1317, 1318t 
Isoniazid, 919—924 
drug interactions with, 920-921, 920t 
for tuberculosis, 919 
in breast milk, 366t 
intoxication with 
acute, 922, 923f 
adverse events in, 921-922 
diagnosis of, 922 
management of, 922-924, 923b 
signs and tests for, 64t 
metabolic actions of, 921t 
pharmacology of, 919-921 
structural relationships of, 919f 
with or without rifampicin, hepatotoxicity 
of, 233 
Isopropyl alcohol, 623-624, 623t 
in shampoo, 1428 
removal of, hemodialysis or hemoperfusion 


in, 58 
Ivermectin, 915—916, 1189-1190, 1189f 
J 
Japan, use of chemical warfare in, 1487-1488 
Jaundice 
after repeated exposure to halothane, 
232-233 
cholestatic, in anabolic steroid users, 
1104-1105 


Jellyfish, 507, 508, 509f 
stings from, 512 
management of, 514-515 
venom of, 511 
Jequirity beans, 487f 
Jimson weed, 200, 487f 
Lantana, 487f 
Jin bu huan, 1084 
hepatotoxicity of, 239b 
Job titles, associated with occupational 
asthma, 173t, 174t 
Jumping spider, 437 
JumpSTART system algorithm, for nerve gas 
mass casualty incident, 1493, 1494f 
Juniper oil, 1441t 
Juvenile parkinsonism, 
methylenedioxymethamphet- 
amine-induced, 785 


K 

Karwinskia humboldtiana, 484 

Kava, hepatotoxicity of, 239b 

Kepone shakes, 1233 

Keratoconjunctivitis, hydrogen 
sulfide-induced, 1337 

Keratocytes, stromal, 302 

Kernicterus, risk of, in jaundice patient, 
393-394 


Keshan’s cardiomyopathy, 1164 
Ketamine 
in rapid sequence intubation, 16t, 17 
intoxication with 
clinical effects of, 775 
diagnosis of, 775-776 
epidemiology of, 773 
treatment of, 777 
neuropharmacology of, 773-774 
pharmacology of, 775 
structure of, 773f 
Ketoacidosis 
alcoholic, 107—108, 596, 596t 
diabetic, antipsychotic-induced, 712 
Ketoconazole 
hepatitis due to, 235b 
mechanism of toxicity of, 328 
Ketoprofen, toxic effects of, 871 
Kidney(s). See Renal entries. 
toxic injury to. See Nephrotoxicity. 
“Killer” bees, 447 
Knockdowns, hydrogen sulfide-induced, 
1336 
reversal of, 1338 
Kombucha mushroom, toxicity of, 1084 
Korsakoff’s psychosis, 595 
Krait bites, 428, 429t 
Krazy Glue, ocular injury due to, 308 
Krebs cycle, inhibition of, in hydrofluoric acid 
poisoning, 1324 
Kussmaul breathing, 24 


L 
Lacrimators, 1511-1515 
comparison of potency and toxicity of, 
1512t 
exposure to, 1512-1513 
assessment of, 1514 
manifestations of, 1513-1514 
pathophysiology of, 1513 
principles of preparedness in, 1515 
treatment of, 1515 
relevant history of, 1511 
B-Lactam antibiotics 
cross-reactivity of, 878 
overdose of, 881-882 
Lactate acidosis, nucleoside reverse- 
transcriptase inhibitors causing, 
896-897 
Lactation 
anticholinergic use during, 727 
antihistamine use during, 727 
antipsychotic use during, 708 
lead toxicokinetics and, 1137-1138 
selective serotonin reuptake inhibitor 
therapy during, 552 
Lactic acidosis, 107, 108t 
Lacy tree philodendron, 492f 
Laetrile, 1087 
Lamivudine, 890t-891t, 898, 898f 
Lamotrigine 
hepatitis due to, 235b 
intoxication with, 741 
pharmacokinetics of, 741 
Lantana, 487f 
Laparotomy, in gastrointestinal 
decontamination, 37 
Laryngeal edema, caustic ingestions causing, 
1410 
Laryngotracheal injury, in smoke inhalation 
victims, signs and symptoms of, 
1289 
Latex allergy, in health care workers, 1246 
Lathyrism, 484 
Latrodectus spiders, 433—435, 435t 


Laundry detergent 
statistics of, 1444t, 1445t 
toxicity of, 1446 
management of, 1447-1448 
Lavage. See Bronchoalveolar lavage; Gastric 
lavage; Nasogastric lavage. 
Lavender oil, 1441t 
Laxatives 
abuse of 
chronic, 283—284 
gastrointestinal effects of, 282 
for gastrointestinal decontamination, 39 
types of, 282b 
Lead, 1129-1142 
history of, 1129 
neonatal exposure to, 368 
nephrotoxicity of, 267-268 
prenatal exposure to, 356-357 
source(s) of, 1130-1132, 1130f 
folk and alternative medicine as, 1132 
food as, 1132 
hair dyes as, 1425 
hobbies as, 1131-1132 
industrial and automotive emissions as, 
1131 
occupational, 1130, 1131b 
paint as, 1130-1131 
retained bullets as, 1132 
soil as, 1131 
substance abuse as, 1132 
water as, 1131 
toxicokinetics of, 1132-1133 
in children, 1137-1138 
Lead lines, 1139 
Lead poisoning 
antidote for, 14t 
cardiac disturbances due to, 158t, 163 
epidemiology of, 1129-1132 
population rates in, 1129-1130 
gastrointestinal disturbances due to, 279 
in adults, 1133-1136 
assessment of, 1134-1135 
clinical manifestations of, 1133-1134 
treatment of, 1135-1136. See also 
Chelation therapy. 
in children, 1136-1142 
clinical manifestations of, 1138-1139, 
1138t, 1139f 
diagnosis of, 1139 
epidemiology of, 1136-1137, 1137t 
history of, 1136 
prevention of, 1142 
treatment of, 1139-1142. See also 
Chelation therapy. 
in pregnancy, 356-357 
mechanisms of, 1133, 1133t 
neuropathy due to, 205, 206t, 1139, 
1139f 
LED (light-emitting diode), for methanol- 
induced retinal injury, 313 
Legal issues, in forensic toxicology, 123-124 
Leiurus quinquestriatus, 443, 443f 
Lemon grass oil, 1441t 
Lenten rose, 491f 
Lepidoptera stings, 451 
Lethal dose, median (LD; 9), 92 
antivenom, neutralizing units in, for 
Crotalidae snakebites, 409t 
of sulfur mustard, 1503 
Leucovorin, methotrexate toxicity limited 
with, 934 
Leukemia 
acute lymphoblastic, childhood, 1475 
benzene-induced, 1364, 1366 
Leukocytes, 298 


Leukoencephalopathy, progressive 
spongiform 
heroin overdose causing, 645 
treatment of, 652 
Leukopenia, 298, 299b 
Leukotriene antagonists, pulmonary toxicity 
due to, 186t 
Levamisole, 913-914 
Level of consciousness, assessment of, 24 
Levetiracetam, 743 
Levodopa 
for neuroleptic malignant syndrome, 716 
serotonin syndrome and, 573 
Levonorgestrel, implantable, 334 
Levothyroxine, 322 
mechanisms of toxicity of, 322-323 
Lewisite, 1501 
antidote for. See British antilewisite (BAL). 
Licorice root, 485 
Lidocaine 
for tricyclic antidepressant poisoning, 155 
for ventricular arrhythmias, 715 
cocaine-induced, 765 
in rapid sequence intubation, 16-17, 16t 
Ligand-gated ion channels, in 
neurotransmission, 192, 192f, 202 
Light-emitting diode (LED), for methanol- 
induced retinal injury, 313 
Lily of the valley, 487f 
Lindane (gamma-hexachlorocyclohexane), 
1231. See also Organochlorine 
insecticides. 
Linezolid, 565 
Lionfish, 510, 510f 
Lipid(s) 
intestinal absorption of, 273 
metabolism of, 335-338 
agents affecting, 336-337 
Lipid peroxidation, in hepatic injury, 224b 
Lipid-lowering agents, 326t 
Lipstick, 1431 
Liquids, teeth-cleaning, 1430 
Lithium, 579-586 
available preparations of, 580t 
drug interactions with, 580, 581t 
half-life of, 580 
in breast milk, 366t 
nephrotoxicity of, 257, 266-267 
neuroleptic malignant syndrome and, 
208-209 
pharmacokinetics of, 579-580, 581t 
pharmacology of, 579, 580t 
renal clearance of, 580 
serotonin syndrome and, 212 
SSRI inhibitor interaction with, 572, 572t 
therapeutic uses of, 579, 579t 
Lithium poisoning, 580-581, 581f 
acute-on-chronic, 580, 583 
cardiac disturbances due to, 158t, 161, 
582 
clinical manifestations of, 581—582 
diagnosis of, 582-583, 582t 
endocrine disturbances due to, 582 
gastrointestinal disturbances due to, 280, 
582 
in elderly, 380 
management of, 583-586 
decontamination in, 584 
disposition in, 585-586 
elimination in, 584—585, 585f, 586t 
hemodialysis or hemoperfusion in, 58 
supportive measures in, 583-584 
patient history in, 582 
quantitation and interventions for, 71t 
signs and tests for, 64t 
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Liver. See also Hepatic; Hepato- entries. 
alterations to, in pregnancy, 348 
effect of ethanol on, 279 
fatty, 228-229, 229b 
inflammation of. See Hepatitis. 
Liver function tests, for acute hepatitis, 229t 
Liver transplantation 
for acute hepatic failure, 240 
for cyclopeptide mushroom poisoning, 461 
Lobelia, 492f 
Lobelia inflata, 1081t, 1082 
Lofepramine, pharmacokinetic parameters of, 
539t 
Lomotil, overdose of 
delayed toxicity associated with, 649 
management of’, 649 
Loop diuretics, 996, 996f. See also Diuretics. 
Loperamide, 646 
gastrointestinal disturbances due to, 283 
Lophophora williamsii, 796 
Lopinavir, 892t-893t, 903, 903f 
Lorazepam 
for alcohol withdrawal syndrome, 601, 601t 
for camphor-induced seizures, 1421 
for hypertension, in hallucinating patient, 
800 
for hyperthermic syndromes, 216 
for neuroleptic malignant syndrome, 216, 
TG 
for phencyclidine intoxication, 777 
for seizures, 714 
for serotonin syndrome, 218 
recommended dosage of, 672t 
structure of, 673f 
Low-density lipoprotein, in anabolic steroid 
abusers, 1105 
Low-density lipoprotein cholesterol, elevation 
of, steroid-induced, 330 
Lowest observable adverse effect level 
(LOAEL), in nonoccupational 
environmental toxicology, 1261 
Low-molecular-weight heparin, 1058-1059 
Low-molecular-weight sensitizing agents, 
associated with occupational 
asthma, 174t 
Loxosceles spiders, 435-437 
LSD. See Lysergic acid diethylamide (LSD). 
Lung(s). See also Pulmonary; Respiratory 
entries. 
acute injury to, 170 
anatomy and physiology of, 168—169 
auscultation of, 23 
occupational diseases of, 184-185 
particle deposition in, 169 
work-related cancer of, 1248t—1249t 
Lye. See Sodium hydroxide. 
Lysergamides, 794, 795t 
Lysergic acid, chemical structure of, 485f 
Lysergic acid amide, hallucinogenic effects of, 
484 
Lysergic acid diethylamide (LSD) 
cardiovascular effects of, 146 
CNS effects of, 1517, 1519 
formulations and route of administration 
of, 797 
mechanism of action of, 198 
pharmacokinetics of, 798t 
structure of, 796f 
synthesis of, 794 
time of onset and duration of action of, 
798t 
use/abuse of 
epidemiology of, 794 
false-positive urinary testing for, 800, 


800b 
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M 
M2 protein blockers, 894t—895t, 904-905 
Ma huang. See Ephedrine. 
Mace, 796 
Macrolides, overdose of, 882 
Magnesium, 1163 
Magnesium citrate 
as cathartic, 38 
for clonidine overdose, 1007 
Magnesium hydroxide, for iron poisoning, 
1125 
Magnesium sulfate 
for barium carbonate poisoning, 1219 
for digitalis poisoning, 959 
for torsades de pointes, 1016 
Makeup, facial, 1424t, 1431-1432 
Malabsorption, gastrointestinal 
drug-induced, 276, 276t 
treatment of, 285 
Malathion, 1172t 
Maleic anhydride 
ocular injury due to, 307 
uses and toxic effects of, 305t 
Malignant hyperthermia 
clinical manifestations of, 214 
diagnosis of, 215 
differential diagnosis of, 215 
history and epidemiology of, 213 
in children, 394-395 
inhaled anesthesia toxicity with, 395 
management of, 218 
pathophysiology of, 213-214 
signs and symptoms of, 210t 
Malignant hyperthermia equivalent, 215 
Malignant syndrome 
complications of, 215-216 
management of, 218 
Malnutrition, in chronic ethanol intoxication, 
596 
Mamba bites, 428—429 
Manchineel tree, toxicity of, 499 
Mandragora officinarum, 1081t, 1082 
Manganese, 1163-1164 
chronic poisoning with, 196-197 
Manganese madness, 197, 1164 
Mania, dancing, 10, 1280 
Man-made vitreous fibers, exposure to, 
182-183 








Mannitol 
for ciguatera poisoning, 518 
for prerenal failure, 258 
for snakebite-induced compartment 
syndrome, 412 
for vitamin A overdose, 1094 
MAO inhibitors. See Monoamine oxidase 
(MAO) inhibitors. 
Maple syrup disease, in children, 392-393, 
3931 
benzodiazepine toxicity with, 393 
Maprotiline 
pharmacokinetic parameters of, 539t 
structure of, 538f 
Marijuana, 747-752 
alcohol and other drugs combined with, 751 
hallucinogenic effects of, 498 
passive inhalation of, 751 
pharmacokinetics of, 748—749 
pharmacology of, 748 
structure of, 747, 748f 
therapeutic use of, 747 
tolerance to and dependence on, 750 
use/abuse of, 749-750 
diagnosis of, 751 
epidemiology of, 747 
management of, 751-752 


Marijuana Tax Act (1937), 747 
Marine life. See also specific species. 
envenomation by, 507-515, 508t 
ingestion of, poisoning by, 515-518, 516f 
Marsh marigold, 492f 
Mass casualty incident(s). See also Hazardous 
material incident(s). 
choking agent exposure causing, 1510 
CNS disabling agent exposure causing 
management of, 1519-1520 
principles of preparedness in, 1520 
decontamination in, 33—34, 33—35f 
personnel associated with, 33-34 
in Iraq, 1487 
in Japan, 1487-1488 
lacrimator exposure causing, 1515 
nerve gas exposure causing 
management of, 1497-1498, 1497f 
principles of preparedness in, 1498-1499 
vesicant exposure causing 
management of, 1505 
principles of preparedness in, 1505-1506 
Maternal toxicologic screening, 78 
Mazzotti reaction, 914 
MDA (3,4-methylenedioxyamphetamine), 
782£, 785 
MDMA. See 3,4-Methylenedioxymetham- 
phetamine (MDMA). 
Meats, processed, tyramine in, 569, 569b 
Mebendazole, 912, 916-917 
Mechanical ventilation, for drug-induced 
pulmonary edema, 140 
Median effective dose (ED;9), 92 
Median lethal dose (LD;,), 92 
antivenom, neutralizing units in, for 
Crotalidae snakebites, 409t 
of sulfur mustard, 1503 
Medical toxicology, as subspecialty, 10-11 
Medications. See Drug entries; specific 
medication. 
Mediterranean glue thistle, hepatotoxicity of, 
239b 
Medroxyprogesterone acetate, estrogen 
therapy with, 335 
Mees’ lines, 1150 
Mefenamic acid, toxic effects of, 871 
Meglitinides 
duration of action of, 318t 
intoxication with, 1026 
adverse effects of, 1028 
management of, 1031 
mechanism of action of, 318 
pharmacokinetics of, 1025 
pharmacology of, 1023-1024 
structure and classification of, 1021, 1021f 
Melagatran, 1059-1060 
Melaleuca alternifolia, 1438 
Melphalan, pharmacologic parameters of, 929t 
Membrane-depressant agents, cardiac 
disturbances due to, 151, 153-154, 
153b, 154f-155f 
treatment of, 154t 
Mental status, depressed, colchicine-induced, 
861 
Mentha pipent, 1438 
Mentha pulegium, 1437 
Meperidine, 646 
MAO inhibitor interactions with, 572, 572t 
Mephobarbital, 689t 
Meprobamate 
drug interactions with, 663t, 665 
history and structure of, 659f, 660 
intoxication with, 665 
diagnosis of, 666 
pharmacokinetics of, 662t, 665 








Mercury 
elemental 
intoxication with, 1113-1114. See also 
Mercury poisoning. 
pharmacology of, 1112 
exposure to 
at Minamata Bay, 8, 8f 
clinical characteristics of, 1116t 
EPA’s guidelines for, 369 
neonatal, 368—369 
neuropathy due to, 205, 206t 
occupational, 184 
inorganic 
intoxication with, 1114. See also Mercury 
poisoning. 
pharmacology of, 1112-1113 
nephrotoxicity of, 268 
organic 
intoxication with, 1114-1115. See also 
Mercury poisoning. 
pharmacology of, 1113 
pharmacology of, 1112-1113 
products containing, 1111-1112, 1112b, 
1112f 
release of, from dental amalgams, 
1277-1279, 1278f 
sources of, 1111 
Mercury poisoning, 1278 
antidote for, 14t 
cardiac disturbances due to, 158t, 163 
clinical presentation of, 1113-1115 
diagnosis of, 1115 
elemental, 1113-1114 
gastrointestinal disturbances due to, 280 
inorganic, 1114 
organic, 1114-1115 
treatment of, 1115-1116 
Mescal beans, 488f 
Mescaline, 795t, 796, 796f 
pharmacokinetics of, 798t 
time of onset and duration of effects of, 798t 
Metabolic acidosis, 106-110 
assessment of, 25, 25b 
clinical features and consequences of, 110 
elevated anion-gap, 106-109, 106b 
causes of, 25b, 109 
vs. ketoacidosis, 107-108 
hemodialysis for, 56 
hyperchloremic, 109 
in colchicine intoxication, 862 
in ethylene glycol intoxication, 108—109 
in iron poisoning, 1121 
in methanol intoxication, 108 
in paraldehyde intoxication, 109 
in renal failure, 107 
in salicylate intoxication, 108 
in toluene intoxication, 109 
isoniazid-induced, 922 
normal anion-gap, 109-110, 109b 
treatment of, 110 
Metabolic alkalosis 
causes of, 111, 111b 
clinical features of, 111 
definition of, 105, 110 
in poisoning and drug overdose, 111 
treatment of, 111-112 
Metabolism 
first pass, 82 
of drugs. See Biotransformation. 
Metal chelators, 1167-1168, 1168t. See also 
Chelation therapy; specific chelator. 
Metal fume fever, 179, 180t, 1167, 1167b 
Metal pneumoconioses, 183-184 
Metallothionein, 1167-1168 
Metaxalone, properties of, 696t 





Metered-dose inhalers, pulmonary toxicity 
due to, 187t 
Metformin poisoning, 1030-1031 
Methadone, 12-13 
chemical structure of, 637£f 
in breast milk, 366t 
Methamphetamines, 782—783, 782f 
neurotoxicity of, 785—786 
pulmonary toxicity of, 787 
Methanol, 605 
lethal dose of, 605 
metabolic pathway of, 605f 
neonatal exposure to, 370 
pharmacology of, 605—606 
Methanol poisoning, 605-610, 606f 
clinical manifestations of, 607 
diagnosis of, 607-608, 608f, 608t 
fatalities due to, organ donation after, 129, 
130t 
metabolic acidosis in, 108 
neurotoxic effects of, 197 
ocular injury due to, 309-310 
management of, 313 
quantitation and interventions for, 71t 
route of toxicity in, 605 
treatment of, 313, 609-610, 609f 
algorithm for, 621f 
antidotes in, 14t 
hemodialysis or hemoperfusion in, 58 
Methaqualone 
history and structure of, 659f 
intoxication with, 665 
diagnosis of, 666-667 
pharmacokinetics of, 662t 
Methemoglobin, 291, 295t 
Methemoglobin fraction, 294—295 
Methemoglobinemia, 289, 291-295 
diagnosis of, 292-293, 987 
differential diagnosis of, 293 
etiology of, 292 
in neonate, 370 
pathophysiology of, 291-292 
smoke inhalation causing, 1288 
treatment of 
failure to respond to, 295, 295b 
in asymptomatic patients, 293 
in symptomatic patients, 293-295, 987 
methylene blue in, 294, 1382, 1405 
Methimazole 
for hyperthyroidism, 323 
for thyroid hormone overdose, 1072 
toxicity of, 1073 
Methocarbamol, properties of, 696t 
Methohexital, 689t 
in rapid sequence intubation, 16t 
Methotrexate 
monitoring levels of, 933-934 
nephrotoxicity of, 267, 932 
neurotoxicity of, 931 
pharmacology of, 928, 929t 
Methotrexate poisoning 
gastrointestinal effects of, 282 
in children with folate and vitamin By» 
metabolic disorders, 394 
rescue agents limiting, 934 
Methprylone, structure of, 659f 
Methyl bromide, 1226-1227 
neuropathy due to, 206t 
Methyl chloroform, 1349t 
neonatal exposure to, 369-370 
Methyl isocyanate 
physicochemical properties of, 1317, 1318t 
sources of, 1317 
toxicity of, 1318-1321. See Isocyanates, 
intoxication with. 





Methyl isothiocyanate, 1228 
B-N-Methylamino-L-alanine (BMAA), 203 
N-Methyl-D-aspartate receptors 
ethanol effects on, 598 
for nerve gas—induced seizures, 1497 
Methyldopa 
dosage of, 1004t 
hepatitis due to, 235b 
Methylene blue therapy 
for ifosfamide toxicity, 933 
for methemoglobinemia, 294, 987, 1382, 
1405 
failure to respond to, 295, 295b 
Methylene chloride, 1348t 
absorption of, 1351 
carbon monoxide poisoning due to, 1299 
Methylene diphenyl diisocyanate 
physicochemical properties of, 1317, 
1318t 
sources of, 1317 
toxicity of, 1318-1321. See also Isocyanates, 
intoxication with. 
3,4-Methylenedioxyamphetamine (MDA), 
782£, 783, 785. See also 
Amphetamines. 
3,4-Methylenedioxymethamphetamine 
(MDMA). See also Amphetamines. 
cardiovascular complications of, 143 
fatal overdose of, organ donation after, 
130 
hepatotoxicity of, 231-232, 787 
MAO inhibitor interactions with, 572, 572t 
neurological complications of, 785 
pulmonary toxicity of, 786-787 
structure of, 782f, 783 
Methylprednisolone, for anaphylaxis, 880, 
880f 
4-Methylpyrazole, for gamma-hydroxybutyric 
acid overdose, 817 
Methylxanthine(s), mechanism of action of, 
194 
Methylxanthine poisoning 
gastrointestinal effects of, 280-281 
in neonate, 371 
Methyprylon (methyprylone) 
intoxication with, 665 
diagnosis of, 667 
pharmacokinetics of, 662t, 665 
Methysergide maleate, for serotonin 
syndrome, 574 
Metrifonate, 915 
Metronidazole, in breast milk, 366t 
Metyrapone, mechanism of toxicity of, 328 
Mibefradil, structure of, 963—965, 964f 
Michaelis-Menten kinetics, 90 
of theophylline, 1037 
Microwave popcorn workers, bronchiolitis 
obliterans in, 184-185 





Midazolam 
for seizures, organophosphate-induced, 
1177 
in rapid sequence intubation, 16t, 17 
recommended dosage of, 672t 
Mifepristone, mechanism of toxicity of, 
328-329 
Migraine, triptans for, 849, 850t 
Military smokes (obscurants), exposure to, 
1507t, 1509 





Milk 
for caustic alkali ingestion, 1411-1412 
for soap or detergent ingestions, 1447 
Millipedes, 453 
Minamata disease, 8, 8f 
Mineral oil, for ocular adhesive injury, 311t, 


312 
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Mineralocorticoid(s), 327 
adverse effects of, 330 
mechanism of toxicity of, 329 
Mineralocorticoid antagonists, 327 
adverse effects of, 330 
mechanism of toxicity of, 329 
Minoxidil, 988-989, 988f 
Minute ventilation, in infants, environmental 
toxicants and, 1272 
Miosis, in opioid poisoning, 644, 649 
Mirtazapine, 198, 538 
for serotonin syndrome, 218 
overdose of, 555 
pharmacokinetics of, 551t 
parameters in, 539t 
Misoprostol overdose, gastrointestinal effects 
of, 282 
Mist, definition of, 170 
Mistletoe toxicity, 496 
Mitigation phase, in emergency management, 
1454, 1454f 
Mitotane, mechanism of toxicity of, 328 
Mitoxantrone, pharmacologic parameters of, 
9200 
Moclobemide, 565, 567 
Mold, as source of systemic disease, 1279-1280 
Molecular absorbent regenerating system, for 
cyclopeptide mushroom 
poisoning, 461 
Molecular adsorbents recirculating system, 
54-55 
for water-soluble drug hepatotoxicity, 240 
substances removed by, 59 
Molecular weight, of toxicants, 55 
Monkshood, 492f 
Monoamine oxidase (MAO) inhibitors, 
561-574 
cardiovascular complications of, 143 
characteristics of, 564t 
classic, 563 
food interactions with, 568-569, 569b 
for depression, 549 
in neurotransmission, 195 
intoxication of 
clinical manifestations of, 565-567, 566f 
diagnosis of, 567 
treatment of, 567-568 
isoenzymes of, 562, 563t 
pharmacology of, 5603-505, 564f, 564t, 565b 
physiology of, 561-562, 562f 
representative reactions of, 562, 562f 
reversible, 563 
selective serotonin reuptake inhibitors and, 
198 
serotonin syndrome and, 211, 212, 569-574 
structure of, 563—564, 564f 
tricyclic antidepressant interaction with, 
572-573 
triptan interaction with, 853 
Monomethylhydrazine, chemical structure of, 
481f 
Morbidity and mortality 
associated with delirium tremens, 600 
associated with hallucinogen toxicity, 799 
associated with neuroleptic malignant 
syndrome, 210 
in opioid abusers, 636 
Morning glory 
hallucinogenic effects of, 498 
serotonin receptors in, 198 
Morphine 
chemical structure of, 640f 
pharmacology of, 636 
receptor selectivity of, 198 
therapeutic index of, 1519 
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Motor functions, effect of marijuana on, 749 
Mouthwashes, 1430 
toxicity of, 1431 
Mucociliary escalator, 168 
Mucositis, cinnamon-induced, 1436 
Multiple chemical sensitivity. See Idiopathic 
environmental intolerance. 
Multiple system organ failure, salicylate 
poisoning causing, 841 
Multiple-dose activated charcoal. See Activated 
charcoal, multiple-dose. 
Multisystem organ failure, 499-500 
cytotoxic plants producing, 481 
Multivitamin (s). See also Vitamin entries. 
supplementary, for alcohol withdrawal 
syndrome, 600 
with iron, 1119, 1119t 
Munchausen syndrome by proxy, laxative 
abuse in, 284 
Muscarine, chemical structure of, 465f 
Muscarine-containing mushrooms, 458b, 
464—465, 464f 
Muscarinic receptors, 199-200 
Muscimol, chemical structure of, 462f 
Muscimol-containing mushrooms, 458b, 
461-463, 462f 
Muscle biopsy, for malignant hyperthermia, 
ra 
Muscle relaxants, 695-701. See also specific 
agent. 
drug interactions with, 697 
intoxication with, 697—701 
acute, 698—699 
diagnosis of, 699—700 
differential diagnosis of, 700, 700b 
in children with malignant hyperthermia, 
395 
management of, 700-701, 701t 
patient disposition and, 701 
pharmacokinetics of, 697 
pharmacologic properties of, 696t 
structure of, 695 
therapeutic use of, adverse effects of, 
697-698 
withdrawal from, 699 
Musculoskeletal disorders 
class IA antiarrhythmic-induced, 1014-1015 
colchicine-induced, 862 
theophylline-induced, 1038 
Mushroom worker’s lung, 470 
Mushrooms, 455-471. See also specific species. 
anticholinergic properties of, 723b 
coprine-containing, 458b, 465-466, 465f 
cyclopeptide-containing, 457-461, 458b, 
459f 








environmental and farming issues 
associated with, 487—488 

gastrointestinal-irritant, 469-470 

gyromitrin-containing, 458b, 463-464, 463f 

hallucinogenic properties of, 198, 794-795, 
795t 

ibotenic acid-containing, 458b, 461-463, 
462f 

indole-containing, 458b, 466-467, 466f 

ingestion of, syndromes associated with, 
456t 

kombucha, toxicity of, 1084 

muscarine-containing, 458b, 464—465, 464f 

muscimol-containing, 458b, 461-463, 462f 

orellanine-containing, 458b, 467-468, 468f 

spores of, 456, 457f 

toxic effects of, 234, 256, 279 

management of, 455-457, 457b, 457f, 
458b 
pitfalls in, 471b 


Mustard agents, ocular injury due to, 308-309 
treatment of, 311t, 312 
Mustard gas. See Sulfur mustard. 
Myasthenia gravis, vs. botulism, 524t 
Mycophenolate mofetil, 947-948 
Mycotoxins, 237. See also specific type. 
ingestion of, gastrointestinal effects of, 
278-279 
molds producing, 1280 
Mydriasis, in opioid poisoning, 644 
Myelodysplastic syndrome, benzene-induced, 
1364, 1366 
Myocardial infarction 
amphetamine-induced, 786 
cocaine-induced, 142, 758 
management of, 767 
vs. botulism, 524t 
work-related, 1251t 
Myocardial membranes, depression of, drug- 
induced, 135-136, 137f 
Myocarditis, antipsychotic agents associated 
with, 712 








Myopathy 
nucleoside reverse-transcriptase inhibitors 
causing, 898 
steroid-induced, 329 
Myristica fragrans, 196, 796, 1081t, 1083, 1437 
Myrrh oil, 1441t 


N 
NAC. See N-Acetylcysteine (NAC). 
NADH/NAD* ratio, in chronic ethanol 
intoxication, 596, 596f 
NADPH methemoglobin reductase, 292 
Nail care products, 1429-1430 
Nail polish, 1429-1430 
Nail polish remover, 1430 
Na*/K*-ATPase pump, dysfunction of, in 
hydrofluoric acid poisoning, 
1324 
Nalmefene 
duration of action of, 199 
for opioid-induced CNS symptoms, 652 
Naloxonazin, chemical structure of, 640f 
Naloxone 
cardiac disturbances due to, 148 
chemical structure of, 640f 
duration of action of, 199 
for clonidine overdose, 1007 
for heroin overdose, in pregnant patient, 
355 
for muscle relaxant intoxication, 701t 
for opioid overdose, 650—651 
Naltrexone 
chemical structure of, 640f 
duration of action of, 199 
a-Naphthyl-thiourea, in rodenticides, 1219 
NAPQI. See N-Acetyl-parabenzoquinoneimine 
(NAPQI). 
Naproxen, toxic effects of, 871 
Naratriptan, drug interactions with, 854t 
Narcolepsy, gamma-hydroxybutyric acid for, 
811 
Nasogastric lavage 
for hydrofluoric acid poisoning, 1331 
for plant-related poisoning, 500 
Nasogastric suction, continuous, for arsenic 
poisoning, 1153 
National Advisory Committee (NAC) acute 
exposure guideline levels 
(AEGLs), of sulfur mustard, 1504, 
1505t 
National Center for Environmental Health 
(NCEH), 1264-1265 
National Electronic Surveillance System, 


1262 
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National Fire Protection Association (NFPA) 
Committee, hazard signal system, 
704, 1239, 1240b, 1240f 
National Institute for Environmental Health 
Services (NIEHS), 1273 
National Institute of Environmental Health 
Sciences (NIEHS), 1265 
National Institute of Occupational Safety and 
Health (NIOSH), 1263-1264 
exposure levels immediately dangerous to 
life or health defined by, 1244 
National stockpile, chemical agents in, 1502, 
1502t 
Nausea. See also Emesis. 
intoxicants causing, 276-277 
Nebulizers, pulmonary toxicity due to, 
187t 
Nefazodone, 550 
overdose of, 554—555 
pharmacokinetics of, 551t 
serotonin syndrome due to, 212 
Nelfinavir, 892t—-893t, 903, 903f 
Nematocysts, 507-508, 508f 
Nematodes, 911 
Neonates. See also Children. 
cocaine intoxication in, withdrawal from, 
367-368 
maternal drug abuse during pregnancy 
affecting, 762-763 
toxic effects of, 365, 367-368 
methemoglobinemia in, 370 
opioid intoxication in, withdrawal from, 
367, 368t 
pharmacokinetics in, 363-365 
vs. adults, 365t 
potential toxicity of drugs in, 364t 
selective serotonin reuptake inhibitors 
intoxication in, withdrawal from, 
368 
toxic exposures in, 363-372 
dermatologic, 369-370 
environmental, 368-369 
epidemiology of, 363 
iatrogenic, 369-372 
through breast milk, 365, 365t, 366t 
treatment of, 372 
withdrawal syndromes in 
cocaine and, 367-368 
opioids and, 367, 368t 
selective serotonin reuptake inhibitors 
and, 368 
Neostigmine, for non-native Elapidae 
snakebites, 430—431 
Nephritis, interstitial, acute, 256-257, 257b 
Nephropathy 
antibiotic-induced, 881 
Chinese-herb, 1083 
Nephrotoxicants, in workplace, 1251t 
Nephrotoxicity 
acute. See Renal failure, acute. 
bromide, 1388 
chlorinated hydrocarbon-induced, 1356 
chronic. See Renal failure, chronic. 
diquat-induced, 1196 
drug-related, 253-257, 255b, 263-267, 
264f-266f, 581, 872-873, 932 
factors affecting, 252b 
environmental and occupational, 267—268 
industrial chemical—induced, 1246 
lead-induced, 1134 
in childhood, 1139 
of animal venom, 256 
of biologic agents, 256 
of heavy metals, 255b, 256 
of herbs and plants, 256 
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Nephrotoxicity (Cont'd) 
of iodinated radiocontrast agents, 257 
of toluene, 1372 
plant-induced, 256, 485 
Nerve gas(es), 1487-1499 
exposure to 
assessment of, 1494 
clinical presentation of, 1489-1492 
in pregnancy, 358 
mass casualties following, management 
of, 1497-1498, 1497f 
moderate to severe, signs and symptoms 
of, 1491t 
prenatal and pediatric issues following, 
1492-1494, 1493t, 1494f 
principles of preparedness for, 
1498-1499, 1499b 
short-term, signs and symptoms of, 
1490t 
treatment of, 1494-1497 
antidotes in, 15t, 732, 1178-1179, 
1495-1496 
for pediatric population, 1492-1493, 
1493t 
decontamination in, 1495 
medical countermeasure in 
development in, 1496-1497 
general properties of, 1490t 
organophosphate as, 1173, 1487. See also 
Organophosphates. 
relevant history of, 1487-1488 
Nerve-gas—related International Classification 
of Diseases codes, 1499b 
Neuraminidase inhibitors, 894t—897t, 
905-906 
Neuroleptic(s), 703. See also Antipsychotic 
agents. 
Neuroleptic malignant syndrome, 197, 
707-708, 711-712 
clinical manifestations of, 209 
complications of, 215-216 
diagnosis of, 214-215 
diagnostic criteria for, 209-210, 714t 
differential diagnosis of, 215 
history and epidemiology of, 208—209 
incidence of, 208 
management of, 216-217, 716-717 
pathophysiology of, 209 
signs and symptoms of, 210t 
Neurologic symptoms. See also Autonomic 
nervous system (ANS); Central 
nervous system (CNS); Peripheral 
nervous system (PNS). 
in poisoned patient, 24 
iron poisoning—induced, 1121 
plant-induced, 483—484 
Neuromuscular syndromes, 208-218. See also 
specific syndrome. 
Neuron (s), 191, 192f 
excitotoxicity of, 202 
europathy (ies) 
arsenic poisoning causing, 1150 
delayed, organophosphate poisoning 
causing, 1180 
demyelinating, 205 
lead poisoning causing, in children, 1139, 
1139f 
neurotoxins producing, 206t 
peripheral 
nucleoside reverse-transcriptase 
inhibitors causing, 897—898 
thalidomide causing, 940 
symmetric generalized, 204—205 
toxic, characteristics of, 205b 
work-related, 1249t 














Z 


Neuropsychiatric sequelae, chronic, 
organophosphate poisoning 
causing, 1180 
Neuropsychiatric symptoms, in alcohol 
withdrawal, 599 
Neuroreceptor affinities, for antipsychotic 
agents, 706t 
Neurotoxic agents, 191 
cellular targets and, 191b 
neuropathy due to, 206t 
Neurotoxic shellfish poisoning, 516, 517 
Neurotoxicity, 191—206 
industrial chemical—induced, 1247, 1253 
neurotransmitter systems and, 193-204 
nicotine-induced, 497—498 
of toluene, 1371 
Neurotransmission 
definition of activity of, 191 
presynaptic, 193 
synaptic, 191-193, 192b, 192f 
neurotoxicity and, 191-204 
Neurotransmitter system(s), 193—204 
catecholaminergic, 194-197, 196b 
cholinergic, 199-201 
GABAergic, 203-204 
glutaminergic, 202—203 
glycinergic, 204 
histaminergic, 201 
opioids as, 198-199 
purinergic, 193-194 
serotonergic, 197-198 
Neutron-gamma exposures, U.S. fatal 
criticality radiation accidents 
following, 1477-1479 
Nevirapine, 892t—893t, 900, 900f 
Neyshabur, Iran, hazardous material incident 
in, 1457 
Niacin (nicotinic acid). See Vitamin Bs. 
Nickel, 1164 
occupational exposure to, 184 
Niclosamide, 916 
Nicotinamide-adenine dinucleotide 
phosphate, depletion of, in 
paraquat poisoning, 1197 
Nicotine alkaloids, 482—483 
toxicity of, 497-498 
Nicotinic acid (niacin). See Vitamin Bs. 
Nicotinic receptors, 199 
Nifedipine, for hypertension, with scorpion 
stings, 446 
Niridazole, 914 
Nitrates 
hepatotoxicity of, 236b 
organic, 985-987 
pharmacokinetics and pharmacology of, 
985-986 
toxicity of, 986-987 
diagnosis and management of, 987 
Nitric acid 
ocular injury due to, 306 
uses and toxic effects of, 305t 
Nitric oxide 
as irritant, 177, 178t 
in neuron excitotoxicity, 202 
in smoke, 1285 
Nitrites 
hepatotoxicity of, 236b 
intoxication with, antidote for, 14t 
Nitroethane, 1430 
Nitrofurantoin, overdose of, 883 
Nitrogen mustard, ocular injury due to, 308 
Nitrogen oxides, 1402-1405, 1402t 
as choking agents, 1507t, 1508 
exposure to, 1509 
clinical manifestations of, 1403—1404 




















Nitrogen oxides (Cont'd) 
exposure to (Cont'd) 
management of, 1404-1405 
nonoccupational, 1403 
pathophysiology of, 1403, 1403t 
Nitroglycerin, 985 
for serotonin syndrome, 218 
release of nitric oxide from, 986 
toxicity of, 986-987 
diagnosis and management of, 987 
Nitroprusside. See Sodium nitroprusside. 
N-methyl-D-aspartate (NMDA) receptors, 202, 
204 
ethanol effects on, 598 


No observable adverse effect level (NOAEL) 


in isocyanate toxicity, 1320 
in pediatric environmental toxicity, 1269 


No observed adverse effect level/uncertainty 


factor (NOAEL/UF), in 
nonoccupational environmental 
toxicology, 1261 


Nongovernmental organizations, concerned 


with environmental toxicology, 


1265-1266 


Non-nucleoside reverse-transcriptase 


inhibitors, 892t—893t, 899-900 
adverse effects of, 899-900 


Nonserum, serum sickness—like reactions, 


antibiotic-induced, 880 


Nonsteroidal anti-inflammatory drugs 


(NSAIDs), 865-874. See also specific 
agent. 
acute interstitial nephritis due to, 257 
cardiopulmonary toxicity of, 873 
classification of, 865, 866b 
depressed renal function associated with, 
101 
drug interactions with, 869, 869t 
effect of, on gastrointestinal tract, 279 
hematologic toxicity of, 872 
hepatotoxicity of, 224-225, 233, 872 
history of, 865 
mechanism of action of, 865-866, 867f, 
868f 
metabolic toxicity of, 872 
nephrotoxicity of, 253, 257, 263-264, 264f, 
872-873 
neurologic toxicity of, 872 
overdose of 
clinical effects of, 871-873 
diagnosis of, 873 
management of, 873-874 
patient disposition and, 874 
pharmacokinetics of, 868-869, 868t 
structure and structural relationships of, 
865, 867f 
toxicology of, 869-871, 870f 
use of, in pregnancy, 869 


Nontoxic ingestions, 22b 
Norbromide, in rodenticides, 1221 
Norepinephrine 


in emergency care, 20, 20t 
in neurotransmission, 194 


Normeperidine, neurotoxicity of, 199 
Nortriptyline, pharmacokinetic parameters of, 


539t 


Nose, examination of, 23 
NSAIDs. See Nonsteroidal anti-inflammatory 


drugs (NSAIDs). 








Nucleoside reverse-transcriptase inhibitors, 


889, 890t-891t, 896-899. See also 
specific agent. 


adverse effects of, 11 


Nutmeg, 484, 796, 1437, 1441t 


hallucinogenic effects of, 498 
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Nutmeg (Cont'd) 
time of onset and duration of effects of, 798t 
toxicity of, 1083 
Nutraceuticals, definition of, 1080 
Nutrients 
absorption of, 273 
drug interactions with, 102-103, 102b 
Nutritional status, influence of, on lead 
absorption, 1132 
Nutritional supplementation, 1086-1087 
for lead poisoning 
in children, 1140 
in pregnant patient, 357 
Nylon flock worker’s lung, 185, 1248t 
Nystagmus 
intoxication associated with, 24 
systemic substances causing, 309b 


O 
Obidoxime, for organophosphate poisoning, 
1178, 1179 
Observation, of poisoned patients, 29-30 
Obstetric toxicity, amphetamine-induced, 
787-788 
Occupational diseases. See also Industrial 
poisoning; specific disease. 
recognition of, 1238-1239 
vs. common diseases, 1238 
Occupational exposure (s). See also Industrial 
poisoning. 
to asbestos fibers, 182-183 
to asphyxiants, 176 
to environmental toxins, 1260-1261 
to hazardous materials, classification of, 
1239-1240, 1239b, 1240b, 1240f 
to inhalational organic and inorganic 
materials, 178-179, 180t-181t, 182 
to irritant gases, 176-177, 178t 
to man-made vitreous fibers, 182—183 
to metal dusts and fumes, 183—184 
to plant and animal proteins, 173, 175t 
toxicologic testing of, 78 
Occupational fatalities, in private industry, 
U.S. Bureau of Labor Statistics on, 
1237 
Occupational Safety and Health Act (1970), 
1244 
Occupational Safety and Health 
Administration (OSHA) 
benzene exposure standards of, 1367 
lead exposure standards of, 1130 
permissible exposure levels published by, 
1244 
Occupational sources, of lead, 1130, 1131b 
Occupational toxins, nephrotoxicity of, 
267-268 
O-cresol, as marker of toluene exposure, 1373 
Octopus, 509, 509f 
stings from, 513 
Octreotide 
for hormone disorders, 320 
for hypoglycemia, 319, 319t 
for sulfonylurea overdose, 1030 
Ocular decontamination, 31—34. See also 
Decontamination. 
for lacrimator exposures, 1515 
for plant-related poisoning, 501 
Ocular exposure, to herbicides, 1202, 1204 
Ocular injury, 302-313 
bleaches causing, 1450 
chlorinated hydrocarbons causing, 
1356-1357 
corrosive chemicals causing, 302-307 
acids as, 304—307, 305t, 306b 
alkalis as, 302-304, 303f, 303t 
solvents as, 307 


Ocular injury (Cont‘d) 
cyanoacrylates causing, 308 
detergents causing, 307-308 
examination of, 310 
Hughes classification of, 310, 310t 
hydrofluoric acid causing, 306-307, 1327 
treatment of, 311t, 312, 1330-1331 
mechanisms of repair of, 302 
mustard agents causing, 308-309 
prognosis of, 310, 310t 
soaps and detergents causing, 1448 
surfactants causing, 308 
systemic agents causing, 309-310, 309b 
treatment of, 310-313 
irrigation solutions in, 310-311 
special agents in, 313, 313t 
special considerations in, 311-313, 311t 
Oils. See also specific oil. 
bath, 1428-1429 
essential, 1435-1442 
definitions of, 1435b 
Internet resources on, 1441b 
therapeutic uses of, 1435-1436 
toxicity of, 1436, 1440t-1441t 
management of, 1440 
Olanzapine, for serotonin syndrome, 574 
Oleander 
common, 493f 
yellow, 488f 
fruit of, 489f 
Olfactory fatigue, hydrogen sulfide and, 
1339 
Oliguria, in acute renal failure, 250, 254 
Ophthalmia neonatorum, 1165 
Ophthalmic drops, toxic effects of, in 
neonate, 371-372 
Opiate (s) 
cardiac disturbances due to, 158t, 161 
definition of, 198, 635 
excretion of, 642 
intoxication with, 199 
antidote for, 15t 
clinical manifestations of, 648—649 
signs and tests for, 63t 
Opioid(s), 198-199, 635-653. See also specific 
agent. 
cramping and constipation with, 283 
definition of, 198, 635 
endogenous, 637 
exogenous, 637 
history of, 635 
in rapid sequence intubation, 16t, 17 
intoxication with, 199, 642, 644 
antidote for, 15t 
clinical manifestations of, 648—650 
diagnosis of, 650 
epidemiology of, 635-636, 636f 
management of, 650-652 
patient disposition and, 652-653 
pulmonary manifestations of, 187t 
signs and tests for, 63t 
pharmacodynamics of, 637-638 
pharmacokinetics of, 639-642, 643f 
pharmacology of, 636-637 
synthetic, 637, 637f 
withdrawal from, 281 
in neonate, 367, 368t 
Opioid antagonists, 652 
Opioid receptors, 198-199, 638-639 
activity of opiate /opioid on, 642t 
6, 638, 639t, 640t 
K, 638, 639t, 640t 
u, 638, 639t, 640f, 640t 
molecular representation of, 642f 
regulation of cellular effectors by, 643f 


Opium, 6, 635 
tincture of, for neonatal opiate withdrawal, 
368t 
Oral discoloration, 274, 274t 
Oral diseases, 274, 274t 
Oral hygiene products, 1424t, 1430-1431 
Oral ingestion (s) 
nontoxic, 22b 
of hydrofluoric acid, 1327-1328 
treatment for, 1331 
Orellanine, chemical structure of, 467f 
Orellanine-containing mushrooms, 458b, 
467-468, 468f 
Organ donation, after fatal poisoning, criteria 
for, 126-127 
Organic acids, 305t, 307. See also specific acid. 
Organic dust toxic syndrome, 179, 181t 
work-related, 1251t 
Organic nitrates, 985-987 
pharmacokinetics and pharmacology of, 
985-986 
toxicity of, 986-987 
diagnosis and management of, 987 
Organic solvents, nephrotoxicity of, 255b, 256 
Organizations, for forensic toxicology, 
122-123 
Organochlorine insecticides, 1231-1235 
intoxication with 
adverse effects of, 1233 
clinical manifestations of, 1233 
diagnosis of, 1233-1234 
differential diagnosis of, 1234 
epidemiology of, 1231 
in special populations, 1232-1233 
management of, 1234-1235 
pathophysiology of, 1232 
patient disposition and, 1235 
pharmacokinetics of, 1232 
relevant history of, 1231 
structure of, 1231-1232 
Organophosphates, 1171-1180, 1172t. See also 
Nerve gas(es); specific agent. 
history of, 1171-1172 
intoxication with 
cardiac disturbances due to, 149-151, 150b 
chronic neuropsychiatric sequelae in, 
1180 
clinical presentation of, 1175t, 1176 
delayed polyneuropathy in, 1180 
diagnosis of, 1176-1177 
fatalities due to, organ donation after, 
129 
in pregnancy, 357-358 
intermediate syndrome in, 1180 
management of, 1177-1180 
antidotes in, 15t, 1178-1180 
new therapies in, 1180 
neuropathy due to, 206t 
delayed, 1180 
pathophysiology of, 1174-1176 
vs. botulism, 524t 
pharmacokinetics of, 1173-1174 
structure of, 1172, 1173f 
WHO classification of, 1173 
Ornithine transcarbamylase deficiency, in 
children, 391-392, 392f 
antidepressant toxicity with, 392 
Orphenadrine 
intoxication with, 699 
properties of, 696t 
Oseltamivir, 894t—895t, 905, 905f 
Osmolality, 114 
calculation of, 25 
disturbances in, 25, 26t 
urine, changes in, 250, 251f 


Osmolar gap, 26b 
in ethylene glycol poisoning, 615, 615t 
in methanol poisoning, 607, 608f 
Osmolarity, 114 
Osteoporosis, steroid-induced, 329 
Ototoxicity 
bromide, 1388 
styrene, 1368-1369 
Over-the-counter medications, cardiovascular 
complications of, 143 
Over-the-counter sleep aids, anticholinergic 
properties of, 723b 
B-N-Oxalylamino-L-alanine (BOAA), 203 
Oxamniquine, 915 
Oxazepam 
for alcohol withdrawal syndrome, 601, 601t 
recommended dosage of, 672t 
Oxazolidinones, overdose of, 883 
Oxcarbazepine, 743 
Oxidant stress, 289, 289f 
agents producing, 290b 
in children with G6PD deficiency, 393 
Oxidation, in biotransformation, 86, 86f-87f 
Oxides of nitrogen. See Nitrogen oxides. 
Oxime therapy 
for nerve gas poisoning, 1505 
for organophosphate poisoning, 1179 
in pregnant patient, 358 
Oxygen dissociation curve, of maternal and 
fetal hemoglobin, 355, 355f 
Oxygen therapy 
before rapid sequence intubation, 16 
for chlorine exposure, 1393 
for hydrofluoric acid inhalations, 1331 
for smoke inhalation victims, 1291 
hyperbaric. See Hyperbaric oxygen therapy. 
supplemental 
for anaphylaxis, 879 
for cyanide poisoning, 1312 
Oxygen-carrying capacity, in 
methemoglobinemia, monitoring 
of, 294-295 
Oxymetazoline 
dosage of, 1004t 
structure of, 1002f 
Oxytocin, 319 


P 
Pacing. See Cardiac pacing. 
Paclitaxel, pharmacologic parameters of, 
929t 
Pain 
chest. See Chest pain. 
of latrodectism, 434 
Paint, lead-based, 1130-1131 
childhood poisoning due to, 1136-1137 
Palivizumab, 896t-897t, 906 
Pancreas 
diseases of, 275, 275b 
effect of ethanol on, 279 
structure and function of, 272 
Pancreatitis 
intoxicants and, 275, 275b 
valproate-induced, 739 
Pancuronium, in rapid sequence intubation, 
16t, 17 
Papaver somniferum, 635 
Paper wasps, 447f 
Papilledema, systemic substances causing, 
309b 
Paracetamol. See Acetaminophen entries. 
Paraldehyde poisoning, metabolic acidosis in, 
109 
Paralytic shellfish poisoning, 516, 517 
Para-phenylenediamine, in hair products, 
1425 


Paraquat, 1197, 1197f 
toxicity of 
clinical features of, 1198—1199 
management of, 1199-1200, 1199t 
mechanisms of, 1197 
Parasympathetic activity, cardiac effects of, 
135, 136f 
Parathion, 1172t 
Parathyroid gland, 324-325, 324f 
physiologic disturbances of, toxin-induced, 
324-325, 324b, 325t 
Parathyroid hormone (PTH), 324 
Paregoric, for neonatal opiate withdrawal, 368t 
Parenchymal lung disease, therapeutic 
drug-induced, 188t 
Parenteral absorption, of drugs, 82—83 
Parkinsonism 
antipsychotic agents causing, 711 
juvenile, methylenedioxymetham- 
phetamine-induced, 785 
management of, 715 
Paromomycin, 917 
Parotitis, toxic, 274 
Paroxetine 
overdose of, 554 
pharmacokinetics of, 551t 
Particulate material, deposition of, in lungs, 
169 
Paxillus involutus mushrooms, 469, 469f 
PCBs. See Polychlorinated biphenyls (PCBs). 
PCP. See Phencyclidine (PCP). 
PeaCe pill. See Phencyclidine (PCP). 
Pediatric Assessment Triangle (PAT), 1493 
Pediatric Environment Health Specialty Units 
(PEHSUs), 1273 
Pediatric environmental health, 1269-1273, 
1269b. See also Children, 
environmental toxins in. 
Peliosis hepatitis, in anabolic steroid users, 
1105 
Penciclovir, 894t-895t, 901f, 902 
D-Penicillamine, 1168t 
for arsenic poisoning, 1153 
for lead poisoning, in children, 1141 
Penicillin (s) 
action of, at GABA receptor, 204 
for cyclopeptide mushroom poisoning, 460 
overdose of, 881-882 
Penicillin G, overdose of, 882 
Pennyroyal, hepatotoxicity of, 497 
Pennyroyal oil, 1437-1438, 1441t 
hepatotoxicity of, 239b 
Pentazocine, 647-648 
Pentobarbital, 689t 
Peppermint oil, 1438-1439, 1441t 
Peptic ulcers, steroid-induced, 330 
Peptides, gastric, 271 
Peradeniya Organophosphorus Poisoning 
(POP) Scale, 1176 
Perceptual disturbances, hallucinogen-induced 
acute, 798—799 
recurring, 799 
Perchloroethylene, hepatotoxicity of, 236 
Perfluoroisobutylene, as choking agent, 
1507t, 1508 
Performance enhancers, 1101-1108. See also 
Anabolic steroids; Creatine; 
Dehydroepiandrosterone. 
Perfumes, 1429 
Peripheral nervous system (PNS) 
lead poisoning affecting, 1134 
toxicity specific to, 204-205, 205b 
Peritoneal dialysis, 48-49, 49b, 50b. See also 
Dialysis; Hemodialysis. 
for lithium poisoning, 584, 586t 
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Personal care soap. See Soap(s). 

Personal protective equipment and training, 
for organophosphate 
decontamination, 1178 

Pesticides. See Fungicides; Herbicides; 
Insecticides; Rodenticides. 

Petroleum distillates, 1343-1346. See also 
Hydrocarbons; specific agent. 

poisoning with 
clinical presentation of, 1344-1345 
diagnostic evaluation of, 1345 
epidemiology of, 1343 
management of, 1345-1346 
pathophysiology of, 1343-1344 
patient disposition with, 1346 

Peyote cactus, 488f 

hallucinogenic effects of, 498 

P-glycoprotein, substrates, inhibitors, and 
inducers of, 88, 88b 

pH 

drug absorption influenced by, 81-82 
renal elimination and, 102 
Phallotoxins, in Amanita mushrooms, 457-458 
Pharmacodynamics, 91-93, 92f 
in drug interactions, 103 
in elderly, 378-379 
of agonists and antagonists, 92—93 
targets of drug action in, 91-92, 92f 
Pharmacogenomics, 93-94, 94t 
future directions of, 94 
Pharmacokinetic antagonism, 92 
Pharmacokinetics, 88—91, 88f—90f 
first order kinetics in, 89—90, 90f 
in drug interactions, 98-103, 98b, 98t, 100t 
in elderly, 379 
Michaelis-Menten kinetics in, 90 
neonatal, 363-365 
vs. adult, 365t 
other models of, 89 
two-compartment model of, 88-89, 89f 
zero order kinetics in, 90 
Pharmacology, 81—94 
drug disposition in, 81-88 
genetic variability of response in, 93—94, 94t 
pharmacodynamics in, 91—93, 92f 
pharmacokinetics in, 88-91, 88f-90f 

Phenacetin, nephrotoxicity of, 263 

Phencyclidine (PCP) 

intoxication with 

clinical effects of, 774 

diagnosis of, 775 

epidemiology of, 773 

treatment of, 777—778 
neuropharmacology of, 773-774 
pharmacology of, 774 
structure of, 773f 

Phenobarbital 

for camphor-induced seizures, 1421 
for neonatal opiate withdrawal, 368t 
for seizures, 714 
intoxication with, 736 

quantitation and interventions for, 71t 
pharmacokinetics of, 735 

Phenol 

cutaneous decontamination from, 34 
ocular injury due to, 307 

treatment of, 311t, 312 
uses and toxic effects of, 305t 

Phenothiazides, cardiovascular effects of, 156 

Phenylalkylamines, structure of, 963, 964f 

Phenylbutazone, toxic effects of, 871 

Phenylcyclidine, cardiovascular effects of, 146 

Phenylephrine, in emergency care, 20t, 21 

Phenylethanolamine-N-methyltransferase, 
ethanol effects on, 599 
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Phenylethylamines, 795t, 796 
Phenylpiperidines. See also specific agent. 
pharmacology of, 636-637 
Phenylpropanolamine 
cardiovascular complications of, 143 
toxicity of, 196 
Phenytoin 
for tricyclic antidepressant intoxication, 544 
hepatotoxicity of, 233-234 
intoxication with, 736-737 
management of, 737 
intravenous 
administration of, 737 
vs. intravenous fosphenytoin, 737 
pharmacokinetics of, 736 
prophylactic, with busulfan therapy, 933 
Phocomelia, thalidomide-associated, 8, 8f, 938 
Phorate, 1172t 
Phosdrin, 1172t 
Phosgene 
as choking agent, 1507, 1507t 
as irritant, 176-177, 178t 
exposure to, 1509 
Phosgene oxime, 1501-1502 
Phosphene, 1225-1226 
Phosphodiesterase inhibitors, for B- 
adrenergic blocker intoxication, 
980 
Phosphorus 
cardiac disturbances due to, 158t, 163 
cutaneous decontamination from, 34 
in rodenticides, 1218 
suicide using, 235 
Photodermatitis, plant-induced, 500 
Photosensitivity, antibiotic-induced, 881 
Physician’s responsibility, in childhood 
poisoning prevention, 388-389 
Physostigmine 
for anticholinergic intoxication, 730-731 
for anticholinergic syndrome, 715 
for benzodiazepine poisoning, 1519 
for gamma-hydroxybutyric acid overdose, 


for muscle relaxant intoxication, 700, 701t 
for tricyclic antidepressant intoxication, 
544-545 
Phytophotodermatitis, plant-induced, 
495—496 
Picrotoxin, 204, 484 
Pill-associated caustic injury, 1410 
Pine oil, 1344, 1441t 
systemic toxicity of, 1345 
Piperazine, 914 
Piperidine antihistamines, nonsedating, 
731-732 
Piroxicam, toxic effects of, 871 
Pituitary agents, 320 
mechanisms of toxicity of, 320-321 
pK, of acid or base, 81, 81f, 82f 
Placenta 
carbon monoxide transfer across, 355 
drug transfer across, 348 
lead transfer across, 356 
solvent transfer across, 1357 
Plant(s) 
anticholinergic properties of, 723b, 724 
cardiovascular toxicity of, 481—482 
cyanogenic, 484—485 
hallucinogenic, 484, 498—499 
hepatotoxic, 238, 239b, 485, 494-495, 497 
nephrotoxic, 256, 485 
neurotoxic, 483—484, 497—498 
poisonous. See also Plant poisoning. 
types of, 474t-475t 
sodium channel-binding properties of, 482 


Plant dermatitis, 495—496 
Plant hydrocarbons (terpenes), 1344. See also 
Hydrocarbons. 
poisoning with, management of, 1345—1346 


Plant poisoning, 473-502. See also specific plant. 


clinical manifestations of, 496-497 
diagnosis of, 500 
history of, 473 
management of, 500-502 
multisystem organ failure due to, 481 
pathophysiology of, 477, 480-483 
patient disposition and, 501-502 
pharmacokinetics of, 478b—480b 
structure-activity relationships of, 473, 
475-477 
Plant products, occupational exposure to, 
disorders associated with, 175t 
Plasmapheresis 
for chemotherapy overdose, 935 
for cyclopeptide mushroom poisoning, 461 
for cyclosporine overdose, 947 
Plastics, fires involving, 1288 
Platelet(s), 299 
coagulation of, 1051-1052, 1052f 
Platelet aggregation, inhibition of, 1060-1061, 
1060t 
Pneumoconioses, 179, 182 
metal, 183-184 
work-related, 1248t—1249t 
Pneumonia, bronchial 
diquat-induced, 1196 
in smoke inhalation victims, 1290 
Pneumonitis 
chemical 
chlorinated hydrocarbon-induced, 1357 
hydrofluoric acid-induced, 1327 
hypersensitivity, 173-174, 175t, 176, 180t 
work-related, 488, 1246, 1248t, 1251t 
interstitial, 171 
PNS. See Peripheral nervous system (PNS). 
Podophyllum poisoning 
gastrointestinal effects of, 278 
multisystem organ failure due to, 499 
Poinsettia, toxicity of, 499-500 
Point-of-care testing, 66-67 
Poison (s), 6—7. See also specific substance. 
associated with systemic toxicity, after 
dermal absorption, 28b 
biologic, 399-431. See also Snakebite (s). 
epidemiology of, 399-401, 400t, 401t 
etiology of, 399 
decontamination method based on, 31-32 
definitions of, 13, 124 
disposition of, 81-88 
nondrug, toxicologic testing for, 78 
placental permeability of, 350t 
quantitation and interventions for, 71t 
radiopaque, 27b 
sources of, in victim, 121 
Poison Control Centers, 10, 387—388, 388t 
Poison hemlock, 488f 
coniine in, 498 
Poison ivy, 493f 
Poison Prevention Packaging Act (1970), 385, 
1407-1408, 1423 
products covered by, 385t 
Poison treatment paradigm, for Crotalidae 
snakebites, 405, 406b 
Poisoner(s), 5—6, 5f, 6f 
homicidal, characteristics of, 121-122 
Poisoning 
cardiovascular, 133-164. See also 
Cardiovascular toxicity. 
childhood. See also under Children. 
etiology of, 383-384 


Poisoning (Cont'd) 
childhood (Cont'd) 
prevention of, 383-389 
unique metabolism and, 390-396 
clinical evaluation of, 21-27, 22t 
arrhythmias in, 24-25, 25b 
assessment of toxicity in, 24 
gastrointestinal disturbance in, 25—26 
laboratory studies in, 26-27, 27b 
metabolic acidosis in, 25, 25b 
physical examination in, 21, 23-24, 23t 
seizures in, 26 
definition of, 13 
drug. See specific agent, e.g., Acetaminophen 
poisoning. 
food, 521-533. See also Food poisoning. 
forensic, 119-131. See also Forensic 
toxicology. 
gaseous. See specific gas, e.g., Carbon 
monoxide poisoning. 
gastrointestinal, 271-285 
general approach to, 13-30 
hematologic consequences of, 289-299 
hepatic, 223-240. See also Hepatotoxicity. 
history of, 3-5, 13 
in elderly. See under Elderly. 
in neonate. See under Neonates. 
in pregnant patient. See under Pregnancy. 
management of 
advanced airway, 15-19 
circulatory support in, 18-21, 19b, 20t 
decontamination procedures in, 31—41. 
See also Decontamination; specific 
procedure. 
emergency, 13, 14t—15t, 15-18 
manifestations of, 7-10 
patient disposition with, 30 
pulmonary, 167-189. See also Pulmonary 
toxicity. 
renal, 249-268. See also Nephrotoxicity; 
Renal failure. 
snake. See Snakebite (s). 
vs. drug overdose, 13 
Poisoning prevention education, attributes of, 
387b 
Poisoning prevention resources, 389, 389b 
Pokeweed, 492f 
toxicity of, 496 
Poliomyelitis, vs. botulism, 524t 
Polish, nail, 1429-1430 
Pollution, air, 9, 9f 
Polyacetylenes, 477 
Polyaromatic hydrocarbons. See also 
Hydrocarbons. 
fires generating, 1288 
Polychlorinated biphenyls (PCBs) 
hepatotoxicity of, 236b 
neonatal exposure to, 369 
neuropathy due to, 206t 
Polyethylene glycol, 623t, 626-627 
for iron poisoning, 1126 
for lithium poisoning, 584 
for phenol burns, 312 
in whole bowel irrigation, 39 
Polymer fume fever, 179, 180t, 1288 
Polyvinyl chloride, fires involving, 1288 
Pontiac fever, 179, 180t 
Popcorn worker’s lung, 1248t 
Poquil, 916-917 
Porcine stress syndrome, 213 
Porphyrias, 298 
Portable decontamination systems, 33, 34f 
Portuguese man-of-war, 508, 509f 
Positive end-expiratory pressure, for smoke 
inhalation victims, 1292 


Potassium 
disorders of. See Hyperkalemia; Hypokalemia. 
restricted intake of, in acute renal failure, 
258 
Potassium channel blockade, class IA anti- 
arrhythmics in, 1012-1013, 1012f 
Potassium hydroxide 
ocular injury due to, 304 
uses and toxic effects of, 303t 
Potassium-sparing diuretics, 996. See also 
Diuretics. 
Potency, drug, 91 
Powder (s) 
absorbent, for vesicant decontamination, 
1504 
baby, 1415-1417 
teeth-cleaning, 1430 
Pralidoxime 
for muscarinic symptoms, 200 
for nerve gas poisoning, 1491-1492, 1496 
in pediatric population, 1493t 
for organophosphate poisoning, 1178, 
1179 


in pregnant patient, 358 
for sarin poisoning, 1492 
Prazepam, recommended dosage of, 672t 
Praziquantel, 915 
Prazosin, 994—995, 994f 
Precocious puberty, anabolic steroid—induced, 
1103 
Prednisolone 
for corrosive injury, 1412 
for hypersensitivity pneumonitis, 176 
for toxin-induced liver disease, 240 
in breast milk, 366t 
Prednisone 
for baby powder inhalation, 1417 
for cholecalciferol poisoning, 1220 
for hair straightener burns, 1428 
for vitamin A overdose, 1094 
in breast milk, 366t 
Pregnancy, 347-358 
acetaminophen poisoning in, 351-352 
amphetamine use during, 788 
anticholinergic use during, 727 
antihistamine use during, 727 
antipsychotic use during, 708 
benzodiazepine use during, 678, 679-680 
carbon monoxide poisoning in, 355-356, 
355f, 356b 
class IA antiarrhythmic use during, 1015 
cocaine use/abuse during, 354-355, 762-763 
drug absorption in, 348 
drug abuse in, toxic effects of, 365, 367-368 
drug distribution in, 348 
drug excretion in, 348 
FDA drug category assignment for, 347-348, 
347¢ 
heroin overdose in, 355 
imidazoline use during, 1003 
iron poisoning in, 352-353, 352f 
lead poisoning in, 356-357, 1137-1138 
marijuana exposure during, 750 
metabolism in, 348 
NSAID use during, 869 
organophosphate poisoning in, 357-358 
physiologic changes during, 348, 349t 
poisoning in 
antidotes for, 350, 350t 
decontamination for, 349-350 
enhanced elimination for, 350 
supportive measures for, 348-349 
radioiodine administration during, 1470 
salicylate poisoning in, 353-354, 841 
scorpion envenomation and, 443 


Pregnancy (Cont'd) 
selective serotonin reuptake inhibitor 
therapy in, 552 
thallium poisoning in, 1166 
warfarin use during, 1055 
Prehospital care 
for coral snakebites, 424 
for Crotalidae snakebites, 406—407, 407t 
ineffective or dangerous, 407—408 
for smoke inhalation victims, 1291—1292 
Prenatal toxicity, amphetamine-induced, 
787-788 
Preparedness phase, in emergency 
management, 1454, 1454f 
Prerenal failure, 251-254, 253f 
treatment of, 257—258 
urine composition in, 251t 
Pressurized paint, wounds inflicted by, 
decontamination of, 36 
Priapism, cocaine-induced, 763 
Primidone, 689t 
barbiturate interaction with, 690 
Procainamide 
cardiac effects of, 1010-1011 
intoxication with, hemodialysis for, 1015 
pharmacokinetics of, 1009 
Proctitis, 284 
Prodrug(s), bioactivation of, CYP enzymes in, 
86 
Product packaging changes, in childhood 
poisoning prevention, 384-386, 
385t 
Progestins, 331, 334 
Progressive spongiform leukoencephalopathy 
heroin overdose causing, 645 
treatment of, 652 
Propofol, in rapid sequence intubation, 16t 
Propoxyphene, 647 
Propranolol 
for akathisia, 715 
for serotonin syndrome, 574 
for thyroid hormone overdose, 1072 
in breast milk, 366t 
Propylene glycol, 623t, 625 
Propylthiouracil 
for hyperthyroidism, 323 
for thyroid hormone overdose, 1072 
toxicity of, 1073 
Prostaglandins 
overdose of, gastrointestinal effects of, 
282 
synthesis of, NSAID-inhibition of, 865-866, 
867f, 868f 
Prostata, hepatotoxicity of, 239b 
Protamine, for heparin overdose, 1057 
Protease inhibitors, 892t—895t, 902—903 
adverse effects of, 902—903 
Protein binding, 55, 83-84 
Prothrombin, decreased production of, 
salicylate poisoning and, 841 
Protriptyline 
pharmacokinetic parameters of, 539t 
structure of, 538f 
Pruritus, opioid-induced, 652 
Prussian blue 
as absorbant, 38 
for cesium contamination, 1471 
for thallium poisoning, 1166, 1216 
Pseudo-anaphylactic reactions, 878 
Psilocin, 794—795, 795t 
chemical structure of, 467f 
Psilocybe mushrooms, 466, 466f 
Psilocybin, 794-795, 795t 
cardiovascular effects of, 146 
chemical structure of, 467f 
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Psilocybin (Cont'd) 
pharmacokinetics of, 798t 
structure of, 796f 
time of onset and duration of effects of, 798t 
Psychiatric patients, caustic ingestions by, 1409 
Psychological reactions, adverse, to marijuana, 
749 
Psychosis 
corticosteroid-induced, 330 
in anabolic steroid users, 1105 
Korsakoff’s, 595 
Psychotropic agents 
fatal overdose of, multiple organ 
procurement after, 127-130 
pulmonary toxicity due to, 187t 
PTH (parathyroid hormone), 324 
Puberty, precocious, anabolic steroid— 
induced, 1104 
Puffer fish, 516f 
tetrodotoxin in, 201 
Puffer fish poisoning, 515-516 
clinical manifestations of, 517 
Pulmonary. See also Lung(s). 
Pulmonary absorption, of drugs, 83 
Pulmonary edema 
amphetamine-induced, 787 
calcium channel blocker—induced, 968 
cocaine-induced, 761 
drug-induced, 139-140, 188t 
hydrogen sulfide—-induced, 1337 
in smoke inhalation victims, 1290 
salicylate-induced, 840 
management of, 844 
Pulmonary eosinophilia, therapeutic 
drug-induced, 188t 
Pulmonary function tests, for botulism, 523 
Pulmonary infiltrates, with eosinophilia, 
antibiotic-induced, 881 
Pulmonary system, Crotalidae envenomation 
affecting, 405t 
Pulmonary toxicity, 167-189 
amphetamine-induced, 786-787 
chlorinated hydrocarbon-induced, 1357 
cocaine-induced, 761 
management of, 768 
definition of terms in, 170 
hypersensitivity reaction in, 171-176. See 
also Hypersensitivity reactions. 
inhalant injury in, 176-185. See also specific 
agent. 
3,4-methylenedioxymethamphetamine and, 
186-787 
scope of, 167-168 
therapeutic medications causing, 185, 
186t-187t, 188t 
work-related, 1248t 
Pulse oximetry 
in methemoglobinemia diagnosis, 
limitations of, 293 
noninvasive, 1301 
Pupil (s), pinpoint, intoxication associated 
with, 24 
Pure Food and Drug Act (1906), 1263 
Purinergic system, 193-194 
Purines. See specific purine. 
Purkinje cells, action potential of, normal, 
1011, 1011f 
Purple toe syndrome, 1055 
Pus (woolly) caterpillar, 451, 451f, 452f 
Pyrantel pamoate, 916 
Pyrazinamide, hepatitis due to, 235b 
Pyrethrins, 1186-1188, 1186f 
Pyrethroids 
intoxication with 
acute, 1187 
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Pyrethroids (Cont'd) 
intoxication with (Cont'd) 
chronic, 1187-1188 
exposure routes in, 1186 
treatment of, 1188 
mechanism of action of, 1186 
structure of, 1186f 
uses of, 1186 
Pyrethrum, 1186-1188 
Pyridoxal phosphate, in GABA synthesis, 203 
Pyridoxal phosphate antagonist, 204 
Pyridoxine. See Vitamin Bg. 
Pyriminil, in rodenticides, 1219 
Pyrolysis, 1283 
Pyrrolizidine alkaloids, 476 
hepatotoxicity of, 239b, 494, 1082 
in herbal teas, 1082-1083, 1082t 
Pyrvinium pamoate, 916-917 


QRS interval, prolonged, in tricyclic 
antidepressant poisoning, 540, 
541f, 545 
QT interval, prolonged 
drug-induced, 156-157, 156f, 157b 
in hydrofluoric acid poisoning, 1324 
Quantal dose-effect curves, 92 
Quinidine 
arrhythmogenic effect of, 136 
cardiac disturbances due to, 151, 152t, 
153b, 1010-1011 
digitalis interaction with, 1015 
pharmacokinetics of, 1009 
Quinine poisoning, ocular injury due to, 
310 


management of, 313 


R 
RACE acronym, 1283 
Racial relationships, in criminal poisonings, 
121 
Rad, as radiation dose unit, 1481 
Radiation, 1467—1484 
accidents involving, 1468 
at Chernobyl, 1456-1457 
case studies of, 1476-1480, 1476f-1478f 
medical management of, 1482-1483 
exposure to 
acute, 1468 
clinical manifestations of, 1473 
delayed effects of, 1473-1474 
from cardiac scan, 1481 
laboratory and clinical history of, 1476 
prenatal and pediatric issues in, 
1474-1476 
regulatory limits in, 1481t 
risk of, case scenario in, 1483—1484 
sources of, 1467-1468 
ionizing, medical, industrial, and consumer 
product applications of, 1482 
Radiation dose 
estimates for, in common life and medical 
activities, 1482t 
unit of, 1481 
Radiation medicine, case studies in, 
1476-1480, 1476f-1478f 
Radiation physics, introduction to, 
1480-1482, 1481b, 1481t, 1482t 
Radiation terrorism events, patient assessment 
in, 1473 
Radiation therapy 
for eczema, facial carcinomas following, 
1476, 1477£ 
for hemangioma, atrophy and facial 
deformity following, 1476, 1476f 
Radiation-induced cancers, 1483 


Radiocontrast agents, iodinated 
for thyroid hormone overdose, 1072 
nephrotoxicity of, 257 
Radiography, abdominal, iron tablet detection 
by, 1123, 1124f 
Radioiodine, therapeutic use of, 322-323 
during pregnancy, 1470 
Radioisotopes. See also specific isotope. 
commonly used, 1482t 
cutaneous decontamination from, 34 
industrial toxicology of, 1469 
involved in commercial sectors, 1481b 
medical considerations for, 1469-1472 
Radiopaque toxins, 27b 
Radon, 1472-1473 
Rapid sequence intubation. See also 
Endotracheal intubation. 
bradycardia with, 17 
for organophosphate poisoning, 1177 
in emergency airway management, 13 
pharmacotherapy used in, 16t 
technique of, 18 
Rat poison, suicide by, 235 
Rattlesnakes. See Snakebite (s), Crotalidae. 
Reactive airways dysfunction syndrome, 
171 
irritant-induced, 181t 
Reactive skin decontamination lotion, FDA- 
approved, for nerve gas exposures, 
1497 
Receptors. See also specific receptor. 
drug interactions involving, 103 
in neurotransmission, 192-193, 192f 
Recovery phase, in emergency management, 
1454f, 1455 
Red baneberry, 489f 
Red squill, in rodenticides, 1220-1221 
Red tides, 515 
Reepithelialization, ocular, 302 
Reference concentration (RfC), EPA 
guidelines for, 1270 
Reference dose (RfD), EPA guidelines for, 
1270 
Relaxants, muscle, 695—701. See also Muscle 
relaxants. 
Rem, as dose equivalent unit, 1481 
Rem unit, 1481 
Renal disease 
antipsychotics and, 708 
benzodiazepine pharmacokinetics and, 
678 
selective serotonin reuptake inhibitors and, 
550, 552 
Renal excretion, of drugs, 87-88, 88b 
in elderly, 379 
in neonate, 365t 
in pregnancy, 348, 349t 
interactions involving, 101-102 
Renal failure 
acute, 249-259 
causes of, 249b 
classification of, 250, 250f 
convalescent phase of, 255 
diuretic phase of, 254—255 
historical perspectives on, 249-250 
in bromide intoxication, 1388 
initial phase of, 254 
oliguric phase of, 254 
parenchymal, 256-257, 257b 
pathophysiology of, 250-251, 251f, 251t 
prerenal, 251-254, 253f 
treatment of, 257-258 
toxic, 251, 252b, 252f, 255-256, 255b. See 
also Acute tubular necrosis. 
treatment of, 257—259 


Renal failure (Cont'd) 
chronic, 261—268 
causes of, 261b 
clinical approach to, 262-263, 262f 
clinical presentation of, 261-262 
drug-induced 
chemotherapeutic agents in, 267 
immunosuppressives in, 264—266, 265f, 
266f 
lithium in, 266-267 
tacrolimus in, 266 
therapeutic agents in, 263—264, 264f 
toxin-induced, environmental and 
occupational, 267—268 
cocaine-induced, 762 
management of, 768 
colchicine-induced, 862 
hemodialysis or hemoperfusion for, 56 
metabolic acidosis in, 107 
Renal tubular acidosis, drug-related, 109-110, 
109b 
Reproduction, effects of lead poisoning on, 
1134 
Reproductive toxicants, in workplace 
female, 1252t 
male, 1253t 
Reproductive toxicology, industrial 
chemical—induced, 1253 
Residential radiation accident case study, in 
Estonia, 1477, 1478f 
Resources, for forensic toxicology, 122-123 
Respiration 
abnormal patterns of, 24 
control of, 169-170 
Respiratory acidosis, 112, 112b 
definition of, 105 
Respiratory alkalosis, 112-113, 113b 
definition of, 105 
Respiratory distress syndrome, adult, 170 
colchicine-induced, 861 
Respiratory drive, control of, 169-170 
Respiratory system 
effect of clonidine on, 1005 
effect of colchicine on, 861 
effect of hydrofluoric acid on, 1327 
effect of lacrimators on, 1515 
effect of marijuana on, 749 
effect of nerve gas on, 1489, 1490t, 1491 
effect of opioids on, 199, 644 
effect of sulfur mustard on, 1504 
Response phase, in emergency management, 
1454-1454, 1454f 
Restaurant-acquired botulism, 522. See also 
Botulism, food-borne. 
Retinal injury 
methanol-induced, 313 
quinine-induced, 313 
Retinol, 1090. See also Vitamin A. 
Reverse tolerance, in amphetamine toxicity, 
785 
Reye’s syndrome, aspirin and, 836 
RfC (reference concentration), EPA 
guidelines for, 1270 
RfD (reference dose), EPA guidelines for, 
1270 
Rhabdomyolysis 
anticholinergic-induced, 728 
treatment of, 730 
cocaine-induced, 762 
treatment of, 768 
in acute renal failure, 257 
work-related, 1250t 
Rhamnaceae family, hallucinogenic effects of, 
499 
Rhubarb, 488f 


Ribavirin, 896t-897t, 906, 906f 
Ribosome-inactivating proteins, plants 
containing 
gastroenteritis from, 480-481 
toxicity of, 496 
Rifampicin, hepatotoxicity of, 233 
Rimantadine, 894t-895t, 904f, 905 
Ringer’s lactate 
for emergency care, 19 
for ocular injury irrigation, 311 
for prerenal failure, 258 
Riot control, 1511. See also Lacrimators. 
Ritonavir, 892t—893t, 903, 903f 
Rizatriptan, pharmacokinetics of, 852t 
Rockfish, 510 
Rocuronium, in rapid sequence intubation, 
16t, 18 
Rodenticides, 1213-1221. See also specific 
compound. 
hypoglycemia due to, 318 
name, ingredient, and type of, 1214t-1216t 
neuropathy due to, 205, 206t 
toxicity of, 229t 
high, 1213, 1216-1219 
low, 1220-1221 
moderate, 1219-1220 
Roentgen (R), definition of, 1481 
Ronnel, 1172t 
Rosary peas, ingestion of, gastrointestinal 
effects of, 278 
Rose oil, 1441t 
Rotonavir, 892t—893t, 903, 903f 
Roundworms, 911 
Rove beetle, 452 
Rubefacient agent, definition of, 1435b 
Rumack-Matthews nomogram, for 
acetaminophen poisoning therapy, 
829f, 850 
RYRI gene mutation, in malignant 
hyperthermia, 214 


S 
Sabah toxicity, 1084 
Saddleback caterpillar, 451, 451f 
St. Anthony’s fire, 10, 1280 
St. John’s wort, 565 
serotonin syndrome and, 573 
Salicylate (s), 835-847 
absorption of, 836-837 
common preparations of, 838, 838t 
distribution of, 837 
dosage of, 836 
history of, 835 
hypersensitivity reactions to, 841 
in breast milk, 366t, 837 
in special populations, 838 
metabolism and excretion of, 837—838 
pharmacokinetics of, 836-838 
structure of, 836f 
structure-activity relationships of, 836 
Salicylate poisoning, 838-847 
acid-base disturbances in, 839-840 
clinical manifestations of, 838, 838b, 839t 
CNS abnormalities in, 840 
diagnosis of, 841-843 
differential diagnosis of, 843 
epidemiology of, 835-836, 835f, 836f 
fetal, 841 
fluid and electrolyte abnormalities in, 
840 
gastrointestinal abnormalities in, 279, 841 
hematologic abnormalities in, 841 
hepatic abnormalities in, 841 
hyperpyrexia in, 841 
in elderly, 379-380, 838 
in pregnant patient, 353-354, 841 


Salicylate poisoning (Cont'd) 
management of, 843-847 
decontamination in, 844 
elimination in, 844-845, 846b 
extracorporeal techniques in, 845-846 
hemodialysis or hemoperfusion in, 58 
supportive measures in, 843-844 
metabolic derangement in, 108, 840-841 
multiple system organ failure following, 841 
patient disposition in, 846-847 
pulmonary edema in, 840 
quantitation and interventions for, 71t 
renal abnormalities in, 841 
signs and tests for, 64t 
tinnitus in, 841 
Saline solution, for ocular injury irrigation, 311 
Salivary glands, function of, 271-272 
Salivation, 274 
Salmonellosis, 530-532 
management of, 531-532 
pathophysiology and clinical manifestations 
of, 531 
Salvia divinorum, 794, 796 
hallucinogenic effects of, 499 
Salvinorin A, 795t, 796 
Salvinorin C, 795t, 796 
Sand corn, 493f 
Sandalwood oil, 1441t 
Saponins, 485 
triterpene, gastrointestinal irritation due to, 
477 
Saquinavir, 894t-895t, 903, 903f 
Sarin 
general properties of, 1490t 
history of, 1487-1488 
inhalational exposure to, 1492 
Sassafras 
carcinogenic effect of, 1082 
hepatotoxicity of, 494 
Sassafras oil, 1441t 
Saturation gap, in methemoglobinemia, 293 
Sauerkraut, tyramine in, 569, 569b 
Sauropus androgynus, 1081t, 1084 
Saxitoxins, 516 
toxic dose of, 515 
Scalp hair loss, colchicine-induced, 862 
Scombroid fish poisoning, 515 
cardiovascular disturbances due to, 164 
clinical manifestations of, 517 
Scopolamine 
structure of, 722f 
transdermal, toxicity of, 722-723 
Scopolamine eyedrops, toxicity of, 723-724 
Scoring methods, of Crotalidae snakebites, 
404b, 404t 
Scorpion (s), 440-447, 440f 
medically important species of, 441t 
morphology of, 440, 441f 
neurotoxin producing, 201 
Scorpion fish, 510 
Scorpion stings, 163, 440, 442-447 
clinical manifestations of, 443—445, 444f, 
444t 
diagnosis and differential diagnosis of, 445 
epidemiology of, 440, 442 
in special populations, 443 
management of, 445—447 
antidotes in, 446—447 
patient disposition in, 447 
supportive care in, 445—446 
pathophysiology of, 442 
prevention of, 442b 
Scorpion venom 
pharmacokinetics of, 442—443, 443f 
pharmacology of, 442 
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Scotch broom, hallucinogenic effects of, 
498—499 
Scotomas, systemic substances causing, 309b 
Scyphozoa, 507 
Sea anenome, 509 
stings from, 512 
Sea snails, 509-510 
Sea snakes, 510-511, 512f 
bites from, 513 
venomous, 512t 
Sea urchins, 509, 509f 
toxins of, 514 
Sea wasps, 508, 509f 
Seafood poisoning, 515-518. See also Food 
poisoning. 
clinical manifestations of, 517 
diagnosis of, 517-518 
epidemiology of, 515-516, 516f 
management of, 518 
structure-activity relationships of, 516 
Secobarbital, 689t 
Secretin, in regulation of gastrointestinal 
function, 271 
Sedative-hypnotics, 659-668. See also specific 
agent. 
adverse effects of, 661 
cardiovascular complications of, 140-141 
chemical structures of, 659, 659f 
for alcohol withdrawal syndrome, 602 
history and usage of, 659-660 
human deaths attributed to, 660, 661f 
human exposures to, 660, 660f 
intoxication with, 661 
diagnosis of, 666-667 
management of, 667-668 
patient disposition and, 668 
pharmacokinetics of, 661, 662t 
structure and structure-activity relationships 
of, 660-661 
toxic effects of, in neonate, 371 
Seizures 
B-adrenergic blocker—induced, 980 
alcoholic-related, 599—600 
management of, 602 
amphetamine-induced, 785 
anticholinergic-induced, 728 
management of, 730 
antipsychotic-induced, 707, 710, 712 
management of, 714—715 
camphor-induced, management of, 1421 
class IA antiarrthythmic—induced, 1015 
cocaine-induced, 760 
during pregnancy, 354—355 
management of, 768 
management of, 26 
methylxanthine-induced, 194 
NSAID-induced, management of, 873 
opioid-induced, management of, 651 
organophospate-induced, management of, 
1177 
salicylate-induced, 840 
management of, 844 
theophylline-induced, 1039 
management of, 1042 
toxic causes of, 26b 
tricyclic antidepressant—induced, 541 
vincristine-induced, 931 
work-related, 1249t 
Selective serotonin reuptake inhibitors 
(SSRIs), 549-557 
adverse effects of, 555-556, 555b 
drug interactions with, 552-553, 553t 
gastrointestinal effects of, 281 
in children and adolescents, 552 
in elderly, 550 
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Selective serotonin reuptake inhibitors 
(SSRIs) (Cont'd) 
in patients with renal and hepatic disease, 
550, 552 
in pregnant and lactating patients, 552 
intoxication with, 553-554 
clinical manifestations of, 554—555 
diagnosis of, 556 
differential diagnosis of, 556 
fatalities due to, organ donation after, 127 
management of, 556-557 
MAO inhibitors and, 198 
pharmacokinetics of, 550, 551t 
pharmacology of, 550, 550b 
serotonin syndrome and, 211-212, 572 
structure-activity relationships of, 549 
triptan interaction with, 853 
withdrawal from, 556 
in neonate, 368 
Selegiline, serotonin syndrome and, 573 
Selenium, 1164-1165 
Sellick maneuver, 18 
Senecio longilobus, hepatotoxicity of, 497 
Sepsis, Yersinia enterocolitis, deferoxamine- 
induced, 1127 
Serotonergic system, 197-198 
Serotonin, 197 
chemical structure of, 467f 
dopamine activity and, 209 
excess of, in MAO inhibitor overdose, 568 
malignant hyperthermia and, 214 
metabolism of, MAO inhibitor in, 566, 566f 
reuptake of, inhibitors of. See Selective 
serotonin reuptake inhibitors 
(SSRIs). 
role of, in hallucinogen pharmacology, 796 
Serotonin antagonism, antipsychotics and, 
707 
Serotonin receptors 
classes of, 851, 851t 
hallucinogen affinity for, 796-797 
identification of, 197 
partial agonist activity of, 197-198 
stimulation of, 211 
triptan activation of, 851 
Serotonin syndrome, 143, 198, 210-213 
agents causing, 571-573, 572t 
clinical manifestations of, 212, 570, 571t 
complications of, 215-216 
diagnosis of, 212-213, 214-215, 570-571 
differential diagnosis of, 215 
epidemiology of, 210-211 
management of, 217-218, 573-574, 651 
pathophysiology of, 211-212, 570 
relevant history of, 569-570 
signs and symptoms of, 210t 
triptan with SSRIs and, 855 
Sertraline 
overdose of, 554 
pharmacokinetics of, 551t 
Serum quantitation, of overdosed drugs, 
69-73 
altered analytic, pharmacokinetic, and 
pharmacodynamic relationships 
in, 72-73, 72f 
availability and accuracy of, 71—72 
rationale and use of, 69-71, 71t 
Serum sickness 
antibiotic-induced, 880 
Crotalidae antivenom causing, 410-411 
Sexual assaults, drug-facilitated, toxicologic 
testing for, 78 
Shampoo, 1428-1429 
Shellfish poisoning, 516 
clinical manifestations of, 517 


Shiga toxin, 532 
Shigellosis, 532-533 
Shock, circulatory, management of, 133-134 
Short term exposure limit (STEL), of sulfur 
mustard, 1504 
Sick-building syndrome, 1243, 1281. See also 
Idiopathic environmental 
intolerance. 
Sildenafil, 989-991, 990f 
mechanism of action of, 990 
toxicity of, 990-991 
diagnosis and management of, 991 
Silibibin, for cyclopeptide mushroom 
poisoning, 460 
Silicosis, 179, 182 
Silver, 1165 
Silverleaf nightshade, 488f 
Sinoventricular conduction, 138 
Sinus tachycardia 
anticholinergic-induced, 728 
antipsychotics causing, 710 
marijuana-induced, 750 
theophylline-induced, 1039 
tricyclic antidepressant intoxication causing, 
541 
Sinusitis, chronic, cocaine-induced, 762 
Skeletal fluorosis, 1326 
Skin. See also Dermal entries. 
examination of, 23 
pediatric, environmental toxicants and, 1271 
Skin cancer, work-related, 1252t 
Skin disorders, work-related, 1252t 
Skin eruptions (rashes) 
antibiotic-induced, 880-881 
arsenic-induced, 1150 
lamotrigine-induced, 741 
NNRTT-induced, 899-900 
Skin necrosis, warfarin-induced, 1055 
Skin tests, for Wyeth-Ayerst ACP, 411 
Skullcap, hepatotoxicity of, 239b 
Sleep aids, over-the-counter, anticholinergic 
properties of, 723b 
SLUDGE mnemonic, 200, 1489 
Small intestine 
diseases of, 275 
structure and function of, 272 
Smog, London, 9, 9f 
Smoke 
carcinogens in, 1288 
composition of, 1283 
definition of, 170 
from synthetic materials, 1287 
particulate fractions of, 1288 
Smoke alarms, 1285 
Smoke inhalation, 1283-1293. See also Carbon 
monoxide poisoning. 
clinical manifestations of, 1288—1290 
diagnostic evaluation of, 1290-1291 
epidemiology of, 1283-1285 
management of, 1291-1293 
pathophysiology of, 1286-1288 
factors in, 1284t 
patient disposition in, 1293 
toxicology of, 1288-1290 
Smoldering combustion, vs. flaming 
combustion, 1283 
Snails, sea, 509—510 
Snake, sea, 510—511, 512f, 512t 
bites from, 513 
Snake venom, anticoagulant properties of, 
1061 
Snakebite (s), 399-431 
Crotalidae, 399-420 
clinical manifestations of, 401—403, 402t, 
403t 


Snakebite (s) (Cont'd) 
Crotalidae (Cont'd) 
degree of envenomation in, 406t 
diagnosis of, 403—405, 404b 
differential diagnosis of, 403—404 
epidemiology of, 399-401, 400t, 401t 
etiology of, 399, 400t 
fatal, 419t 
pathophysiology of, 401 
prognosis of, 419-420, 419t 
scoring methods for, 404, 404b, 404t 
severity score of, 405t 
treatment of, 405-419 
antidotes in, 408—419, 409t, 410t. See 
also Antivenom therapy. 
Crotalidae immune Fab (CroFab) in, 
413-419, 414b, 415t, 416t 
débridement in, 412—413 
fasciotomy in, 412 
first aid and prehospital care in, 
406-408, 407t 
hospital care in, 408 
mannitol infusion in, 412-413 
poison paradigm in, 405, 406b 
Wyeth-Ayerst ACP in, 409-413, 412b 
Elapidae 
native, 423—425 
clinical manifestations of, 424 
pathophysiology of, 423—424 
prognosis of, 425, 426f 
treatment of, 424-425 
non-native, 425-431 
clinical manifestations and 
pathophysiology of, 425—429, 
427b, 429t 
diagnosis of, 429—430 
epidemiology of, 425 
treatment of, 430-431 
Snakebite severity score, 405t 
Snow on the mountain, 493f 
Soap(s), 1428-1429, 1443-1448 
definition of, 1443 
sources of, 1444 
statistics for, 1444t 
toxicity of, 1444-1445 
management of, 1447-1448 
manifestations of, 1445-1446 
Social wasps, 447 
Society of Forensic Toxicologists (SOFT), 
122 
Sodium, disorders of, 117t. See also 
Hypernatremia; Hyponatremia. 
Sodium azide, 1314 
intoxication with, 1314-1315 
Sodium bicarbonate 
for barbiturate overdose, 692 
for biguanide overdose, 1030 
for intraventricular conduction delays, 
1015-1016 
for salicylate poisoning, 845 
for selective serotonin reuptake inhibitor 
overdose, 557 
for tricyclic antidepressant overdose, 155, 
155f, 543-544, 544f 
for ventricular arrhythmias, 715 
nebulized, for chlorine exposure, 
1393-1394 
Sodium carbonate, ocular injury due to, 
307-308 
Sodium channel blockade, class IA 
antiarrhythmics in, 1011-1012, 
1011f 
Sodium channel toxins, 497 
Sodium channel—binding properties, of 
plants, 482 


Sodium chloride 
ocular irrigation with, for hydrofluoric acid 
burns, 1330-1331 
restriction of, in acute renal failure, 258 
Sodium fluoride, in dental products, 
1325-1326 
Sodium hydrate. See Sodium hydroxide. 
Sodium hydroxide, 1407 
exposure to, 1408 
in depilatories, 1432-1433 
ingestion of, 1408 
ocular injury due to, 304 
uses and toxic effects of, 303t 
Sodium ipodate, for thyroid hormone 
overdose, 1072 
Sodium metasilicate, ocular injury due to, 
307-308 
Sodium monofluoroacetate, in rodenticides, 
1217 
Sodium nitrite, for cyanide poisoning, 1313 
Sodium nitroprusside, 983-985, 1309 
cyanide release by, 983-984 
pharmacokinetics of, 983 
structure of, 983, 983f 
toxicity of, 984 
diagnosis of, 984-985 
management of, 985 
Sodium phosphate, ocular injury due to, 
307-308 
Sodium polystyrene sulfonate, for lithium 
poisoning, 584 
Sodium silicate, ocular injury due to, 307-308 
Sodium thiopental, 689t 
in rapid sequence intubation, 16t, 17 
Sodium thiosulfate 
for bromate intoxication, 1388 
for cyanide poisoning, 1313 
for hydrogen sulfide poisoning, 1338 
Sodium-potassium pump, inhibition of, by 
class IA antiarrhythmics, 1013, 
1013f 
Soil, lead in, 1131 
Solanine, toxicity of, 496 
Solubility, of irritant gases, 177, 178t 
Solvents. See also specific solvents; classes of 
solvents. 
abuse of, cardiac disturbances due to, 
146-147 
aromatic, 1363-1375 
chlorinated, 1347-1359 
halogenated, 1377-1382 
nephrotoxicity of, 255b, 256 
volatile, abuse of, 1381-1382 
Soman, general properties of, 1490t 
Soot, 1288 
Sorbitol, as cathartic, 39 
Sotalol, intoxication with, 980 
Sour gas, in oil patches, 1341 
Spectrometric assays, 66, 67t, 68t 
Speed. See Methamphetamines. 
Spider (s) 
neurotoxin producing, 200 
venomous, 433—438 
Latrodectus species as, 433-435, 435t 
Loxosceles species as, 435-437 
other, 437-438 
Spider bites, 163, 433—438. See also under 
specific spider. 
Spironolactone, mechanism of toxicity of, 329 
Spongiform leukoencephalopathy, progressive 
heroin overdose causing, 645 
treatment of, 652 
Spontaneous chemical interconversion, of 
gamma hydroxybutyric acid, 
815-816 


Sprinkler systems, 1285 
Squamous cell carcinoma, caustic 
injury—induced, 1410 
Squaw mint (pennyroyal) oil, 1437-1438, 
1441t 
hepatotoxicity of, 239b 
SSRIs. See Selective serotonin reuptake 
inhibitors (SSRIs). 
Stannosis, 1166 
Staphylococcus, food poisoning due to, 527 
Starfish 
crown-of-thorns, 509 
stings from, 513 
venom of, 511 
Statins. See Hydroxymethylglutaryl-CoA 
inhibitors. 
Stavudine, 890t—891t, 899, 899f 
Steatosis, drug-induced, 229, 229b 
Stephania tetrandra, 1083 
Steroids. See also specific agent. 
anabolic, 1101—1106. See also Anabolic 
steroids. 
for toxin-induced liver disease, 239—240 
precursor, 1106 
Stickers, warning, in childhood poisoning 
prevention, 386 
Stimulants 
pulmonary toxicity due to, 187t 
signs and tests for, 64t 
Stinging nettles, toxicity of, 500 
Stingrays, 510, 511f 
venomous, 511t, 513 
Stings 
insect, 447-453. See also specific insect sting. 
marine life, 512—513 
scorpion, 440, 442—446. See also Scorpion 
stings. 
Stomach. See also Gastric entries. 
diseases of, 274—275 
structure and function of, 272 
Stomatitis, 274 
Stomatitits venenata, cinnamon-induced, 1436 
Stonefish, 510, 510f 
Stroke 
amphetamine-induced, 785 
cocaine-induced, 760 
triptan-induced, 854-855 
Strontium 90 isotope, exposure to, 1469-1470 
Strychnine, 204 
in rodenticides, 1217-1218 
Strychnos plant, toxicity of, 484 
Styrene, 1368-1370 
exposure to, 1368-1370 
treatment protocol for, 1367b 
metabolism of, 1368 
ototoxicity of, 1368-1369 
Sublingual absorption, of drugs, 83 
Substance abuse. See also Drug overdose; 
under specific substance, e.g., 
Cocaine, use/abuse of. 
lead exposure resulting from, 1132 
Substance Abuse and Mental Health Services 
Administration (SAMHSA) 
estimates, of opioid overdose, 
635-636, 636f 
Succimer, for lead poisoning, in children, 1141 
Succinic semialdehyde dehydrogenase 
(SSADH) deficiency, 814 
Succinylcholine, in rapid sequence 
intubation, 16t, 17 
Sucking bugs, 451—452 
Sudden death syndrome 
chlorinated hydrocarbons causing, 1354 
inhalants causing, 1382 
solvent abuse causing, 146 
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Suicide 
among elderly, 377-378 
by phosphorus ingestion, 235 
mass, at Jonestown, 9, 9f 
Sulfasalazine, in breast milk, 366t 
Sulfhemoglobin, 295, 295t 
proposed formation of, 296f 
Sulfhemoglobinemia, 289, 295—298 
background of, 295 
characteristics of, 295-296, 295t 
clinical presentation of, 297-298 
diagnosis of, 297 
etiology of, 296-297, 296b 
treatment of, 298 
Sulfonamides 
history of, 1019 
overdose of, 882 
Sulfone, in breast milk, 366t 
Sulfonylureas 
duration of action of, 318t 
hypoglycemia due to, 317 
intoxication with, 1025, 1025b 
adverse effects of, 1026-1027 
in elderly, 379b, 380 
management of, 1029-1030 
pharmacokinetics of, 1024 
pharmacology of, 1022 
structure and classification of, 1020, 1021f, 
1022t 
Sulfur dioxide 
ocular injury due to, 305-306 
uses and toxic effects of, 305t 
Sulfur mustard 
exposure to, 1502 
Ct values for, 1503t 
decontamination following, 1505 
toxic effects of, 1503, 1503t 
history of, 1501 
ocular injury due to, 308 
latency period for, 1504 
Sulfuric acid 
ocular injury due to, 305 
uses and toxic effects of, 305t 
Sulfuryl fluoride, 1227-1228 
Sulindac, toxic effects of, 871 
Sumatriptan, 849-850, 850f, 850t 
drug interactions with, 854t 
pharmacokinetics of, 852t 
serotonin syndrome due to, 212 
Sumatriptan Pregnancy Registry, 853 
Super Glue, ocular injury due to, 308 
Superfund Amendments and Reauthorization 
Act (SARA), 1458 
Superwarfarins, 1055-1057. See also Warfarin. 
in rodenticides, 1220 
ingestion of, 1056-1057 
guideline for management of, 1057f 
structure of, 1056f 
toxicokinetics of, 1055-1056 
Supportive care 
for hymenoptera stings, 450 
for poisoned patients, 29-30 
for scorpion stings, 445—446 
Supraventricular arrhythmias, 136 
amphetamine-induced, 786 
theophylline-induced, 1038 
Suramin, 916 
Surface-active agents. See Surfactants. 
Surfactants, 1443. See also Detergent(s); Soap(s). 
cationic, in fabric softeners, 1447 
in glyphosate preparations, 1203 
ocular injury due to, 308 
used in synthetic detergents, 1443, 1446b 
SURVAD computer output, for radiation risk, 
1483 
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Surveillance toxicologic testing, 77—78 
Swainsonine, toxicity of, 484 
Sweat bees, 447 
Sympathetic activity, cardiac effects of, 135 
Sympathetic-inhibiting agents, cardiac 
disturbances due to, 147, 147b 
treatment of, 148t 
Sympathomimetics, 196b. See also specific agent. 
cardiovascular complications of, 141-147, 
141b, 142f 
treatment of, 142t 
toxicity of, 196 
Synapse, schematic representation of, 192f 
Synaptic neurotransmission, 191—193, 192b, 
192f 
Synaptic vesicles, 191 
Syndrome of inappropriate ADH secretion, 


Synthetic materials, smoke from, 1287 
Syrup of ipecac, 36 
for NSAID overdose, 873 

Systemic agents, ocular injury due to, 
309-310, 309b 

Systemic lupus erythematosus, procainamide- 
induced, 1010 

Systemic toxicity, amphetamine-induced, 787 


T 
Tabun 
general properties of, 1490t 
history of, 1487 
Tachyarrhythmias 
management of, 137t, 138 
wide complex, of uncertain origin. See Wide 
complex tachycardia, of uncertain 
origin. 
work-related, 1251t 
Tachycardia. See also Sinus tachycardia. 
in paraquat poisoning, 1197 
Tacrine, hepatitis due to, 235b 
Tacrolimus 
drug interactions with, 944 
intoxication with, 944, 944b 
nephrotoxicity of, 266 
pharmacology and pharmacokinetics of, 
943-944 
Taipan bites, 429 
Talcum powder, 1415-1416 
in facial makeup, 1431 
inhalation of, 1416-1417 
Tamoxifen, 331 
Tap water, for ocular injury irrigation, 
310-311 
Tapeworms, 912 
Tarantulas, 438 
Tardive dyskinesia 
antipsychotic agents causing, 711 
management of, 716 
Taxus species, cardiac toxicity of, 482, 497 
Tea(s), herbal, 1080-1083, 1082t 
Tea tree oil, 1438, 1441t 
antiseptic and antimicrobial effects of, 1435 
Tear gas, 1511. See also Lacrimators. 
Teeth whitening products, 1430 
Temazepam, recommended dosage of, 672t 
‘Temperature, for decontamination fluid, 
33 
Tenofovir, 890t-891t, 899, 899f 
Teratogenicity 
of chlorinated hydrocarbons, 1357 
of thalidomide, 8, 8f, 940 
of trichloroethylene, 1357 
Terminal care, in paraquat poisoning, 1198 
Terpenes (plant hydrocarbons), 1344 
poisoning with, management of, 1345—1346 
Terpenoids, in ginkgo, 483 


Terrorist attacks 
chemical weapons used in, 1487-1520. See 
also Chemical weapons; specific 
agent. 
radiation used in, patient assessment of, 
1473 
Tertraline derivatives, structure of, 963—965, 
964f 
Testosterone. See also Anabolic steroids. 
pharmacology of, 1102 
structure of, 1101-1102, 1102f 
testing for, 1107 
Tetanus prophylaxis 
for marine wounds, 514 
in decontamination situations, 36 
Tetrachloroethane. See Tetrachloroethylene. 
Tetrachloroethylene, 1347, 1349t 
absorption of, 1351 
carcinogenicity of, 1357 
hepatotoxicity of, 236b 


Tetrachloromethane. See Carbon tetrachloride. 


Tetracycline 
for non-native Elapidae snakebites, 431 
overdose of, 882 
toxic effects of, in neonate, 370 
Tetraethyl pyrophosphate, 1172, 1172t 
A°-Tetrahydrocannabinol, 747. See also 
Marijuana. 
cardiovascular effects of, 145-146 
chemical structure of, 748f 
Tetrodotoxins, 511, 516 
in puffer fish, 201 
Teucrium polium, hepatotoxicity of, 497 
Thalidomide, 938-940 
history of, 938-939 
pharmacology of, 939, 939f 
potential clinical uses for, 939b 
teratogenicity of, 8, 8f, 940 
toxicity of, 939-940, 940b 
management of, 940 
Thallium, 1213, 1216 
gastrointestinal disturbances due to, 280 
hepatotoxicity of, 235-236 
in rodenticides, 1213, 1216 
intoxication with, 1165-1166 
management of, 1216-1217 
neuropathy due to, 205, 206t 
The International Association of Forensic 
Toxicologists (TIAFT), 122 
Theobromine, structure of, 1036f 
Theophylline, 1035-1044 
drug interactions with, 1037, 1037b 
drug-disease interactions with, 1037 
effect of isoniazid on, 920 
in breast milk, 366t 
intoxication with 
acute vs. chronic, 1040—1041, 1041t 
cardiovascular effects of, 143-144, 144f, 
1038-1039 
clinical manifestations of, 1038—1040 
diagnosis of, 1041 
gastrointestinal effects of, 280—281, 1038 
in neonate, 371 
management of 
elimination in, 1043-1044, 1044b 
hemodialysis or hemoperfusion in, 58 
supportive measures in, 1041-1043, 
1042f 
treatment algorithm in, 1035b 
metabolic effects of, 1039-1040 
musculoskeletal effects of, 1038 
neurologic effects of, 1039 
quantitation and interventions for, 71t 
signs and tests for, 64t 
mechanism of action of, 1038 


Theophylline (Cont'd) 
pharmacokinetics of, 1036-1037, 1036t 
pharmacologic actions of, 1037-1038 
structural relationships of, 1036, 1036f 

Thiabendazole, 913 

Thiamine. See Vitamin B}. 

Thiazide diuretics, 995—996, 995f. See also 

Diuretics. 

Thiazolidinediones, 317, 318t 
hepatotoxicity of, 234, 235b 
intoxication with, 1026 

adverse effects of, 1028 

management of, 1031 
pharmacokinetics of, 1024—1025 
pharmacology of, 1023 
structure and classification of, 1020, 1021f 

Thienopyridine, 1060-1061 
pharmacokinetics of, 1061t 

Thimerosal 
as vaccine preservative, 1115 
in vaccines, autism and, 1279 

Thin-layer chromatography, 68—69, 70f 

Thiocyanate, 984 
toxicity of, 985 

Thioglycolic acids, in hair products, 1427 

Thiol agents, cisplatin toxicity limited with, 

934-935 

Thionamides, 323-324 

Thiopental. See Sodium thiopental. 

Threshold limit values (TLVs), for industrial 

chemicals, 1461-1462 

Throat, examination of, 23 

Thrombin inhibition, 1059-1060 

Thrombocytopenia, 299 
antibiotic-induced, 881 
cocaine-induced, 763 
Crotalidae snakebite causing, 402 
drug-induced, 1010 
heparin-induced, 1058 

Thrombosis, venous, contraceptive pills 

causing, 333 
Thyroid antagonists, toxicology of, 1073 
Thyroid cancer, childhood, near Chernobyl, 
1475 
Thyroid gland, 321-324 
Thyroid hormones, 1065-1073. See specific 
hormone. 
commercial preparations of, 1066t 
dosage of, 1067t 
drug interactions with, 1068 
intoxication with. See Thyrotoxicosis. 
pharmacokinetics of, 1066-1067 
physiology and pharmacology of, 1065-1066 

Thyroid storm, agents causing, 322, 323t 

Thyroiditis, 323 
radiation, 324 

Thyroid-stimulating hormone (TSH), 321 

Thyrotoxicosis 
drug-induced, 323-324 
gastrointestinal effects of, 281-282 
mechanism of toxicity of, 322-323, 323b, 

323t 

signs and symptoms of, 322t 

thyroid hormone-induced, 1068-1072 
acute, 1068-1069 
adverse events in, 1069-1070 
chronic, 1069 
clinical manifestations of, 1068—1069 
diagnosis of, 1070 
differential diagnosis of, 1070, 1071b 
epidemiology of, 1065 
management of, 1071-1072 

type 1, 322 

type 2, 522 
treatment of, 324 


Thyrotropin suppressors, 322t 
Thyrotropin-releasing hormone (TRH), 319, 
321 
physiology of, 1065 
Thyroxine (T4), 321 
mechanisms of toxicity of, 322-323 
natural and synthetic, 321-322 
pharmacokinetics of, 1066-1067 
physiology and pharmacology of, 1065-1066 
structure of, 1066f 
therapeutic dose of, 1067t 
toxicokinetics of, 1067-1068 
Tiagabine, 204, 742 
Tick(s), 452 
neurotoxin producing, 201 
Tick paralysis, vs. botulism, 524t 
Ticlopidine, 1060-1061, 1061t 
Tin, 1166 
Tincture of opium, for neonatal opiate 
withdrawal, 368t 
Tinnitus, salicylate poisoning causing, 841 
Tizanidine 
dosage of, 1004t 
intoxication with, 699 
pharmacokinetics of, 1003t 
properties of, 696t 
structure of, 1002f 
Toluene, 1370-1374 
abuse of 
chronic, 1370 
diagnosis of, 1372 
management of, 1367b, 1373 
metabolic acidosis in, 109 
benzene metabolic inhibition due to, 
1365-1366 
hepatotoxicity of, 236b 
metabolic products of, 1370-1371 
nephrotoxicity of, 1372 
neurotoxicity of, 1371-1372 
occupational exposure to, markers for, 
1372-1373 
synonymous terms for, 1370 
Toluene diisocyanate 
physicochemical properties of, 1317, 1318t 
sources of, 1317 
toxicity of, 1318-1321. See also Isocyanates, 
intoxication with. 
Tonicity, of body fluids, 113 
Tonics, 1087 
Toothpaste, 1430 
Topiramate, 204 
intoxication with, 742 
pharmacokinetics of, 742 
pharmacology of, 741 
Torsades de pointes, 136, 137f 
associated with long QT interval, 156-157 
due to class IA antiarrhythmics, 1012-1013 
organophosphates causing, 149-150 
treatment of, 1016 
tricyclic antidepressant intoxication 
causing, 541 
Total iron-binding capacity, in iron poisoning, 
392, 1125 
Toxic epidermal necrolysis, 881 
Toxic Exposure Surveillance System (TESS), 13 
Toxic syndrome (s), 1275-1281 
causes of, assessment of, 1276—1277, 1277£ 
dental amalgams and, mercury in, 
1277-1279, 1278f 
idiopathic environmental intolerance and, 
1280-1281 
mold as source of, 1279-1280 
perception of, 1275 
psychopathology of, 1275-1276 
thimerosal in vaccines and, 1279 


Toxicodynetics, 93 
Toxicologic screens, 73-77 
accuracy of clinical diagnosis in, 76 
analytic accuracy of, 76 
clinical reliability of, 76-77 
clinical utility of, 77 
comprehensive, 73-74, 73b 
confirmatory, 74 
drugs found in, 75-76, 76t 
drugs-of-abuse, 74 
rationale and use of, 74—75 
specimen requirements for, 74, 75t 
types of, 73-74 
Toxicologic syndromes, by drug class and tests 
ordered, 63t—64t 
Toxicologic tests 
situations demanding, 77—78 
techniques of, 66-69, 67t, 68t, 69f-71f 
use of, 65—66, 65t 
usefulness of, 79b 
Toxicologists, clinical, role of, 1259 
Toxicology 
environmental, 1257-1269. See also 
Environmental toxicology; 
Environmental toxins. 
medical, as subspecialty, 10-11 
Toxidromes, 21, 22t 
Toxin(s). See Poison(s); specific poison. 
Traditional (folk) medicine, 1084-1085, 
1085t. See also Folk remedy (ies). 
Tramadol, serotonin syndrome and, 573 
Transferases, in drug metabolism, 86 
Transfusion 
exchange 
for arsine poisoning, 1155 
for cyclosporine overdose, 947 
for neonatal poisoning, 372 
for colchicine overdose, 862 
Transplantation 
immunosuppressive agents used in, 
943-948 
liver, for acute hepatic failure, 240 
Tranylcypromine, 565 
cardiovascular complications of, 143 
Trazodone, 550 
overdose of, 554 
pharmacokinetics of, 551t 
serotonin syndrome due to, 212, 573 
Tree tobacco, 488f 
Trematodes, 911-912 
Tremor syndrome, pyrethroid-induced, 1187 
TRH (thyrotropin-releasing hormone), 319, 
321 
physiology of, 1065 
Triage principles, in chemical disasters, 
1462-1464, 1463f 
Trial strategies, in forensic toxicology, 124 
Triazine herbicides, 1205 
Triazolam 
recommended dosage of, 672t 
structure of, 673f 
Triazoles, 884 
Trichlorfon, 1172t 
Trichloroethane. See Trichloroethylene. 
Trichloroethylene, 1347, 1349t 
associated with degreaser’s flush, 1356 
cardiac depressant effects of, 1353 
conversion of chloral hydrate to, 662 
elimination of, 1352-1353 
hepatotoxicity of, 236 
metabolic scheme for, 1352f 
neuropathy due to, 205, 206t 
teratogenicity of, 1357 
Trichlorol ethanol, structure of, 659f 
Trichloromethane. See Chloroform. 
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Trichothecene mycotoxin ingestion, 
gastrointestinal effects of, 278 
Tricyclic antidepressants, 537-545. See also 
specific agent. 
cardiac disturbances due to, 154-156, 155f, 
540-541, 541f 
CNS disturbances due to, 541 
drug interactions with, 540, 540t 
intoxication with, 540-542 
antidote for, 15t 
cardiac cell action potential disturbances 
and, 540, 541f 
CNS depression in, 541 
deaths from, 537 
diagnosis of, 542-543, 543t 
disposition in, 545 
dysrhythmias in, 541 
fatalities due to, organ donation after, 
127 
management of, 543-545, 544f 
negative inotropy and smooth muscle 
contraction and, 541 
signs and tests for, 64t 
MAO inhibitor interactions with, 572—573 
over-the-counter, anticholinergic properties 
of, 723b 
pharmacodynamics of, 538-539 
pharmacokinetics of, 539-540, 539t 
structure of, 538, 538f 
Tricyclic antidepressant-specific Fab antibody, 
for tricyclic antidepressant 
intoxication, 544 
Triiodothyronine (T3), 321 
mechanisms of toxicity of, 322-323 
natural and synthetic, 321-322 
pharmacokinetics of, 1066-1067 
physiology and pharmacology of, 
1065-1066 
structure of, 1066f 
therapeutic dose of, 1067t 
toxicokinetics of, 1067-1068 
Trilostane, mechanism of toxicity of, 328 
Trimethoprim-sulfamethoxazole, for 
shigellosis, 532 
Trimipramine, pharmacokinetic parameters 
of, 539t 
Trinitrotoluene, liver necrosis due to, 229 
Triptan(s), 849-856. See also specific agent. 
drug interactions with, 853, 854t 
intoxication with, 853-856 
cardiac disturbances due to, 161-162 
diagnosis of, 855 
management of, 855-856 
patient disposition and, 855-856 
withdrawal following, 855 
pharmacokinetics of, 851, 852t, 853 
pharmacology of, 851, 851t 
structure of, 849-851, 850f 
usage of 
FDA approval of, 850t 
in special populations, 853 
Triptan Cardiovascular Safety Expert Panel, 


854 
Triterpene saponin, gastrointestinal irritation 
due to, 477 


Tritium isotopes, exposure to, 1469 
Troglitazone, hepatotoxicity of, 234 
Tropane alkaloids, 483 
Tryptamines, 794-795, 795t, 798t 
‘Tryptophan 
as food supplement, 1086-1087 
metabolism of, 566, 566f 
Tryptophan hydroxylase, 198 
TSH (thyroid-stimulating hormone), 321 
Tuberculosis, isoniazid for, 919 
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Tumor(s). See Cancer; under anatomy. 
Turpentine, 1344 
systemic toxicity of, 1345 
Typhoid fever, Salmonella typhi associated with, 
531 


Typhoid Mary, 531 

Tyramine, dietary, MAO inhibitor interactions 
with, 568-569, 569b 

Tyrosine hydroxylase, in dopamine synthesis, 


194 


nited Nations, agencies of, 1265-1266 
p-regulation, of drug receptor density, 
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Uranium isotopes, exposure to, 1471-1472 
Urea, diminished excretion of, in acute renal 
failure, 250 
Urea herbicides, 1205-1206, 1205f 
deaths from, 1206t 
Urginea maritima, 1081t, 1082 
Urinary alkalinization 
for barbiturate poisoning, 692 
for herbicide poisoning, 1202 
for salicylate poisoning, 844-845, 846b 
for uranium contamination, 1472 
Urinary retention, muscle relaxants associated 
with, 698 
Urine, qualitative toxicologic methods used 
in, 67t 
rine composition, daily, 251t 
rine osmolality, changes in, 250, 251f 
rticaria, 881 
contact, plant-induced, 495 
U.S Army Medical Research Institute of 
Chemical Defense (USAMRICD), 
1504 
U.S. Bureau of Labor Statistics, of 
occupational fatalities in private 
industry, 1237 
US Department of Agriculture (USDA), 1263 
U.S. fatal criticality radiation accidents, 
1477-1479 
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V 
Vaccine (s), thimerosal in, 1115 
autism and, 1279 
Vacor (rodenticide), 1219 
hypoglycemia due to, 318 
neuropathy due to, 205, 206t 
Valacyclovir, 894t-895t, 901, 901f 
Valganciclovir, 894t-895t, 902, 902f 
Valproate, 204 
intoxication with, 739 
in children with fatty acid metabolic 
disorders, 390-391 
management of, 739—740 
hemodialysis or hemoperfusion in, 59 
pharmacokinetics of, 739 
Vancomycin 
overdose of, 882-883 
toxic effects of, in neonate, 370 
Vapona, 1172t 
Vapor, definition of, 170 
Vasculitis, hypersensitivity, antibiotic-induced, 
880, 881 
Vasoconstriction, triptan-induced, 855 
Vasopressin. See Antidiuretic hormone 
(ADH). 
Vasopressor therapy, in emergency care, 
19-21, 20t 
Vecuronium, in rapid sequence intubation, 16t 
Venencapsan, hepatotoxicity of, 239b 
Venlafaxine, 550 
overdose of, 555 
pharmacokinetics of, 551t 


Venom. See Envenomation. 
Veno-occlusive disease, 237 
Venous thrombosis, contraceptive pills 
causing, 333 
Venovenous hemodiafiltration, continuous 
for lithium poisoning, 585, 585f, 586t 
for salicylate poisoning, 846 
Venovenous hemofiltration, continuous, 
47-48, 47b, 47t, 48b 
Ventilation 
mechanical, for drug-induced pulmonary 
edema, 140 
minute, in infants, environmental toxicants 
and, 1272 
Ventricle, left, in anabolic steroid abusers, 
1105 
Ventricular arrhythmias, 136, 138 
management of, 715 
sedative intoxication causing, management 
of, 668 
Ventricular tachycardia 
amphetamine abuse causing, 541 
tricyclic antidepressant abuse causing, 541 
Verapamil, in breast milk, 366t 
Veratridine, 482 
Vesicants, 1500-1506, 1501t. See also specific 
agent. 
exposure to, 1502-1503 
assessment of, 1504 
manifestations of, 1503-1504 
mass casualties in, management of, 
1505 
pathophysiology of, 1503, 1503t 
prenatal and pediatric issues concerning, 
1504 
principles of preparedness in, 1505-1506 
relevant history of, 1501-1502 
treatment of, 1504-1505 
in national stockpile, 1502t 
National Research Council acute exposure 
guideline levels for, 1505t 
Vesicles, sulfur mustard—induced, 1503-1504 
Vespidae, 447. See also Hymenoptera stings. 
Vibrio cholerae, food poisoning due to, 528-529 
management of, 529 
Vigabatrin, 204, 742 
Villus(i), intestinal, 272 
Vinblastine, pharmacologic parameters of, 
929t 
Vincristine 
neurotoxicity of, 931—932 
pharmacologic parameters of, 929t 
Vinyl chloride, carcinogenicity of, 238 
Virus cell fusion inhibitors, 894t—895t, 
903-904 
Vision, color, styrene affecting, 1368 
Visual acuity, decreased, toluene-induced, 
1371-1372 
Visual field constriction, peripheral, systemic 
substances causing, 309b 
Vital signs, 23 
assessment of, in smoke inhalation victims, 
1290 
Vitamin (s), 1089-1098 
definition of, 1089 
fat-soluble, 1089, 1090-1096, 1091t 
history of, 1089-1090 
reference daily intake of, 1089, 1089t 
supplementary, for alcohol withdrawal 
syndrome, 600 
water-soluble, 1089, 1096-1098 
Vitamin A, 1090-1095 
anticarcinogenic effects of, 1091 
deficiency of, 1092-1093 
food sources of, 1091-1092 


Vitamin A (Cont'd) 
history of, 1090 
overdose of, 1091t 
clinical manifestations of, 1093—1094 
diagnosis of, 1094 
management of, 1094 
pharmacology of, 1090-1092 
structure of, 1090, 1092f 
Vitamin B,, 1097-1098 
overdose of, 1091t, 1098 
structure of, 1092f 
Vitamin Bs, 337, 338, 1097 
for pyriminil poisoning, 1219 
hepatitis due to, 235b 
in breast milk, 366t 
ingestion of, gastrointestinal effects of, 278 
overdose of, 1091t, 1097-1098 
structure of, 1092f 
Vitamin Bs, 1096-1097 
effect of isoniazid on, 920-921 
for Gyromitra mushroom poisoning, 464 
for hydrazine ingestion, 1380 
intravenous, for isoniazid overdose, 923 
overdose of, 1091t, 1097 
structure of, 1092f 
Vitamin C 
for chromium poisoning, 1161-1162 
for progressive spongiform 
leukoencephalopathy, 652 
overdose of, 1091t, 1098 
structure of, 1092f 
Vitamin D, 324, 325, 1094-1096 
analogs of, 324b 
overdose of, 1091t, 1095-1096 
pharmacology of, 1095 
structure of, 1092f 
Vitamin E, 1096 
for progressive spongiform 
leukoencephalopathy, 652 
overdose of, 1091t 
structure of, 1092f 
Vitamin K, 1096 
and coagulation, 1052-1053, 1053f 
half-life of, 1056t 
inhibition of, 1053, 1054f 
overdose of, 1091t 
structure of, 1092f 
Vitreous fibers, man-made, exposure to, 
182-183 
Volatile inhalants, abuse of, 1381-1382 
Volcanic gas, 9 
Volume contraction, 116. See also Fluid balance. 
Volume of distribution, in decontamination, 
55 
Volume overload, 116. See also Fluid balance. 
Vomiting. See Emesis. 
VX agent 
general properties of, 1490t 
history of, 1488 


W 
Warfare, chemical. See also Chemical weapons. 
stockpiled agents for, 1502, 1502t 
Warfarin, 1053-1055, 1055f. See also 
Superwarfarins. 
food interaction with, 102b 
in pregnancy, 1055 
in rodenticides, 1056-1057, 1220 
overdose of, 1055 
Wasps. See also Hymenoptera. 
sea, 508, 509f 
Water 
for caustic alkali ingestion, 1411-1412 
for soap or detergent ingestions, 1447 
lead in, 1131 
childhood poisoning due to, 1137 


Water (Cont'd) 
total-body. See also Fluid entries. 
intracellular and extracellular movement 
of, 114 
redistribution of, 114-115 
regulation of, 113-114, 113f 
Water hemlock, 489f 
cicutoxin in, 498 
Water loss, restoration of, in acute renal 
failure, 258 
Water solubility, in dialyzability, 55 
Water-reactive materials, cutaneous 
decontamination from, 34, 36 
Water-soluble drug hepatotoxicity, molecular 
adsorbents recirculating system 
for, 240 
Water-soluble vitamins, 1089, 1096-1098. See 
also specific vitamin. 
Weapons, chemical, 1487-1520. See also 
Chemical weapons; specific agent. 
Weever fish, 510 
Wernicke’s encephalopathy, 594-595 
White phosphorus. See Phosphorus. 
Whole bowel irrigation 
for body stuffers and packers, 768 
for calcium channel blocker toxicity, 969 
for iron poisoning, 1126 
for lithium poisoning, 584 
in decontamination, 39 
Wide complex tachycardia, of uncertain 
origin, 138, 138f, 139f 
Wild cherry, hallucinogenic effects of, 499 
Wilson’s disease, 1162 
Wisteria, 489f 
Withdrawal headaches, following triptan 
overuse, 855 
Withdrawal syndrome(s), neonatal 
cocaine and, 367-368 
opioids and, 367, 368t 
selective serotonin reuptake inhibitors and, 
368 


Wolf spider, 438 
Wolff-Chaikoff effect, 1390 
Woolly (pus) caterpillar, 451, 451f, 452f 
Workplace, surveillance toxicologic testing in, 
77-78 
Work-related illness. See also Industrial 
poisoning. 
causative agents, associative uses, 
occupations, and industries 
associated with, 1248t—1253t 
chemical exposure levels and monitoring 
in, 1244 
environmental history in, 1242 
evaluation of, principles in, 1242-1243 
World Health Organization (WHO), 1266 
World Health Organization (WHO) 
classification, of 
organophosphates, 1173 
Wound (s). See also specific type, e.g., 
Snakebite (s). 
inflicted by pressurized paint, 
decontamination of, 36 
Wound botulism, 521, 526. See also Botulism. 
Wyeth-Ayerst Antivenin (Crotalidae) 
Polyvalent, 409-413 
complications of, 409-411 
dosage of, 411 
infusion guidelines for, 411—412, 412b 
route of administration of, 411 
skin test for, 411 
Wyeth-Ayerst Elapidae antivenin, for coral 
snakebites, 425 


X 

Ximelagatran, 1059-1060 

X-ray fluorescence, of lead poisoning, 1134 
Xylene, 1374-1375 


Y 

Yanango hydroelectric power plant, industrial 
radiation accident at, 1479-1480 

Yarrow oil, 1441t 
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Yeast extracts, tyramine in, 569, 569b 

Yellow oleander, 488f 

Yellow oleander fruit, 489f 

Yersinia enterocolitis sepsis, deferoxamine- 
induced, 1127 

Yew, 489f 

Yew toxins, 482, 497 

Yohimbine, for clonidine overdose, 1007 


Z 
Zalcitabine, 890t—891t, 898-899, 898f 
Zaleplon 
adverse effects of, 666 
drug interactions with, 663t, 666 
intoxication with, 666 
pharmacokinetics of, 662t, 665—666 
structure of, 659f 
Zanamivir, 896t-897t, 905, 905f 
Zebra fish, 510, 510£ 
Zidovudine, 890t—891t, 899, 899f 
toxic effects of, in neonate, 371 
Zinc, 1166-1167 
Zinc phosphide, in rodenticides, 1218 
Zinc-desferrioxamine, for ocular mustard 
injury, 312 
Zolmitriptan, drug interactions with, 854t 
Zolpidem 
adverse effects of, 666 
drug interactions with, 663t, 666 
intoxication with, 666 
pharmacokinetics of, 662t, 665—666 
structure of, 659f 
Zonisamide, 743 
Zopiclone 
adverse effects of, 666 
drug interactions with, 663t, 666 
history and structure of, 659f, 660 
intoxication with, 666 
pharmacokinetics of, 662t, 665—666 
Zykon-B, 6-7, 7f 
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